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Abstract. Most huge forest fires start in partial combustion. In the beginning of a smouldering fire, emission

of hydrogen in low concentration occurs. Therefore, hydrogen can be used to detect forest fires before open
flames are visible and high temperatures are generated. We have developed a hydrogen sensor comprising
of a metalsolid electrolyt¢insulatofysemiconductor (MEIS) structure which allows an economical production.

Due to the low energy consumption, an autarkic working unit in the forest was established. In this contribution,
first experiments are shown demonstrating the possibility to detect forest fires at a very early stage using the
hydrogen sensor.

1 Introduction wooden building hydrogen levels are raised and that hydrg
gen is the first detectable event during such an experimen
The concentration of hydrogen created during smoulderin
Forest fires in today’'s commercial and cultural landscapess about 20 ppm, which was measured in a shielded enviror
cause large problems and damage. The risk of large forment. Atthe point when the smouldering forest fire should b
est fires has reduced in the last decades on the basis efetected, the expected concentration is even lower. To detect
technological progress and scientific knowledge. Howeversych an occurrence of hydrogen, the sensor must be reliabjle
great fires appeared in Russia in 2010 and California, Unitedn measuring such small concentrations. Because of this we
States, in 2009 with massive financial loss and even deatlyse a detector with a very low detection limit; doing so it
(Hirschberger201J). In such huge fires the forces of nature s possible to measure hydrogen concentration below 5 ppn.
are recalcitrant. To avoid this damage a detection of the fireHydrogen occurs in the troposphere in a concentration of
is required when the involved area is still small, and the fireabout 0.4-0.6 ppm. The yearly average variate féfiedint
process is still in the early stages. With changing climatic|ocations on the planet and the fluctuation over the year i
conditions, the potential risk for forest fires will increase in apout 0.1 ppmYver et al, 2011). Subsequently, there is no
some regions. Since these currently unforeseen events cajbnstant hydrogen concentration; however, the change withi
occur all over the earth, it is necessary to improve a systemhe natural hydrogen amount is small and will not influence
to warn of the early stages of forest fires. the fire detection using a hydrogen sensor. Carbon dioxidge
Present forest fire detection systems are based on the dgnd methane, which are also present in the atmosphere, have
tection of éfects, which appear when an open fire alreadyno influence on the sensor signal. The changes of other gases
exists. Most of the systems determine heat, open flames dike NO, (0.6-31ugm3), SO, (0.2-15ugm3), NH; (0.2—
dust particles. Not so common is the detection of gases whictpgugm—3) and Q (1.2-166 ppb) are also negligible. These
occur by smouldering of organic matter before an open fireyalues were measured between 2009 and 201 1fEarelkt
accrues. The occurrence of hydrogen during smouldering fir&serman forest sited~{scher 2013 oral note).
was published in the literatur€6fer Ill et al, 1988 Jackson One of the latest comparisons of hydrogen sensors by

and Robins1994 Grosshandlerl997 Krause et al.2008. Boon-Brett et al.(2010 reported the limits of commercial
Amamoto et al(1990 pointed out that during the burning of
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hydrogen sensor detection. None of the reported sensors wi
able to detect concentration below 10 ppm. Because of tht
low hydrogen concentration induced by smouldering fires, it
was necessary to develop a much more sensitive sensor. 7 voltage [mV]
gain very sensitive measurements of hydrogen, creating an

innovative concept and design of the hydrogen sensor Waﬁigure 2. Changes in the capacitance voltage plot due to hydrogen

unavoidable. We developed a low-energy hydrogen sensof,iave when hydrogen occurs at the palladium surface, the graph
set-up for outdoor application. Here we present first resultSg ghifted to lower potential.

of field experiments in Scots pine stands. Using wood and

grass, a smouldering fire was created in the forest. The sen-

sors were placed atfiigrent distances from the fire location tact the power consumption of the electronics is low, and
to monitor the signal which occurs due to a started fire. operation with batteries is possible.

