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Abstract. Following tightened regulations, selective catalytic reduction (SCR) of nitrogen oxides (NO,) by
ammonia (NH3) has over the last couple of decades found wider adoption as a means of reducing NO, emissions
from e.g. power production and district heating plants. As in the SCR process NHj3 injected into the flue gas
reacts with and reduces NO, to nitrogen (N3) and water (H,O) on the surface of a specific catalyst, the NH3
injection has to be dynamically adjusted to match both instant and long-term variations in flue gas nitrogen
oxide concentration in order to minimize NO, and NH3 emissions. One possibility of realizing such NH3 dosing
control would be the real-time monitoring and feedback of downstream flue gas NO, and NH3 concentrations
to the NH3 injection control unit. In this study the sensing characteristics and performance of SiC-based Metal
Oxide Semiconductor Field Effect Transistor (MOSFET) sensors with a structurally tailored gas-sensitive gate
contact of iridium (Ir) for in situ NH3 monitoring downstream from the SCR catalyst in a combined heat and

power (CHP) plant have therefore been investigated and evaluated.

The sensor’s NH3 sensitivity and selectivity as well as the cross-sensitivity to common flue gas components
— oxygen (O7), water vapour (H,O), nitric oxide (NO), nitrogen dioxide (NO), carbon monoxide (CO), and
a model hydrocarbon, ethene (CoHy4) — were thereby investigated for relevant concentration ranges under con-
trolled conditions in the laboratory. While, at the prescribed sensor operation temperature of 300 °C, the influence
of H,O, CO, and C,H4 on the sensor’s NH3 concentration reading could be regarded as practically insignificant,
a moderate cross-sensitivity was observed between NH3 and NO» and, to a lesser extent, between NH3z / NO and
NH3 / Oz. As the NO, concentration downstream from the SCR catalyst under normal SCR and power plant
operation is expected to be considerably smaller than the NH3 concentration whenever any appreciable ammo-
nia slip occurs, the observed NH3 / NO, cross-sensitivities may, however, be of less practical significance for
ammonia monitoring in real flue gases downstream from the SCR catalyst. Furthermore, if required, the small
influence of O; concentration variations on the sensor reading may also be compensated for by utilizing the sig-
nal from a commercially available oxygen sensor. Judging from in situ measurements performed in a combined
heat and power plant, the structurally tailored Ir gate field effect sensors also exhibit good NH3 sensitivity over
the relevant 0—40 ppm range when directly exposed to real flue gases, offering an accuracy of £3 ppm as well as
low sensor signal drift, the latter most likely to further improve with regular zero-point calibration and thereby
make the Ir gate MOSFET ammonia sensor a promising alternative for cost-efficient real-time ammonia slip

monitoring or SCR system control in heat and/or power production plants.
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1 Introduction

Outdoor air pollution is estimated by the World Health Orga-
nization (WHO) to have caused 4.2 million premature deaths
worldwide in the year 2016 (WHO, 2022), the pollutants
mainly considered to affect air quality being particulate mat-
ter (PM), ozone (O3), nitrogen oxides (NO,), and sulfur
oxides (SOy). In addition to itself affecting human health,
NO, also acts as a main precursor in the formation of ni-
trate aerosols (which make up a significant portion of atmo-
spheric fine particles — PM5 5 — i.e. particles with a diame-
ter of less than 2.5 um), and in the photochemical generation
of ozone (Atkinson, 2000), both of which can cause respira-
tory problems and other adverse health effects (WHO, 2022;
Brunekreef and Holgate, 2002).

Even though the air quality in Europe has generally im-
proved over the last decade (Shaddick et al., 2020), many
regions still experience pollutant levels in excess of the lim-
its defined by the European Union (EU) air quality direc-
tives (Guerreiro et al., 2018). The European Environmental
Agency (EEA) has estimated that 4 % of the European pop-
ulation is exposed to levels exceeding the EU limits for NO»
(40 ugm~3) and PM, 5 (25 ug m ™), respectively, the former
mainly originating from high-temperature combustion pro-
cesses in the transportation, power production, and industrial
sectors. In relation to the recently adopted WHO air quality
guideline (AQG) limits of 10 (NO,) and 5 pg m—3 (PMs3s),
94 % and 97 % of Europeans would however be exposed to
NO, and PMj3 5 levels exceeding these limits (EEA, 2021),
and for much of the world outside Europe and North Amer-
ica, PM» s exposure levels continued to increase at least up
to 2016 (Shaddick et al., 2020).

While in Europe transportation constitutes the largest
source of NO, emissions, followed by the energy and indus-
trial sectors, in China and many other countries energy pro-
duction is the main contributor to atmospheric NO, levels
(Jiang et al., 2020; Shahbazi et al., 2021), the emissions al-
most exclusively emanating from coal- and natural-gas-fired
power plants. While China, following the 2014 adoption of
stringent ultra-low emissions standards for coal-fired power
plants (Tang et al., 2019) and increasing passenger car sales,
is experiencing an increase in the share of automotive NO,
emissions (Jiang et al., 2020), Europe has lately seen a more
rapid NO, reduction from the transport as compared to the
power production and industrial sectors. It is, however, ex-
pected that the ongoing revision of the EU Industrial Emis-
sions Directive (IED) (Karamfilova, 2022), with its increased
emphasis on the application of best available technologies
(BATs) to reduce emissions from e.g. energy production, will
also lead to a further increase in flue gas after-treatment sys-
tem adoption and a future significant decrease in NO, emis-
sions from local and district heat and/or power plants (Prono-
bis, 2015).

