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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 metal/solid electrolyte/insulator/semiconductor (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

Forest fires in today’s commercial and cultural landscapes
cause large problems and damage. The risk of large for-
est fires has reduced in the last decades on the basis of
technological progress and scientific knowledge. However,
great fires appeared in Russia in 2010 and California, United
States, in 2009 with massive financial loss and even death
(Hirschberger, 2011). In such huge fires the forces of nature
are recalcitrant. To avoid this damage a detection of the fire
is required when the involved area is still small, and the fire
process is still in the early stages. With changing climatic
conditions, the potential risk for forest fires will increase in
some regions. Since these currently unforeseen events can
occur all over the earth, it is necessary to improve a system
to warn of the early stages of forest fires.

Present forest fire detection systems are based on the de-
tection of effects, which appear when an open fire already
exists. Most of the systems determine heat, open flames or
dust particles. Not so common is the detection of gases which
occur by smouldering of organic matter before an open fire
accrues. The occurrence of hydrogen during smouldering fire
was published in the literature (Cofer III et al., 1988; Jackson
and Robins, 1994; Grosshandler, 1997; Krause et al., 2006).
Amamoto et al.(1990) pointed out that during the burning of

wooden building hydrogen levels are raised and that hydro-
gen is the first detectable event during such an experiment.
The concentration of hydrogen created during smouldering
is about 20 ppm, which was measured in a shielded environ-
ment. At the point when the smouldering forest fire should be
detected, the expected concentration is even lower. To detect
such an occurrence of hydrogen, the sensor must be reliable
in measuring such small concentrations. Because of this we
use a detector with a very low detection limit; doing so it
is possible to measure hydrogen concentration below 5 ppm.
Hydrogen occurs in the troposphere in a concentration of
about 0.4–0.6 ppm. The yearly average variate for different
locations on the planet and the fluctuation over the year is
about 0.1 ppm (Yver et al., 2011). Subsequently, there is no
constant hydrogen concentration; however, the change within
the natural hydrogen amount is small and will not influence
the fire detection using a hydrogen sensor. Carbon dioxide
and methane, which are also present in the atmosphere, have
no influence on the sensor signal. The changes of other gases
like NO2 (0.6–31µgm−3), SO2 (0.2–15µgm−3), NH3 (0.2–
28µgm−3) and O3 (1.2–166 ppb) are also negligible. These
values were measured between 2009 and 2011 at different
German forest sites (Fischer, 2013, oral note).

One of the latest comparisons of hydrogen sensors by
Boon-Brett et al.(2010) reported the limits of commercial
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Figure 1. Sketch of the capacitive sensor structure mounted on a
heater.

hydrogen sensor detection. None of the reported sensors was
able to detect concentration below 10 ppm. Because of the
low hydrogen concentration induced by smouldering fires, it
was necessary to develop a much more sensitive sensor. To
gain very sensitive measurements of hydrogen, creating an
innovative concept and design of the hydrogen sensor was
unavoidable. We developed a low-energy hydrogen sensor
set-up for outdoor application. Here we present first results
of field experiments in Scots pine stands. Using wood and
grass, a smouldering fire was created in the forest. The sen-
sors were placed at different distances from the fire location
to monitor the signal which occurs due to a started fire.

2 Sensor

The sensor we developed is a metal/solid elec-
trolyte/insulator/semiconductor (MEIS) structure. An
explicit sketch is shown in Fig.1. Silicon oxide and silicon
nitride insulators are grown on a silicon wafer. The thickness
of this insulator is 150 nm. Afterwards a 150 nm lanthanum
trifluoride layer is grown by physical vapour deposition at
high vacuum. The 20 nm palladium layer is produced by DC
sputtering. This layer operates as gate metal. The structure
is different to the Lundström sensor (Lundström et al., 1975)
because of an additional superionic conductor between the
insulator and the gate layer. Due to this additional layer, the
dependence of the electrical signal on hydrogen concen-
tration is changed. In contrast to a square root dependency
of the Lundström sensor, our sensor shows a logarithmic
concentration response. Details about the solid electrolyte
layer can be found inMoritz and Krause(2004).