When hydrogen reacts with the sensor structure, the capac-
itancgvoltage behaviour changes, which is shown in Rig.
2 Sensor Hydrogen molecules dissociate at the palladium surface. And
) i hydrogen atoms are solved in the palladium and interact with
The sensor we developed is a mgaalid elec- e janthanum trifluoride layer. Via this process, additional
trolyte/insulatofsemiconductor - (MEIS) ~ structure.  An charges occur, and the chemical potential is modified. The
e?<p.I|C|t. sketch is shown in FidL. S_|I.|con oxide and S|I_|con result is a shift of the capacitance voltage plot to lower po-
nitride insulators are grown on a silicon wafer. The thicknessigntial in comparison to absence of hydrogen. To determine
of this insulator is 150 nm. Afterwards a 150 nm lanthanum e hydrogen concentration, only the voltage shift has to be
trifluoride layer is grown by physical vapour deposition at eagyred. The voltage shift of this sensor shows a logarith-
high vacuum. The 20 nm palladium layer is produced by DC ¢ gependency to the hydrogen concentratdoritz et al,
sputtering. This layer operates as gate metal. The structurggpg. pye to this relation, it s possible to measure hydrogen
is different to the Lundstrom sensaundstrom etal.1978 i, 5 very large concentration range. Concentrations as high as
because of an additional superionic conductor between thgq o (100000 ppm) and very low concentratiorss(pm)
insulator and the gate Iaye'r. Dug to this additional layer, the;gn be measured. To detect tiny amounts of the tracing gas,
dependence of the electrical signal on hydrogen concengis js necessary for an alarm system in forests where dilu-
tration is changed. In contrast to a square root dependencyy, is a major &ect. Details of the response to hydrogen

of the Lundstrom sensor, our sensor shows a logarithmiGyith these sensor systems were describedMiyitz et al.
concentration response. Details about the solid electrolytqzooa_

layer can be found iMoritz and Kraus€2004).

The final sensor structure used in our experiments was
Pd/LaF;/SisN4/SiO,/Si. This sensor chip is a capacitive el- 3 Experiments
ement, and the capacitance depends on the voltage between
gate (palladium) and bulk (silicon, ohmic contact). The ca- For the field experiment an electronic design was developed
pacitance was measured between the backside aluminiumvhich measures the capacitance of the sensor and adjusts the
contact and the gate. This structure was bonded on top ofpplied potential in feedback mode. These electronics mea-
a ceramic heater which is used for the activation of the sensure all data autonomously and are able to store the collected
sor. The sensors were activated once a day to improve thdata. With a commercial XBee RF (radio frequency) module,
response time and the signal. Details affeéas of the ac- a wireless communication was implemented so that it was
tivation process can be found kinke et al.(2012. During able to control all sensors and collect all data via a computer.
operation the sensor does not need to be heated. The meBecause of this wireless communication, it is practicable to
surements were done at ambient temperature. Due to thiarrange the sensors afférent positions in a large area in the
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Figure 3. Experimental set-up in the forest. The sensors were
placed around the fire place afférent trees. The experiments were
done with changing height and distance of the sensors. The comgig e 4. Sensor signal as function of the hydrogen concentratior]
munication with the sensors was done with an RF module. in the range from 0.1 to 1000 ppm. Shown is the signal average ove
16 different sensors with standard deviation. The sensor has a loga-

f t Th . tal . t tablished insid rithmic dependency between the hydrogen concentration and sensor
orest. The experimental eénvironment was established Insl gignal. This relation allows the measurement of very low hydroger

of a mixed forest stand. For safety reasons the smouldering,centrations.
fire was started in a metal bowl. For this first proof of con-
cept, small fires including an area below 3 mere burned.

Around the fire place, the sensors were mounted @rdi  from the fire place, sensors were mounted fiedént heights
ent trees. Details of the experimental set-up are illustrated inn this closed room. For details of the set-up, see Bay.
Fig. 3. For the diferent experiments, the heights of the sen-The data of this test fire are shown in Fi&p. In all three
sors varied between 1 and 4m. Also the distances betweegensors, signal fferences due to the occurrence of the fire
fire and sensors were changed iffefient measurements.  gre detectable. The signal levels in this experiment of about
Figure 4 shows the sensor signal forfidirent hydrogen 200 mV are in a range where no complicated signal process
concentrations. This graph illustrates the logarithmic depening is necessary. On the measured signal in Bly.some
dency between the hydrogen concentration and the resultinfuctuations are visible. Such fluctuations were also visible
sensor signal from below 1 to 1000 ppm. Due to this logarith-in the smoke of the smouldering fire. The first change is visi
mic relation, it is possible to measure very low hydrogen con-pje about 3 min after the heating plate was switched on. Thi
centration with our sensor. With this signal—concentration retime includes the heating of the heating plate, with a resis}
lation, even tiny hydrogen occurrence results in a detectablgance heater and the following heating of the beech bricks.
signal response. So our sensor is able to trace tiny quantifhe response time strongly depends on the parameter of the
ties of hydrogen with concentrations below 5 ppm, which is heating plate and is not discussed here in detail. With this
beneath the detection limits thAbon-Brett et al(201() re- experiment we On|y prove that with the selected hydroger
ported in an overview of commercial hydrogen sensors. Thusensor it is possible to detect a smouldering fire.
a small lower detection limit is necessary for this application  Forests with open canopies do not have limits or bound
because hydrogen only occurs in slight concentrations duringries, resulting in hydrogen being diluted and widely spread
a Smouldering fire and is additionally diluted in the forest. in the air around. The treetop is only a tiny limit and will
The detection of concentration up to 10\land the sensor ot prevent the rise of the hydrogen. Due to this, the size of
stability are published elsewher®l¢ritz et al, 2006 Lang  the fire was increased to up to ZnWith this the amount

H, concentration [ppm]

=
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etal, 2013. of hydrogen is increased, and the thinning starts at a higher
concentration. Due to the fact that the fire was started with
4 Results grass and moistened wood, also a lot of smoke was created.

