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Abstract:

The sensing characteristics and long-term stability of different kinds of CO/HC gas sensors (non-
Nernstian mixed potential type) during in-situ operation in the flue gas of different types of low-power
combustion systems (wood-log and wood-chips fueled) were investigated. The sensors showed
representative but individual sensing behavior with respect to characteristically varying flue gas
composition over the combustion process. The long-term sensor signal stability evaluated by repeated
exposure to CO/H,/N,/synthetic air mixtures showed no sensitivity loss after operation in the flue gas.
Particularly, for one of the sensors (Heraeus) this high signal stability was observed even during
continuous operation over four months in the flue gas of a wood-chip firing system (field test). These
results demonstrate that those sensors are appropriate for monitoring the combustion quality and

implementation of advanced combustion process control.
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Introduction

Small scale furnaces operated at domestic
households, especially wood-log fueled heating
systems and also wood chips/pellet fueled
central heaters are well known to contribute
considerably to air pollution by toxic emissions
of un-combusted or partly combusted exhaust
gas components (CO/HC) as well as particulate
matter (PM) loaded with organics. Particularly in
densely populated cities/villages and places
where exchange of environmental air is
hindered by landscape profile (e.g. location in a
valley) or by temporary inversion situations in
winter time, these emissions might accumulate
and can create high risk for human-health [1, 2].

There have been several attempts to reduce
those toxic emissions e.g. by improving the
construction of the fireplaces and/or by
introducing automatic combustion air stream
control based on continuous measurement of
combustion temperature (Tc) and residual
oxygen concentration (ROC) in the flue gas by
sensors. In contempt of those innovations, the
emissions can be hardly controlled below the
upper limits given by law (1. BImSchV) and in
Germany, the overall immissions are still rising
to alarming values in the last five years. From
this point of view, it is obvious that the
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emissions of low-power wood combustion
systems must be further reduced. In recent
years, several studies have shown [3, 4, 5] that
firing process control can be further improved
by additional introduction of an in-situ CO/HC
gas sensor and optimization of the air stream
control algorithms. This results in tremendous
reduction of toxic gas emissions of wood-log
fueled single room fireplaces by up to 80 % [6]
compared to the emissions of hand operated
(conventional) single room furnaces.

In addition, there is a high demand to monitor
the combustion quality of automatically fed
wood chip fueled furnaces. The gaseous emis-
sions of those furnaces are comparably low as
long as the system is operated at optimized
conditions. However, continuous deposition of
combustion residuals (ashes, soot, etc.) at the
walls of the combustion chambers and heat
exchanger tubes with long-term operation is
known to have a negative influence on the
combustion process and, correspondingly, can
seriously reduce combustion quality and effi-
ciency. In this context, appropriate and reliable
CO/HC sensing will allow to monitor the quality
of combustion continuously and will enable
routine cleaning and maintenance actions on
demand to reduce costs and emissions and to
increase utilization ratio.
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In this paper both aspects, improved process
control of wood-log fueled firing and continuous
monitoring of wood-chip fueled heaters by
introduction of CO/HC-sensors are reported. In
addition the question of CO/HC-sensor stability
is discussed by comparing the signals of
different simultaneously operated CO/HC
sensors in lab firing experiments and in a field
test over several months.

Experiments

Setups for sensor tests in the flue gas of
wood combustion systems

Firing experiments have been conducted with a
wood-log fueled furnace (SF10SK, Brunner
GmbH, Eggenfelden, Germany) and two
different wood chips fueled central heaters
(Multifuel Central Heater, A.P. Bioenergie-
technik, Hirschau, Germany). One of the latter
was operated in the lab, the other was used in
field test experiments over nearly four months
during a winter season. All fireplaces were
complemented by a sensor for measurement of
ROC (LSU 4.9, Bosch) and different types of
CO/HC sensors, all positioned at the exhaust
gas tube near the flue gas outlet of the firing
system. The general concept of the construc-
tion of such fireplaces with primary and secon-
dary combustion zone and the position of the
gas sensors is given as schematic in Fig. 1.
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Fig. 1. Schematic drawing of a wood-log fueled
fireplace with indication of the primary and secondary
combustion air streams controlled by mass flow
sensor/shutter systems (blue). The various sensor
elements and their positions are depicted.