The final sensor structure used in our experiments was
Pd/LaF3/Si3N4/SiO2/Si. This sensor chip is a capacitive el-
ement, and the capacitance depends on the voltage between
gate (palladium) and bulk (silicon, ohmic contact). The ca-
pacitance was measured between the backside aluminium
contact and the gate. This structure was bonded on top of
a ceramic heater which is used for the activation of the sen-
sor. The sensors were activated once a day to improve the
response time and the signal. Details and effects of the ac-
tivation process can be found inLinke et al.(2012). During
operation the sensor does not need to be heated. The mea-
surements were done at ambient temperature. Due to this

Figure 2. Changes in the capacitance voltage plot due to hydrogen
uptake. When hydrogen occurs at the palladium surface, the graph
is shifted to lower potential.

fact, the power consumption of the electronics is low, and
operation with batteries is possible.

When hydrogen reacts with the sensor structure, the capac-
itance/voltage behaviour changes, which is shown in Fig.2.
Hydrogen molecules dissociate at the palladium surface. And
hydrogen atoms are solved in the palladium and interact with
the lanthanum trifluoride layer. Via this process, additional
charges occur, and the chemical potential is modified. The
result is a shift of the capacitance voltage plot to lower po-
tential in comparison to absence of hydrogen. To determine
the hydrogen concentration, only the voltage shift has to be
measured. The voltage shift of this sensor shows a logarith-
mic dependency to the hydrogen concentration (Moritz et al.,
2006). Due to this relation, it is possible to measure hydrogen
in a very large concentration range. Concentrations as high as
10 % (100 000 ppm) and very low concentrations (<5 ppm)
can be measured. To detect tiny amounts of the tracing gas,
this is necessary for an alarm system in forests where dilu-
tion is a major effect. Details of the response to hydrogen
with these sensor systems were described byMoritz et al.
(2006).

3 Experiments

For the field experiment an electronic design was developed
which measures the capacitance of the sensor and adjusts the
applied potential in feedback mode. These electronics mea-
sure all data autonomously and are able to store the collected
data. With a commercial XBee RF (radio frequency) module,
a wireless communication was implemented so that it was
able to control all sensors and collect all data via a computer.
Because of this wireless communication, it is practicable to
arrange the sensors at different 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 at different trees. The experiments were
done with changing height and distance of the sensors. The com-
munication with the sensors was done with an RF module.

forest. The experimental environment was established inside
of a mixed forest stand. For safety reasons the smouldering
fire was started in a metal bowl. For this first proof of con-
cept, small fires including an area below 3 m2 were burned.
Around the fire place, the sensors were mounted at differ-
ent trees. Details of the experimental set-up are illustrated in
Fig. 3. For the different experiments, the heights of the sen-
sors varied between 1 and 4 m. Also the distances between
fire and sensors were changed in different measurements.

Figure 4 shows the sensor signal for different hydrogen
concentrations. This graph illustrates the logarithmic depen-
dency between the hydrogen concentration and the resulting
sensor signal from below 1 to 1000 ppm. Due to this logarith-
mic relation, it is possible to measure very low hydrogen con-
centration with our sensor. With this signal–concentration re-
lation, even tiny hydrogen occurrence results in a detectable
signal response. So our sensor is able to trace tiny quanti-
ties of hydrogen with concentrations below 5 ppm, which is
beneath the detection limits thatBoon-Brett et al.(2010) re-
ported in an overview of commercial hydrogen sensors. Thus
a small lower detection limit is necessary for this application
because hydrogen only occurs in slight concentrations during
a smouldering fire and is additionally diluted in the forest.
The detection of concentration up to 10 vol.% and the sensor
stability are published elsewhere (Moritz et al., 2006; Lang
et al., 2013).

4 Results

To investigate the thinning of the hydrogen in a smoulder-
ing fire, an experiment was carried out in a hall with a size
of about 25 m×12 m×7 m. Nine small beech bricks were
heated with a heating plate until fumes were formed. This
set-up is related to the test fire TF2 described in DIN EN 54
(DIN, 2000). But all experimental details of the norm were
not fulfilled. Only a set-up was used in which surely hydro-
gen is formed in a smouldering fire. At a distance of 3.5 m
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Figure 4. Sensor signal as function of the hydrogen concentration
in the range from 0.1 to 1000 ppm. Shown is the signal average over
16 different sensors with standard deviation. The sensor has a loga-
rithmic dependency between the hydrogen concentration and sensor
signal. This relation allows the measurement of very low hydrogen
concentrations.

from the fire place, sensors were mounted at different heights
in this closed room. For details of the set-up, see Fig.5a.
The data of this test fire are shown in Fig.5b. In all three
sensors, signal differences due to the occurrence of the fire
are detectable. The signal levels in this experiment of about
200 mV are in a range where no complicated signal process-
ing is necessary. On the measured signal in Fig.5b, some
fluctuations are visible. Such fluctuations were also visible
in the smoke of the smouldering fire. The first change is visi-
ble about 3 min after the heating plate was switched on. This
time includes the heating of the heating plate, with a resis-
tance heater and the following heating of the beech bricks.
The response time strongly depends on the parameter of the
heating plate and is not discussed here in detail. With this
experiment we only prove that with the selected hydrogen
sensor it is possible to detect a smouldering fire.