By watching this visible fire, an estimation can be predicted
To investigate the thinning of the hydrogen in a smoulder-where the hydrogen should appear.
ing fire, an experiment was carried out in a hall with a size In a field experiment the wind direction has an influence,
of about 25mx 12mx 7m. Nine small beech bricks were being inhomogeneous inside a forest. Major influence fact
heated with a heating plate until fumes were formed. Thistors on the wind directions are stand structure, stand den
set-up is related to the test fire TF2 described in DIN EN 54sity, tree height and age. Trees produce major turbulence in
(DIN, 2000. But all experimental details of the norm were side the forest. Figuré shows the dferent wind profiles of
not fulfilled. Only a set-up was used in which surely hydro- two positions inside the stand. Even if those measuremer
gen is formed in a smouldering fire. At a distance of 3.5 mspots had only a distance of 200 m, both plots would still be

—
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Figure 5. Indoor experiment in a hall with a size of 232x 7 m?. On a heating plate, wood was heated according to EN54; at thfeeedit
positions hydrogen sensors were mounted, as illustratér).imhe measured signals are showihin All sensors detect a change due to the
smouldering fire.

When the distance between sensor and fire place was en-
hanced, the sensors were mounted higher than 1 m, because
the visible smoke of the fire was approximately at a height
of 3m and above. Mounting the sensor higher than 5m was
much more complicated, and inside of the treetop the RF
communication would be inhibited.

An expanded experiment was done with the same fire size
but a larger distance of the sensors to the fire. The sensors
were placed in a circle with a radius of about 25m, and the
fire was located in the centre. The sensors were mounted to
different trees at a height of about 3 to 4m. The set-up is
shown in Fig 8. In this figure the sensor signals are also dis-
played. In the data of sensors B, C and H, a clear sigfftaireli
Figure 6. Frequency of the wind direction in the forest at two dif- ence is visible. This change is caused by the hydrogen which
ferent positions. Both data sets were collected over one year. Theccurs during the smouldering fire. This shows that the fire
measurement points had a lateral distance of 200 m. Tr@elice 55 detected by these three sensors. THerdnce of about
'tif;ubsiﬁg_bgjézzsgteriﬂﬁfé;”cwre of both standings (red: open strucs, 1\ s slightly above the detection limit. This small sig-

' ' ' nal is caused by the small fire of about 0.5 this plot
also a background fluctuation of about 4 mV is visible. This
completely diferent. Because of this it is not possible to get a Signal variation does not exist in the laboratory environment,
uniform wind direction over the complete measurement areawhen the sensors are measured in a known constant hydrogen
The wind is also dependent on time. Due to this complexity,concentration. In such a set-up the noise is below 0.2mV.
there are no indicators of the wind direction in the following The reason could be variations of the hydrogen concentra-
plots. tion in the forest; however, the shielding of the sensor can

The initial forest experiment was done on a small scale.also cause thisfiect. In this first experiment the sensors were
A smouldering fire of approximately 0.5°wvas burned ata  only covert by a metal plate to prevent direct light incidence.
height of 50 cm above the ground. Eight sensors were posiReflections were only minimised by painting the housing and
tioned at a height of 1 m and 3 m in fourfiéirent directions.  plate with black paint. The optimisation of the sensor shield-
The lateral distance between fire and sensors was 5m. Th&g is now in progress to reduce the outsidkeets, and to be
arrangement is shown in Figa. In Fig.7b the correspond- sure that only hydrogen can pass to the sensor and reduce the
ing sensor signals are displayed. Six sensors show a signéifluence factors.
due to the smouldering fire. The absence of a reaction at the To prove the usability of the sensor in a realistic environ-
sensors C and E is caused by the wind direction. It is evidentment, enhanced distances were also measured. |9dibe
that the height of the sensor has an influence on the signaket-up is described where the distance between fire and sen-
Due to the wind and crown at this experiment, the major ef-sor was approximately 110 m. To measure hydrogen in this
fect was measured at a height of 1 m. huge dilution due to the enormous volume, the size of the
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Figure 7. Experiment in the forest with distance between fire and sensors of 5m. The sensors were placed in four directions at a hejght of
1mand 3m as illustrated in pge). In part(b) the corresponding sensor signals are plotted. The dependency of the wind direction is visible.
Also the influence of the detector height can be observed. In this configuration the main signal was observed at a height of 1 m.
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Figure 8. Experiment in the forest with a distance between fire and sensors of 25 m. The sensors were mounted at a height of 3to 4m. The
position of the sensors is shown in péa). The measured sensor signal is displayed in rtThis graph illustrates very clearly a signal
difference due to the fire at the sensors B, C and H.