The wood-log fueled fireplace was additionally
complemented with sensors for combustion air
mass stream measurement (HFM7, Bosch
GmbH). The air streams were adjusted to
desired flow by controlling the shutter position
with separate nested control algorithms based
on the sensor signals of air mass stream, com-
bustion temperature (Tc), ROC and CO/HC
emissions [3,4]. This enables the application of
those air stream control algorithms to fireplaces
with natural chimney draught where different
draught conditions have to be expected. These
algorithms for air stream control were para-

AMA Conferences 2017 — SENSOR 2017 and IRS? 2017

DOI 10.5162/sensor2017/A6.3

metrized for the SF10SK fireplace and the fire-
place was used for comparative CO/HC sensor
evaluation in the flue gas. For the evaluation of
the sensors in the exhaust gas of the wood-chip
fueled firing system, the standard software of
the producer was used for operating the sys-
tem.

CO/HC sensors under investigation for flue
gas analysis

The main focus of this work was to investigate
the sensitivity and signal stability of different
kinds of CO/HC gas sensors which may be
suitable for in-situ operation in the flue gas of
low-power wood combustion systems. The
availability of such long-term stable sensors at
ambient temperatures in the range up to 500°C
is the prerequisite for establishing the above
mentioned new firing process control algo-
rithms.

Commercially available high temperature (HT)
gas sensors of the non-Nernstian mixed poten-
tial (MP) type, CarboSen (CS) 1K and 10K
(Lamtec GmbH & Co. KG, Walldorf) and a
prototype sensor (HCS) for CO/HC plus ROC
measurement (Heraeus AG, Kleinostheim)
have been investigated. The CO/HC sensing
concept of both kind of gas sensors is based on
Au,PYVYSZ/Pt electro-chemical cells. An over-
view about the different sensor concepts is
already reported in [6, 7] and details of the
operation and signal generation of the Heraeus
sensor chip are described in [8, 9].

The sensors are protected from particulate
matter contaminations by a filter and generally,
the sensors are in contact with a multitude of
gas components (majorly CO, CH,4, Formalde-
hyde, organic acids, etc.) [10] which vary in
concentration depending on the instant of firing
situation (ignition phase, HT-phase (steady
state), burn-out phase) and on the kind of wood
used as fuel.

The CO/HC-sensors performance was studied
by in-situ operation in the flue gas and simulta-
neously the flue gas composition was analyzed
by extraction of a partial gas stream using a
High-Temperature FTIR gas analysis system
(GASMET, Ansyco GmbH, Karlsruhe). How-
ever, quantification of sensitivity and signal
drifts during in-situ operation in the flue gas is
not easily possible by referencing to the gase-
ous emissions recorded by a gas analysis sys-
tem alone. The firing process and correspond-
ingly the numerous components emitted are not
well reproducible and vary considerably over
time [10] and the MP-signals of all CO/HC-
sensors under investigation depend on many
different components of the flue gas with differ-
ent sensitivities [6]. To quantify long term stabi-
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lity under these operation conditions, the sensor
elements were additionally calibrated in
CO/H»/O,/N, model gas mixtures. This allows
measurement of CO/H,-equivalent concentra-
tions (CO/H,e) in the flue gas and enables the
investigation of the signal stabilities by repeated
exposure of model gases before and after in-
situ operation in flue gases by use of a standard
gas mixing system [11].

Results and discussion

Sensor behavior over time at in-situ

operation in the flue gas

Flue gas monitoring of wood-chip fueled central
heater

The CO/HC-sensors under evaluation were
operated in the flue gas of two wood-chip fueled
central heaters of the same type (Nominal
power (NP): 88kW) for different experimental
intentions. Combustion experiments were car-
ried out in the lab over about six hours a day. In
between the firings the system was carefully
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Fig. 2. Typical sequence of the sensor signals
referenced to continuous flue gas analysis
(FTIR) measured on the wood-chip fueled
heater over time. The experiment started with
cold ignition to steady state operation at
70%NP, subsequent change to 50%NP at
120min and after about 225 min the heater is
operated down and stopped.
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cleaned for getting reproducible combustion
conditions. The signals of CS1K, CS10K and
HCS over time of a typical test sequence are
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given in Fig. 2 together with the Tc, the ROC
and the analysis of IR-active flue gas
components by quasi continuous HT-FTIR
analysis. After ignition, the system was oper-
ated at 70% of NP up to 120 min, then reduced
to 50% and the firing process was stopped at
225 min. Operation at different heating power is
correlated with different Tc and different
concentrations of toxic gas emissions, espe-
cially CO. CS1K and CS10K behave rather
similar. Mainly their signals follow the CO signal
of the HT-FTIR system. In contrast, the signal
of the HCS depends less on ¢(CO) but seems
to be more estimated by c¢(CH,). Both types of
sensors may show additional sensitivities to
some HC-components. However, CS sensors
are highly sensitive to CO. Even c(CO) lower
than 100 ppm are clearly recorded.