Selective catalytic reduction (SCR) of nitrogen oxides
by ammonia (NH3) is thereby considered one of the best
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available flue gas after-treatment technologies to reduce
NO, emissions from coal-fuelled, natural-gas-fuelled, and
biomass-fuelled power plants (Lai and Wachs, 2018; Sun et
al., 2016). In the SCR process, NH3 is injected into the flue
gas upstream from a specific SCR catalyst and at tempera-
tures in the range of 300—400 °C (with 325 °C often consid-
ered the optimum temperature), and NO, and NH3 molecules
adsorb to and react with each other on the catalyst surface, in
the ideal case reducing all of the nitrogen oxides to nitro-
gen and water. Whenever an insufficient amount of ammonia
is injected, compared to what is required for full reduction
of the flue gas nitrogen oxides, unreacted NO, may appear
downstream from the catalyst and thereby be emitted to the
ambient atmosphere. If, instead, over a period of time more
NH3 is injected than necessary for complete NO, reduction,
the extra ammonia may subsequently break through the cat-
alyst and be released into the air, which is usually referred
to as ammonia slip. More details on the SCR process and its
implementation in flue gas NO, reduction can be found in
Nova et al. (2005).

With the introduction of strict NO, emission limits in the
Chinese power generation sector, the fulfilment of which has
seen the number of SCR systems significantly increase over
the last years, concerns about increasing NH3 slip from en-
ergy production have arisen (Jiang et al., 2020), especially
as NHj3 also has a significant effect on air quality through
its role in the formation of fine particulate matter (Qi et
al., 2020). Even though agriculture is the overall dominat-
ing source of atmospheric NH3 in most countries around the
globe, ammonia emissions from the power production and
process industry sectors have been shown to be of partic-
ular concern during wintertime (Clappier et al., 2021). As
the release of NH3 from agricultural activities is low while
NO, emissions from e.g. residential heating and transporta-
tion are higher than in summer, over the winter months NH3
becomes the limiting factor in the generation of ammonium
nitrate (NH4NO3) and ammonium sulfate ((NH4],SOy4), both
of which are important for the nucleation and further growth
of airborne fine particles (Qi et al., 2020; Clappier et al.,
2021).

The ammonia dosing should therefore be dynamically
controlled so as to continuously match the flue gas NO, con-
centration and thereby reduce both NO, and NH3 emissions
to a minimum. In consideration of the flue gas NO, concen-
tration varying with variations in load, fuel composition, and
fuel quality, monitoring of the NO, level upstream and/or
downstream from the catalyst is generally considered a re-
quirement for controlling the ammonia dosing (Song et al.,
2022). One NO, monitoring option commonly used in the
energy production and industry sectors is the chemilumines-
cence detection (CLD) analyser, another being direct absorp-
tion spectroscopy as in the Quantum Cascade Laser (QCL)
instruments (Kamphus and Williams, 2020). An advantage
of the QCL is its ability to simultaneously also monitor the
flue gas NH3 concentration, which is why it could be utilized

https://doi.org/10.5194/jsss-12-235-2023



L. Khajavizadeh and M. Andersson: Sensor-based ammonia slip monitoring and SCR control 237

to fine-tune the SCR process in providing feedback on both
NO, and NH3 levels downstream from the catalyst to the am-
monia dosing control unit. Tuneable diode laser absorption
spectroscopy (TDLAS) is another related technology which
is sometimes used in exhaust or flue gas NH3 monitoring
(Kamphus and Williams, 2020).

As NO, and NH3 monitoring with the CLD, QCL, and
TDLAS instrumentation commonly requires sampling and
pre-analysis conditioning of the flue gas to increase the mea-
surement accuracy and long-term performance of the instru-
ments, e.g. by filtering of particles and condensation of water
vapour, NO, and NH3 sensors able to be mounted directly in
the flue gas channel could offer a cost-efficient alternative
to the advanced analytical instruments. Furthermore, since in
situ positioned sensors are generally able to provide NO, and
NH3 concentration data with less time delay and better tem-
poral resolution than any instrumentation requiring sampling
and gas conditioning, such sensors might facilitate improved
real-time dosing control and thereby further reductions in
NO, and NH3 emissions resulting from inaccuracies in the
estimation of rapid NO, concentration variations (Song et
al., 2022).

To date, the most viable sensor options for in situ flue
gas NO, and NH3 monitoring have been based on the solid
electrolyte-type sensing devices, albeit with somewhat dif-
ferent designs and modes of operation for the two different
sensors and substances. While the commercially available
exhaust and flue gas NO, sensors are of the amperometric
type, the NH3 sensor(s) generally belong to the (so-called)
mixed-potential device category. For more information on
the amperometric NO, sensor and the mixed-potential sen-
sor technology, see Kato et al. (1998), Liu et al. (2017), Gar-
zon et al. (2000), and Ramaiyan and Mukundan (2020), re-
spectively. Despite the common use of solid electrolyte-type
sensors for Oy and NO, monitoring in the control of automo-
tive exhaust after-treatment systems, and despite much effort
to develop, e.g. the materials, device structures, and sensor
array concepts for ammonia sensing (Schonauer et al., 2009,
2011; Javed et al., 2018), the available NH3 sensor(s) based
on the mixed potential platform (Wang et al., 2006) have
so far not reached any appreciable adoption, the two main
challenges generally considered to be the sensitivity or cross-
sensitivity to NO, and long-term sensor performance issues
(Liu et al., 2014).