fire was increased to about Znwhich is still small at the  no relevant change after the fire was started. This is caused
scale of forest fires. The corresponding signal is displayed irdue to the fact that the wind was blowing away from where|
Fig. 9b. In this experiment the sensors B, C and F show a sigthe sensors were located to the fire place. All other sensors in
nificant change in the signal. For these sensors the distance tbis set-up detect the hydrogen from the small fire. It is be
the fire was 25 and 105 m. Even at sensor H, with a distanceause the distance of 5m to the fire is still small. This shor
of about 115 m, a small influence of the fire appeared. distance and open environment has also tfiecethat the

most highly placed sensors do not show a major signal dif
ference. The wind has a primary influence on the measured
signal. The time between starting time of the smouldering firg

The measurements in the forest (see Fig& and9) reveal and the first occurrence of a signal change was from 5 min tp

that not all placed sensors show a signdiledence after the 50 MiN- V\_/her? t?is reshponse time is meaSlered, 'the ﬁpnve -
fire was started. This is caused by the fact that the hydrogefion time in the forest has to be accounted for. With this ex

is transported by the wind from the fire to the sensor Theperiment the occurrence of visible smoke at the sensor and
wind direction therefore has an important influence Wheremeasured hydrogen signal were the same. To equate the gc-

this propagation occurs. In Fig.the sensors C and E show Ccurrence of hydrogen with the existence of smoke is only a

5 Discussion and outlook
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Figure 9. Experiment in the forest with a sensor distance between 25 and 115 m. lfa)yte¢ experimental set-up is pictured. The sensor
signals are displayed in pditt). Three sensors show a significanffeience due to the fire (C, B and F). In the signal of sensor H, a small
change is visible.

rough guess. But it illustrates the possibility in which speedmisations, the battery lifetime can be enhanced from weeks
fire products can be detected. to several years.

A distance of 110 m between fire place and sensor @ig.
is a large expanse; the signals of sensor F still show signifi-
cant fluctuations which are also visible at other, more closel

situated sensors. This shows that monitoring of forest f|reﬁ%1 these first experiments we have shown that hydrogen is

with the presented sensors is possible. For the coverage . ; ! . .
huge forest areas, the distance has to be increased where a]fi%rmed during smouldering fire, and this hydrogen is de-

L2 o . ectable outside in the forest with the newly developed sen-
is still detectable. A rough estimation with a sensor to sensor S e

. . . . sors. The shielding of the detectors has to be optimised to

distance of 100 m gives a density of 1 sensor per ha. In this = =" . . :

- -avoid side fects which also change the signal. The response

case 1 million sensors are needed to cover all the forests il . . ; ;

time was below 5 min from the time the fire was started. This

the German federal state of Brandenburg. To reduce the nu ime includes the convection of the hydrogen from the fire to

ber of necessary sensors, the distance between the sensgrs . ydrogen T .

. ; he sensor over a distance up to 25 m. A significant change in

has to be increased. Further experiments are planned whe(&

Summary

distances between fire and sensors are increased. When t ﬁ?[eoﬂ]gnal due to a fire was measured at a distance of about

sensors are used outside of a controlled sand box, an ad-
vanced data analysis has to be developed to correlate the sig-
nals of diferent sensors. An autonomous process has to b%cknowledgements. The authors would like to thank Michael
found which decides independently to trigger a fire alarm

09 ; . '(i)allmer, Michael Milstrey and Michael Rothe for their support
The measurements have shown that with increasing win uring the measurements. This work was financially supported by

speed it becomes easier to detect hydrogen at distant poSyentrales Innovationsprogramm Mittelstand (ZIM) in the project
tions. High wind speed is one of the factors favouring forestnpriwa.

fires.
In this publication the sensors use a ceramic heater with &dited by: M. Penza

size of 7x 7 mn?. This geometry is not the optimal set-up. Reviewed by: two anonymous referees

One of the topics which we are now working on is to deposit

a heater directly around the palladium dot displayed in Eig.
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