Forests with open canopies do not have limits or bound-
aries, resulting in hydrogen being diluted and widely spread
in the air around. The treetop is only a tiny limit and will
not prevent the rise of the hydrogen. Due to this, the size of
the fire was increased to up to 2 m2. With this the amount
of hydrogen is increased, and the thinning starts at a higher
concentration. Due to the fact that the fire was started with
grass and moistened wood, also a lot of smoke was created.
By watching this visible fire, an estimation can be predicted
where the hydrogen should appear.

In a field experiment the wind direction has an influence,
being inhomogeneous inside a forest. Major influence fac-
tors on the wind directions are stand structure, stand den-
sity, tree height and age. Trees produce major turbulence in-
side the forest. Figure6 shows the different wind profiles of
two positions inside the stand. Even if those measurement
spots 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 25 × 12 × 7m3. On a heating plate wood was heated according to EN54 and at three
different positions hydrogen sensors where mounted, as illustrated in (a). The measured signals are shown in (b). All sensors detect a change
due to the smouldering fire.
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Figure 6. Frequency of the wind direction in the forest at two dif-
ferent positions. Both data sets where collected over one year. The
measurement points had a lateral distance of 200 m. The difference
is caused by the unequal structure of both standings (red: open struc-
ture; blue: closed structure).
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ent. Because of this it is not possible to get a uniform wind190

direction over the complete measurement area. The wind is191

also dependent on time. Due to this complexity there are no192

indicators of the wind direction in the following plots.193

The initial forest experiment was done on a small scale. A194

smouldering fire of approximately a half square meter was195

burned at a height of 50 cm above the ground. Eight sensors196

were positioned at a height of 1 m and 3 m in four different197

directions. The lateral distance between fire and sensors was198

5 m. The arrangement is shown in Figure 7a. In Figure 7b the199

corresponding sensor signals are displayed. Six sensors show200

a signal due to the smouldering fire. The absence of a reaction201

at the sensors C and E is caused by the wind direction. It202

is evident that the height of the sensor has an influence on203

the signal. Due to the wind and crown at this experiment the204

major effect was measured at a height of 1 m.205

When the distance between sensor and fire place was en-206

hanced, the sensors were mounted higher than one meter, be-207

cause the visible smoke of the fire was approximately at a208

height of 3 m and above. Mounting the sensor higher than209

5 m was much more complicated and in side of the treetop210

the RF communication would be inhibited.211

An expanded experiment was done with the same fire size212

but a larger distance of the sensors to the fire. The sensors213

where placed in a circle with a radius of about 25 m and the214

fire was located in the centre. The sensors were mounted to215

different trees at a height of about 3 m to 4 m. The setup is216

shown in Figure 8. In this figure the sensor signals are also217

displayed. In the data of sensors B, C and H a clear signal218

difference is visible. This change is caused by the hydrogen219

which occurs during the smouldering fire. This shows that220

the fire was detected by these three sensors. The difference of221

about 24 mV is slightly above the detection limit. This small222

signal is caused by the small fire of about half a square meter.223

In this plot also a background fluctuation of about 4 mV is224

visible. This signal variation doesn’t exist in the laboratory225

environment. When the sensors are measured in an known226

constant hydrogen concentration. In such a setup the noise227

is below 0.2 mV. The reason can be variations of the hydro-228

gen concentration in the forest; however, the shielding of the229
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Figure 5. Indoor experiment in a hall with a size of 25×12×7 m3. On a heating plate, wood was heated according to EN54; at three different
positions hydrogen sensors were mounted, as illustrated in(a). The measured signals are shown in(b). All sensors detect a change due to the
smouldering fire.
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Figure 6. Frequency of the wind direction in the forest at two dif-
ferent positions. Both data sets were collected over one year. The
measurement points had a lateral distance of 200 m. The difference
is caused by the unequal structure of both standings (red: open struc-
ture; blue: closed structure).

completely different. Because of this it is not possible to get a
uniform wind direction over the complete measurement area.
The wind is also dependent on time. Due to this complexity,
there are no indicators of the wind direction in the following
plots.