Another possible alternative for in situ flue gas NH3 mon-
itoring may be the employment of silicon-carbide-based
Metal Oxide Semiconductor Field Effect Transistor (MOS-
FET) sensor devices. SiC MOSFET sensors with a thin irid-
ium (Ir) film as the gas-sensitive gate contact have in previous
investigations shown promising ammonia-sensing character-
istics (Andersson et al., 2004, 2013a), not least in terms of the
range of concentrations seemingly able to be monitored with
good resolution. In combining the wide bandgap and chem-
ical inertness of SiC with other high-temperature stable sen-
sor materials (e.g. SiO; and Ir), Ir gate SiC MOSFET-based

https://doi.org/10.5194/jsss-12-235-2023

N-type active layer

. P-typeisolationlayer ls—\;o 61016 %'NOLZB:OVQ(‘):&

P-type buffer layer Gate insulator

N-type active layer

(@) (b)
Ias Ias / [NH3]

Response

Vgs,int

©) P Vi (d) it Time
Figure 1. This figure displays in panel (a) the cross-sectional lay-
out of the Ir gate MOSFET sensor through the drain (D), gate (G),
and source (S) areas and in panel (b) a schematic representation
of the supposed NH3 sensing mechanism: NH3 molecule dissocia-
tion at the three-phase boundary between individual grains in the
metal film, the gate insulator (SiO3), and the surrounding atmo-
sphere leads to transfer of hydrogen atoms from ammonia to oxygen
atoms in the insulator surface whereby a layer of polarized hydroxyl
(-OH) groups is created at the gate’s metal—insulator interface, the
field of which (Egs ext) adds to the internal gate-to-substrate elec-
tric field (Egg jnt) in modulating the drain-to-source current (/) as
pictured in panel (c¢). In operating the MOSFET sensor at a con-
stant drain-to-source voltage (Vys), a change in the ambient ammo-
nia concentration ([NH3]) can thereby be monitored through the in-
duced change in the drain-to-source current, as shown in panel (d)
and commonly referred to as the sensor response. The commonly
used definition of the sensor’s response time, the time to reach 90 %
of the full response upon a change in NH3 concentration (fg), is
also given in graphical form in panel (d).

sensors are also well suited for in situ high-temperature and
harsh-environment applications.

The cross-sectional schematic of the MOSFET sensor is
shown in Fig. 1 along with an overview of the general sensing
mechanism. A current is generated between the drain and the
source (the drain-to-source current, /4s) when a voltage is ap-
plied across the corresponding contacts. Analogously to or-
dinary MOSFET devices, this drain-to-source current (/gs) is
dependent on the gate-to-substrate electric field (Egs), how-
ever, and thereby, just as in normal MOSFET devices, on the
applied gate voltage.

Since the Ir gate contact, in contrast to ordinary MOS-
FETs, is exposed to ambient “air”, it can directly interact
with gaseous substances from the surrounding atmosphere.
With the Ir gate contact being catalytically active, some of
these substances may moreover dissociate and react with
other substances whilst interacting with the iridium surface.
In the case of NHj it is believed that the NH3 molecules at
elevated temperatures dissociate into NH, (x =0-2) species
and H atoms upon adsorption to the Ir surface in the presence
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of oxygen (O;), with the latter subsequently being oxidized
to water (H>O) (see Fig. 1b).

At the so-called three-phase (or triple-phase) boundaries,
where the grains of the iridium film are in contact with both
the gate insulator and the ambient atmosphere (see Fig. 1b),
hydrogen atoms from the dissociating NH3 molecules may,
however, directly interact with and be transferred to oxy-
gen atoms on the surface of the silicon-oxide (gate insulator)
layer. Since the resulting hydroxyl (-OH) groups are polar
in nature, with a partial positive charge (6+) on the hydro-
gen atom and a negative mirror charge (§—) on the metal
side of the gate—insulator interface, their creation modulates
the gate-to-substrate electric field (Egs ext) and thereby also
the drain-to-source current (/gs). Considering that the num-
ber and density of hydroxyl groups are related to the ambient
NH3 concentration ([NH3]), the measured drain current can
be used to estimate the ammonia concentration in the sur-
rounding atmosphere. More details on the field effect sensor
platform and the sensing mechanism can be found in Ander-
sson et al. (2013b).

From previous studies, the highest sensitivity to ammo-
nia has been shown for Ir gate MOSFET sensors operated
at temperatures around 300-325 °C, i.e. close to the flue gas
temperatures corresponding to optimum SCR catalyst perfor-
mance. Generally, the sensitivity and cross-sensitivity to the
most common flue gas components besides nitrogen (N»),
oxygen (O,), and carbon dioxide (CO;) — NO, and CO -
were also shown to be low at such sensor operation temper-
atures (Andersson et al., 2004). For certain transient com-
bustion situations resulting in simultaneous high CO (500—
1000 ppm) and relatively low O concentrations (below 4 %),
a significantly increased response or sensitivity to CO could
however be observed (Andersson et al., 2013a).

With some indications that an iridium film of somewhat
larger thickness, larger average grain size, and smaller ex-
posed area of the underlying gate insulator may reduce the
CO sensitivity of Ir gate MOSFET sensors under the above-
mentioned conditions, the main focuses of this study are the
characterization and evaluation of the accordingly tailored
Ir gate sensors’ performance related to NH3 slip monitor-
ing from an SCR-equipped combined heat and power (CHP)
plant. As part of this evaluation, the sensor’s ammonia sen-
sitivity and its cross-sensitivity to other gaseous substances
which typically could be present in the flue gas have been
characterized under controlled conditions in the laboratory,
followed by evaluation of its performance when mounted in
situ downstream from the SCR catalyst in the flue gas chan-
nel of a 40 MW biomass-fuelled power plant.