Significantly higher emissions are observed
when the heater is continuously operated in the
standard mode for heating of a settlement (field
test) over months without any routine mainte-
nance. Now emission peaks even higher than
1000 ppm CO (Fig. 3) are observed. The
CO/Hze values of both types of sensors over
time follow quite well the course of ¢(CO) refer-
enced by a standard portable CO-analysis
instrument (SM500, Wéhler GmbH).
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—— HeraeusCO/H,e_calc
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Fig. 3. Representative cut-out of the sensor
signals of a CS10K and a HCS after a four-
month operation sequence of the multifuel
wood-chip fired central heater under field-test
conditions.

Flue gas monitoring of wood-log fueled fireplace

The sensor signals of another set of CO/HC-
sensors operated during a representative batch
experiment on the wood-log fueled fireplace are
visualized in Fig. 4 together with the flue gas
FTIR-analysis, Tc and ROC. The experiment is
based on different algorithms for air mass
stream control of ignition phase, (IP, 0-10min),
high temperature combustion phase (HTCP,
10-50min) and a burn-out phase (BOP, 50-
150min). During HTCP the concentrations of
emitted uncombusted components are very low.
There is an obvious but not strong correlation of
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ROC and CO/HC-content with Tc. For example
at the end of the IP the concentration of the
HCs sharply decreases, Tc rises still beyond
700°C and ROC continuously falls (Fig. 4), but
¢(CO), is more or less constant. Only beyond
minute 20 c¢(CO) steeply falls to very low
concentrations (Fig. 4) but there is also no
simple, predictable correlation between CO/HC-
content and ROC at relatively constant Tc =
800°C in the HTCP. This example clearly
demonstrates that for optimum air stream con-
trol of wood-log fueled fireplaces, the inde-
pendent continuous measurement of CO/HC-
content is necessary to enable optimized com-
bustion.
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Fig. 4: Course of the sensor signals and FTIR
flue gas analysis of a typical wood-log
combustion batch firing experiment.

Regarding the courses of the signals of a
CS10K and a HCS (Fig. 4), the response to
different flue gas compositions is clearly diffe-
rent. The HCS-signal mainly seems to depend
on ¢(CHy4) and, perhaps, on some HC-compo-
nents. The CS10K-signal, however, may be
more sensitive to ¢(CO) and on some organic
gas components as well. The individual correla-
tions of the signals with the flue gas compo-
nents are still under investigation.

CO/HC sensor stability

The sensor signal stability was evaluated by
repeated sensor signal measurement under
exposure of CO/H,/O,/N, model gases. An
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overview of the results is given in Fig. 5. Both
types of sensor have shown increased sensitiv-
ity after in-situ operation in the flue gas. The
sensor signals of the HCS increased even after
a four-month field test period.
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Fig. 5: Long-term stability evaluation by
repeated sensor signal measurements. a)
Sensor signals of HCS-sensor before and after
four months operation in the flue gas of a wood-
chip central heater (field test) at different c(O,),
b) CS10K-signals in model gases with 7%O0,-
concentration before and after three and six
batch wood-log fueled firing experiments,
respectively.

Conclusion and Outlook

All sensor elements under investigation are of
the non-Nernstian mixed potential (MP) type
and therefore cannot represent individual gas
components. In flue gas environment the sen-
sor signal is generated by all reactive gas com-
ponents, however, at individual sensitivities
depending on the MP electrode material.
Therefore, the sensor signals represent the flue
gas composition and concentration in an indi-
vidual manner. In this context, all sensor ele-
ments under study are generally suitable for
monitoring of the combustion quality and for
development of novel software for control of the
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combustion air streams to improve the combus-
tion quality and reduce the toxic gas emissions.
The signals of CS1K and CS10K sensor ele-
ments are well correlated to variation of CO
emission, however the HCS sensor is more
relating to the variation of CHj,.

Further comparative studies will show the long-
term stability of the different types of sensors
when operated in the flue gas. As a highlight,
one of the sensor elements (HCS) showed no
signal loss even after four month of real life
operation in the flue gas of a wood-chip com-
bustion heater.
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