2 Experiment

2.1 Sensor fabrication

The silicon carbide field effect transistor-based sensors were
fabricated on 4in. (100 mm) n-type (doping concentration
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~5x 10" cm—3) 4H-SiC wafer substrates with a 4° off-
cut. An npn barrier structure to isolate the transistor from
the substrate was processed through epitaxial growth of n-
type and p-type (~ 1um thickness and doping concentra-
tions of the order of 10'8 cm™3) buffer layers on the sub-
strate followed by a ~ 1 um thick, p-doped isolation layer
(doping concentration ~ 1 x 107 cm™3) and a 0.3 um thick
n-type active layer (doping concentration ~ 3 x 1016 cm™3).
The source and drain regions were formed by epitaxial
growth of an n-type (~ 0.3 um thickness, doping concentra-
tion ~ 10'” cm™3) contact layer and subsequent recess etch-
ing to define the drain and source contact areas. A second
recess etching of the active and isolation layers was there-
after performed to electrically isolate individual devices from
each other (see Fig. 1). A SiO; /SizNy / SiO, gate insula-
tor stack was realized from thermal growth of a 50 nm SiO,
film through dry oxidation at 1100 °C followed by plasma-
enhanced chemical vapour deposition (PECVD) of a 25 nm
Si3Ny4 layer and wet oxidation at 900 °C (~ 10 min) to form
a ~ 5 nm thick surface oxide (SiO,).

In order to create high-temperature resilient Ohmic con-
tacts with the source and drain terminals, the gate insula-
tor stack was etched (buffered Hydrofluoric acid — HF) over
the source and drain areas prior to the deposition of a 50 nm
nickel film by thermal evaporation. The film was defined for
the source and drain regions by standard pre-deposition pho-
tolithographic patterning and post-deposition lift-off proce-
dures. Using rapid thermal annealing (950 °C, 10 min in an
Ar atmosphere), a NiSi, film was formed from the solid-
state reaction between Ni and the SiC semi-conductor in
the source and drain regions in order to minimize con-
tact resistance between the semi-conductor, and the metal-
lic electrical leads and contacts were subsequently deposited
on top of the Ohmic contacts. All chip-integrated metal
leads and contact pads were deposited through direct cur-
rent (DC) magnetron sputtering and were comprised of tita-
nium or platinum (10 and 400 nm thickness) films. To realize
MOSFET-based ammonia sensors, a gas-sensitive iridium
film of ~ 150 nm thickness was deposited by DC magnetron
sputtering at background and Ar pressures of 1 x 1078 and
5 x 1073 Torr, respectively, as a gate contact. Structuring of
the gate as well as other metallic contacts and interconnects
was achieved by pre-deposition photolithographic patterning
(using SU1818 positive photoresist) and subsequent lift-off
of deposited metal films.

After gate contact deposition, individual chips of
~2.1mm x 2.1 mm in size were diced from the 4in.
(100 mm wafer (see Fig. 2a). The chips were subsequently
run through a three-step cleaning procedure using 5 min ul-
trasonic treatment in acetone followed by the same kind
of Smin treatments in first isopropanol and then ethanol
to remove any contamination left from the lift-off and dic-
ing processes. In order to realize sensor operation at an
elevated and controlled temperature, individual chips were
fixed to an external heater comprised of an alumina sub-
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Figure 2. The figure displays in panel (a) a diced sensor chip with
two MOSFET sensors (1 and 2) and in panel (b) the sensor chip
mounted on a heater substrate (3) together with a Pt100 temperature
sensor (4), the heater substrate, and Pt100 subsequently connected
to two pairs of pins of a TO8 header (5) by means of spot welding,
while the drain and source terminals of the two MOSFET sensors
are connected to some of the remaining TOS8 header pins through
gold-wire bonding (6).

strate and a screen-printed, thick-film platinum (Pt) resistor
together with a Pt100 temperature sensor (both obtained from
Heraeus Nexensos GmbH, Reinhard-Heraeus-Ring, Kleinos-
theim, Germany) using a high-temperature-resilient ceramic
glue (Ceramabond 571, Aremco Products Inc.). The Pt heater
resistor (total resistance of ~ 7.5 ©2) and Pt100 temperature
sensor connector wires were connected to two pairs of pins
on a 16-pin TO8 header (Electrovac AG, Aufeldgasse 37—
39, Klosterneuburg, Austria) by means of spot welding (see
Fig. 2b). For biasing of the MOSFET-based sensor de-
vice and a readout of the ammonia-concentration-dependent
drain-to-source current, the drain and source terminals were
also electrically connected to the corresponding pins on the
TO8 header (see Fig. 2b) through gold-wire bonding.

2.2 Sensor characterization under controlled conditions

The fabricated Ir gate MOSFET sensors were first evalu-
ated in relation to their gas-sensing characteristics under con-
trolled conditions in a laboratory setup, allowing the concen-
trations of relevant gaseous substances to be varied indepen-
dently of each other. To determine the sensors’ sensitivity to
NH3, NO, NO,, CO, and CyH4 (as a “general” hydrocarbon),
four individual sensors were sequentially exposed to 10, 25,
50, and 100 ppm of NO, NO;, and NH3, 100-1000 ppm (in
steps of 100 ppm) of CO, and 2, 5, 10, and 20 ppm of CoH4
in a background of 3 %, 5 %, 7 %, and 9 % O, at 50 % rela-
tive humidity (RH) using N> as the balance. In order to also
evaluate the cross-sensitivity between NH3 and each of the
other substances, the sensors were furthermore exposed to
all combinations of each NH3 concentration (as given above)
with each concentration of NO, NO,, CO, and C,Hy at 50 %
RH in a background of 5 % O, (also in this case using N as
the balance). Each individual set of NH3 / NO, NH3 / NO»,
etc., concentration combinations was thereby designed to in-
clude five repetitions of every combination and to be fully
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randomized (for a graphical example, see Fig. 5). Moreover,
the influence of relative humidity on the sensor’s response to
NHj3 was also investigated by exposing the sensors to 10, 25,
50, and 100 ppm NH3 in 5 % O, / N, for RH levels of 30 %,
50 %, and 70 %.

All exposures to both individual and combinations of sub-
stances were maintained for 300s. In the cases of single-
substance exposure sequences, consecutive exposures were
separated for another 300 s in time to allow for sensor recov-
ery between exposures and the evaluation of sensor responses
and recovery times. In between exposures, the sensors were
subjected to the same O, concentration as for the following
gas exposure. The gases used for the characterization all had
99.9995 % purity or better and were supplied from individual
gas bottles; in the cases of NH3z, NO, and NO,, they were di-
luted to a concentration of 500 ppm in N», the corresponding
values for CO and C,Hy being 2500 and 50 ppm in N,. Mass
flow controllers (Bronkhorst type F201CV, Bronkhorst, Ru-
urlo, the Netherlands) were used to generate the mixtures of
different NO,, NHj3, CO, CoH4, O, and N; concentrations,
all with a total flow over the sensors of 100 mL min~!. Water
vapour was added to the gas mixture by passing dry nitro-
gen through a water bubbler at room temperature, allowing
this flow to properly mix with the other gases prior to enter-
ing the test chamber. To control the relative humidity at the
desired level, a humidity and temperature probe (Humicap
HMP110, Vaisala Oyj, Vantaa, Finland) was used to moni-
tor the gas mixture humidity, adjusting the flow through the
bubbler accordingly.

For the characterization measurements conducted in the
laboratory setup, all sensor devices were operated at 300 °C
with a drain-to-source voltage (Vgs) of 4.0 V while maintain-
ing the gate-to-source voltage (V) at 0.0 V through a chip-
internal connection between the gate and source terminals,
reading out the drain-to-source current (/4s) as the sensor
signal. Both single-substance and mixed-substance gas mix-
tures were supplied to the sensors at room temperature. The
response to each NH3z, NO, NO», etc., concentration was de-
termined as the change in the raw sensor signal (drain-to-
source current) caused by the corresponding exposure com-
pared to the sensor signal recorded in the absence of test gas
substances (i.e. in the presence of only water vapour, oxygen,
and nitrogen) — Algs. Sensor response times were evaluated
as the time to reach 90 % of the full response after a step
change in the concentration of the corresponding substance
and are referred to as fog.

2.3 Field testing

Field experiments were conducted in a 40 MW biomass-
fuelled CHP plant servicing the local community with both
district heating and electricity generation. In order to pro-
tect the sensor from any mechanical damage during han-
dling and to minimize the risk of electromagnetic interfer-
ence (noise) affecting the sensor signal, the sensor was con-
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Figure 3. This figure provides an overview of the sensor housing
and flue gas channel mounting used for the field tests. In panel (a)
the “semi-open” sensor housing is viewed from the rear, display-
ing the position of the TO8 header inside the housing (1), while in
panel (b) a view of the housing part directly exposed to the flue gas
is provided. Clamped between the tubular front part of the housing
(2) and the rear “nut” (3), the TO8 header is directly connected to
the cabling via gold-plated crimp connectors. Utilizing the pressure
difference existing between the wall and centre parts of the flue gas
channel, a small part of the flue gas flow enters the housing through
the peripheral holes (4) in its front part, passes over the sensor chip,
and exits through the centre pipe of the housing (5). In panels (¢) and
(d), an overview is given of the specially designed probe-mounting
arrangement to allow direct mounting of the sensor housing in the
flue gas flow despite a double-walled (and insulated) flue gas chan-
nel.

tained in stainless-steel housing (see Fig. 3). Being designed
to “extract” a small part of the flue gas flow, and utilizing
the pressure difference existing under laminar flow condi-
tions between the perimeter and a position further towards
the centre of the flue gas channel to create a gas flow over the
sensor device, the possible impact of any rapid variations in
flue gas flow on the sensor operation temperature was mini-
mized.

To be able to install the probe directly in the flue gas
stream, a special probe-mounting arrangement was con-
structed, allowing the sensor probe to traverse the inner wall
of the double-walled flue gas channel (basically the chim-
ney) while leaving access to the probe from the outside for
cable connections. Designed to provide an air gap of approx-
imately 0.1 m between the rear end of the sensor probe and
the parts in contact with the warm surfaces of the flue gas
channel, direct cable connections to the sensor probe could
be realized using an eight-lead PTFE-insulated and shielded
cable (specified to an ambient temperature of about 270 °C).
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3 Results and discussion

With the general relation between sensor response (A Igs) and
NHj3 concentration ([NH3]) given by the logarithmic expres-
sion in Eq. (1), a calibration curve for the estimation of am-
bient NH3 concentration from the sensor response was first
established based on the responses recorded when exposing
the sensors to different known NH3 concentrations. The two
constants C1 and Cy, both related to the nature of the interac-
tion between NH3 (plus possible interfering substances) and
the sensor surface as well as the transistor device character-
istics, were thereby determined through linearization of the
expression in Eq. (1) and the application of linear regression
to the corresponding set of data points (In([NH3z]+ 1); Algs).
For all subsequent measurements or evaluations, this calibra-
tion curve, in its exponential form (Eq. 3), was then applied
to relate the raw sensor signal to an estimation of ambient
NH3 concentration. To evaluate the true effect of possible
interfering gases on the NH3 measurement, the same cali-
bration curve was also applied to sensor responses related to
these gases or mixtures of gases.

Algs = C1-In(Cz - ([NH3] + 1)) (D

Algys=Ci-InCa+ Cy - In([NH3] + 1) 2
o Aas/C

[NH3] = — 1 3)

In first considering the ammonia sensitivity of the Ir gate
MOSFET sensors as measured under controlled conditions in
the laboratory setup, it can be concluded that the calibrated
sensor responds as expected to NH3, with the sensor read-
ings levelling off close to the supplied concentrations (see
Fig. 4a). The slight increase in the sensor readings for the
consecutive periods when no ammonia is injected into the
test chamber is expected and is due to ammonia residues still
present in the system (mainly because of adsorption and des-
orption of NH3 to and from surfaces within the test system).

Figure 4b—d, on the other hand, display the effects on the
sensor’s ammonia reading from exposure to relevant concen-
trations of interfering gases such as NO,, CO, and CoHy (as
a model hydrocarbon) at a background oxygen concentration
of 3% and a relative humidity of 50 %. For the latter two
the effect is hardly discernible even at this low oxygen con-
centration and can in most practical cases be ignored. The
CO sensitivity recorded at 500-1000 ppm and 3 % O, for
the tailored Ir gate sensors is thereby significantly reduced
compared to what has been observed from earlier studies on
Ir gate MOSFET sensors at even somewhat higher oxygen
concentrations (Andersson et al., 2013a). NO;, on the other
hand, causes the “ammonia reading” to slightly decrease. NO
exposure (not displayed in the figure) has a similar though
much smaller effect on the sensor reading to NO;. Since ex-
posure to nitrogen oxides causes the drain-to-source current
of the MOSFET sensor device to decrease, in the absence of
ammonia the sensor reading will not be significantly affected
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Figure 4. This figure gives in panels (a)-(d) examples of the Ir gate MOSFET sensor’s reading (response) when exposed to 3 min pulses
of NH3, NO,, CO, and CyHy, respectively, at a background oxygen concentration of 3% and a relative humidity of 50 % after being
calibrated towards ammonia. The solid red curve corresponds in all the graphs to the sensor reading, whereas the dashed curves represent the

concentration of each individual substance in each of the exposures.

(a decrease in the signal from the zero level will still be con-
sidered to be a reading of 0 ppm NH3). In generally exhibit-
ing low sensitivity to CO and short-chained hydrocarbons,
i.e. the two major constituents of unburned matter emissions
from biomass combustion, and with the sensitivity to nitro-
gen oxides being practically insignificant in the absence of
ammonia, the cross-sensitivity matrix becomes the more im-
portant characteristic determining the tailored sensor’s NH3
sensing performance for the application in question.

As for the influence of relative humidity and oxygen con-
centration on the sensor’s ammonia reading, both will in-
troduce a small (but consistent) reduction into the sensor
reading upon increasing humidity or oxygen concentration.
While the cross-sensitivity between NH3 and humidity (wa-
ter vapour) may be considered practically insignificant, the
sensor’s ammonia reading decreases by about 1ppm (at
100 ppm NH3 exposure) when the relative humidity is in-
creased from 30 % to 70 % (see Fig. 5a), and the correspond-
ing reduction in the sensor reading when changing the O,
concentration from 3% to 9% is of the order of 10 ppm,
as seen in Fig. 5b. Generally, however, the flue gas oxygen
concentration exhibits low variability under normal opera-
tion of the power and/or district heating plant and is mostly
limited to between 4 % and 5 %, thereby also limiting the in-
fluence on the sensor’s NH3 concentration reading. Further-
more, for the cases when highly accurate NH3 measurements
are required, the deviation in the sensor reading caused by
flue gas oxygen concentration variations may also be com-
pensated for by measurement of the O, concentration, e.g.
through employment of the already commercially available
solid electrolyte-type oxygen sensor (Liu et al., 2014).
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Figure 5. (a) The influence of relative humidity on the Ir gate MOS-
FET sensor’s NH3 concentration reading as measured at an O; con-
centration of 5% and a sensor operation temperature of 300 °C.
(b) The change in the sensor’s NH3 concentration reading when
subjected to different O, concentrations at a relative humidity of
50 % when calibrated for a background O, concentration of 3 %.

Figure 6 provides data on the sensor’s cross-sensitivity be-
tween NH3 and CO, between NH3 and C,Hy4, and between
NH3 and NO;. In the case of CO, very little impact of its
presence on the sensor’s ammonia reading could be observed
(at least within the range of CO and O, concentrations inves-
tigated), while the highest CoH,4 concentration was observed
to slightly increase the reading from the sensor (see Fig. 6¢).
NO; was, on the other hand, observed to significantly affect
the sensor’s ability to provide a correct measure of the sup-
plied NH3 concentration, the reading from the sensor differ-
ing by as much as 30 % compared to the added NH3 concen-
tration in the presence of the highest supplied NO;, concen-
tration (100 ppm).

Relating the observed cross-sensitivity between NH3 and
NO; to the application of NH3 slip monitoring and SCR con-
trol, it can however be noted that the NO, concentration is
expected to be smaller than (or possibly of the same order
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Figure 6. This figure provides in panel (a) an excerpt from the re-
sulting Ir gate MOSFET sensor signal when exposing the sensor
to a randomized sequence of all 0, 10, 25, 50, and 100 ppm NHj3
and NO» concentration combinations, and the corresponding con-
centrations are given in panel (b). In panel (c¢) the separate effects
of 100 ppm NO», 20 ppm CyHy, and 1000 ppm CO exposure on the
sensor reading when simultaneously subjected to 10, 25, 50, and
100 ppm NH3 at a background oxygen concentration of 5% and
a relative humidity of 50 % is illustrated for the average reading
from four individual sensors and five separate (and in the sequence
randomly positioned) exposures, with the standard deviation also
provided as a measure of the signal spread between sensors and ex-
posures.

as) the NH3 concentration downstream from the SCR cata-
lyst whenever any significant NHj slip occurs, at least under
normal operation of the SCR system. As the sensor’s NH3
reading is decreased by no more than 30 % for even the high-
est NO; concentrations investigated, a correct assessment of
practical NH3 slip situations would thereby still be likely
albeit with a non-linear relationship between the monitored
ammonia slip and the ammonia dosing rate adjustment.
Furthermore, it should also be kept in mind that the ap-
parent cross-sensitivity observed when mixing and supply-
ing two different substances in a laboratory setup may not
correspond to the true cross-sensitivity of the sensor, as pro-
cesses taking place upstream from the sensor location may
also contribute to the measured cross-sensitivity. In the par-
ticular case of NH3 and NOj,, these substances may for ex-
ample adsorb to and partially react with each other on hot
(or even cold) surfaces other than the sensor in contact with
the gas mixture, before reaching the sensor position, which
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is why the concentrations of both NH3 and NO, at the sensor
could be smaller than what was originally supplied (hence
the reduced NH3 reading from the sensor). To correctly as-
sess cross-sensitivities, the concentrations of all the relevant
substances should therefore ideally be measured at the sensor
location rather than the evaluation being based on the sup-
plied concentration values.

As for the measurements performed directly in the flue
gas downstream from the SCR catalyst, Fig. 7a displays the
raw sensor signal output (the drain-to-source current) over
2 h of measurements along with the NH3 concentration read-
ing from the FTIR instrument. Both signals can be seen to
follow similar trends, increasing and decreasing during the
same intervals in time, with the sensor signal generally ap-
pearing somewhat noisier. What should be considered, how-
ever, is that while the sensor signal was sampled once every
second, the integration time of the FTIR instrument was set
to 20 s to obtain better accuracy of the NH3 reading, thereby
reducing the temporal resolution and likely “averaging” out
some true variations in ammonia concentration picked up by
the sensor.

Another difference between the raw sensor signal and the
FTIR reading can more clearly be seen from Fig. 7b. Due to
the logarithmic relationship between the flue gas NH3z con-
centration and the sensor response, the change in sensor sig-
nal (drain-to-source current) is disproportionately larger for
NH3 concentration variations at lower (e.g. 0—10 ppm) com-
pared to somewhat higher (e.g. 20-30 ppm) ammonia levels.
Thus, the sensor’s raw signal may also appear noisier at low
ammonia concentrations when comparing the sensor signal
and FTIR readings, where small variations in concentration
are “amplified” in the sensor signal. A clear example is found
about 70 min into the measurement displayed in Fig. 7a.

Applying the calibration relation in Eq. (3) and displaying
the sensor’s calculated ammonia reading in the same format
as for the FTIR ammonia reading in Fig. 7a, the sensor’s am-
monia signal can be directly compared to the measured NH3
concentration (see Fig. 8a). In addition to the sensor’s NH3
reading reflecting the measured concentrations quite well, it
can be seen that the “noisy” appearance of the sensor sig-
nal at low NH3 concentrations has largely disappeared upon
converting the raw signal to the corresponding concentra-
tion values. In plotting the natural logarithm of the measured
NH3 concentration vs. the sensor response (see Fig. 8b), a
more direct comparison to the established calibration curve
can also be made. As seen from Fig. 8b, the recorded sensor
responses fairly closely follow the linear version of the cali-
bration curve, with some tendency to slightly underestimate
the flue gas ammonia concentration that is possibly due to
the influence of interfering gases.

However interesting the ability to follow changes in flue
gas NHj3 concentration over a couple of hours with the Ir gate
MOSFET sensor may be, without long-term reliable sensor
performance, the sensor will anyway find little use in real am-
monia slip monitoring or SCR control applications. Figure 9
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Figure 8. In panel (a) the NH3 slip reading from the calibrated
Ir gate MOSFET sensor during 2h of normal boiler operation is
displayed and compared to the corresponding NH3 concentrations
measured by the FTIR reference instrument, and in panel (b) the
natural logarithm of measured ammonia concentrations vs. the sen-
sor response in relation to the linearized calibration curve is given.

displays the sensor and FTIR ammonia readings recorded
over a 2 h period approximately 2 months after sensor instal-
lation and 53 d after the measurements displayed in Figs. 7
and 8. As seen from Fig. 9a, the sensor readings still follow
the trends in flue gas ammonia concentration changes quite
well. It can, however, also be observed that the sensor reading
at the start of the 2h measurement indicates slightly higher
ammonia concentrations than measured by the FTIR instru-
ment, while towards the end of the measurement this relation
is to some extent reversed. Since some slight build-up of am-
monia over time inside the sampling tubes and measurement
cell of the FTIR instrument is not unlikely (the instrument
should according to the instructions be flushed regularly with
clean air), a higher NH3 reading from the FTIR instrument
towards the end of the measurement could be reasonable. The
apparent lack of such a trend for the first-week measurement,
displayed in Figs. 7 and 8, might be due to it already being
masked by the fairly high ammonia concentrations at the start
of the measurement.

Assuming the initial ammonia readings from the FTIR in-
strument are correct, the Ir gate field effect sensor will over-
estimate the flue gas NH3 concentration by a few parts per
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Figure 9. In panel (a), 2 h of NH3 concentration readings (red line)
from the Ir gate MOSFET sensor, obtained 53 d after its in situ cal-
ibration, are compared to the flue gas NH3 concentration measured
by the FTIR instrument (blue line). From the plot of sensor- vs.
FTIR-measured ammonia concentrations given in panel (b), both
the sensor’s overestimation and underestimation of flue gas NH3
concentration at the beginning and end of the 2 h measurement, re-
spectively, and its underestimation of the highest NH3 concentra-
tions can be clearly observed.

million (2-3 ppm on average), at least towards the lower end
of the scale. Such an overestimation could be indicative of
a general change in the signal level towards higher values
(the so-called baseline-signal drift), but this is not reflected
in concentrations at the high end of the scale. Examining the
sensor vs. FTIR data points displayed in Fig. 9b, rather the
opposite trend can be observed, analogous to what was in-
dicated for the complete range of measured concentrations
during the first 2h period of FTIR measurements. For the
highest ammonia readings from the FTIR instrument, the
sensor readings tend to underestimate the flue gas NH3 con-
centration by a few parts per million on average. Disregard-
ing the slight uncertainty related to ammonia readings from
the FTIR instrument (the readings possibly increasing by a
couple of parts per million over the 2h measurement), this
may indicate a small decrease in sensor sensitivity during the
2 months over which the test was conducted, i.e. a smaller
change in the drain-to-source current per change in ammonia
concentration than at the start of the test. Despite the possi-
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ble sensor signal drift and a slight reduction in sensitivity, the
sensor is able to monitor the downstream ammonia slip with
an error margin of about &3 ppm over the range of concen-
trations that is also interesting to measure after 2 months of
sensor operation and without any recalibration.

In order to thoroughly evaluate long-term sensor perfor-
mance, a somewhat larger number of comparative sensor
or FTIR measurements spread over a longer period of time
would however be desirable, especially to assess the further
evolution of the possible slight decrease in NH3 sensitivity
observed over the first 2 months of sensor operation. In the
case of the sensitivity stabilizing at the level recorded for the
second reference measurement, the small error in NH3 con-
centration determination introduced by the initial reduction
in sensitivity may in many cases be of less practical signif-
icance, whereas for a continued decrease in sensitivity the
rate at which it occurs largely determines the sensor’s use-
fulness and/or the feasibility of different possible remedies,
e.g. sensor recalibration or replacement, to handle the change
in sensor readings over time. When briefly also considering
any possible long-term baseline-signal drift, zero-point cal-
ibration might be an option to reduce the impact of such a
change in sensor reading over time, even in the case of con-
tinuous power plant operation if the NO, emissions released
when shortly interrupting NH3 injection to create the zero-
level condition can be accepted.

4 Conclusions

The structurally tailored Ir gate MOSFET sensors, designed
to employ a somewhat thicker iridium film and leave a lit-
tle less of the underlying gate insulator surface directly ex-
posed to the ambient, as compared to previously investigated
Ir gate sensors, have been shown to retain a good sensitivity
to NH3 while simultaneously exhibiting practically insignif-
icant sensitivity or cross-sensitivity to water vapour (rela-
tive humidity), CO, and C,Hy (a model hydrocarbon) over
the CO, hydrocarbon, and O, concentration ranges likely to
be encountered in flue gases from heat and/or power plants.
Furthermore, the observed sensitivity or cross-sensitivity to
NOa,, and to some extent also NO and O, may not necessar-
ily have much of an impact on the ability to realize sensor-
based SCR control in the practical case. Firstly, neither NO
nor NO; has any effect on the sensor reading in the absence
of NHj (as this would correspond to a reading below 0 ppm,
which is not possible). Secondly, the NO, concentrations
downstream from the catalyst are expected to be lower than
(or possibly of the same order as) the corresponding NHj3
concentrations for any ammonia slip events, which is why
detection of all such events by the sensor seems plausible as
the related cross-sensitivity only would result in a limited re-
duction in the sensor reading, albeit with some uncertainty
regarding the exact flue gas NH3 concentration. As for the
influence of flue gas oxygen concentration on the sensor’s
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NH3 concentration reading, in addition to the O; concentra-
tion being expected to exhibit quite limited variations during
normal power and/or heating plant operation, the related de-
viation in NH3 concentration measured by the sensor may
also be compensated for through simultaneous measurement
of the flue gas O, concentration, e.g. from the employment
of a commercially available O, sensor.

From the 2-month sensor evaluation conducted in a com-
bined heat and power plant, it could also be concluded that
the tailored Ir gate field effect sensors also exhibit good NH3
sensitivity over the concentration range (approximately 0—
40 ppm) relevant to the intended SCR control application
when directly exposed to real flue gases, offering an accuracy
of £3 ppm and a seemingly low sensor signal drift. Given
that similar (or reduced) trends regarding the slight changes
in sensor sensitivity over time, as indicated by the NH3 ref-
erence measurements, and any possible baseline shift can be
extrapolated to longer timescales, the Ir gate MOSFET am-
monia sensor may offer an option for long-term reliable, on-
line ammonia slip monitoring and SCR system control in
heat and/or power production plants, especially if regular
zero-point calibration can be performed.
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