The initial forest experiment was done on a small scale.
A smouldering fire of approximately 0.5 m2 was burned at a
height of 50 cm above the ground. Eight sensors were posi-
tioned at a height of 1 m and 3 m in four different directions.
The lateral distance between fire and sensors was 5 m. The
arrangement is shown in Fig.7a. In Fig.7b the correspond-
ing sensor signals are displayed. Six sensors show a signal
due to the smouldering fire. The absence of a reaction at the
sensors C and E is caused by the wind direction. It is evident
that the height of the sensor has an influence on the signal.
Due to the wind and crown at this experiment, the major ef-
fect was measured at a height of 1 m.

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 3 m and above. Mounting the sensor higher than 5 m 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 25 m, and the
fire was located in the centre. The sensors were mounted to
different trees at a height of about 3 to 4 m. 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 signal differ-
ence is visible. This change is caused by the hydrogen which
occurs during the smouldering fire. This shows that the fire
was detected by these three sensors. The difference of about
24 mV is slightly above the detection limit. This small sig-
nal is caused by the small fire of about 0.5 m2. In this plot
also a background fluctuation of about 4 mV is visible. This
signal variation does not exist in the laboratory environment,
when the sensors are measured in a known constant hydrogen
concentration. In such a set-up the noise is below 0.2 mV.
The reason could be variations of the hydrogen concentra-
tion in the forest; however, the shielding of the sensor can
also cause this effect. In this first experiment the sensors were
only covert by a metal plate to prevent direct light incidence.
Reflections were only minimised by painting the housing and
plate with black paint. The optimisation of the sensor shield-
ing is now in progress to reduce the outside effects, and to be
sure that only hydrogen can pass to the sensor and reduce the
influence factors.

To prove the usability of the sensor in a realistic environ-
ment, enhanced distances were also measured. In Fig.9a the
set-up is described where the distance between fire and sen-
sor was approximately 110 m. To measure hydrogen in this
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 5 m. The sensors were placed in four directions at a height of
1 m and 3 m as illustrated in part (a). 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 3 m to 4 m.
The position of the sensors is shown in part (a). The measured sensor signal is displayed in part (b). This graph illustrates very clearly a
signal difference due to the fire at the sensors B, C and H.
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Figure 7. Experiment in the forest with distance between fire and sensors of 5 m. The sensors were placed in four directions at a height of
1 m and 3 m as illustrated in part(a). 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 3 m to 4 m.
The position of the sensors is shown in part (a). The measured sensor signal is displayed in part (b). This graph illustrates very clearly a
signal difference due to the fire at the sensors B, C and H.
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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 3 to 4 m. The
position of the sensors is shown in part(a). The measured sensor signal is displayed in part(b). This graph illustrates very clearly a signal
difference due to the fire at the sensors B, C and H.

fire was increased to about 2 m2, which is still small at the
scale of forest fires. The corresponding signal is displayed in
Fig.9b. In this experiment the sensors B, C and F show a sig-
nificant change in the signal. For these sensors the distance to
the fire was 25 and 105 m. Even at sensor H, with a distance
of about 115 m, a small influence of the fire appeared.

5 Discussion and outlook

The measurements in the forest (see Figs.7, 8 and9) reveal
that not all placed sensors show a signal difference after the
fire was started. This is caused by the fact that the hydrogen
is transported by the wind from the fire to the sensor. The
wind direction therefore has an important influence where
this propagation occurs. In Fig.7 the sensors C and E show

no relevant change after the fire was started. This is caused
due to the fact that the wind was blowing away from where
the sensors were located to the fire place. All other sensors in
this set-up detect the hydrogen from the small fire. It is be-
cause the distance of 5 m to the fire is still small. This short
distance and open environment has also the effect that 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 fire
and the first occurrence of a signal change was from 5 min to
30 min. When this response time is measured, the convec-
tion time in the forest has to be accounted for. With this ex-
periment the occurrence of visible smoke at the sensor and
measured hydrogen signal were the same. To equate the oc-
currence of hydrogen with the existence of smoke is only a
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Figure 9. Experiment in the forest with a sensor distance between 25 m and 115 m. In part (a) the experimental setup is pictured. The sensor
signals are displayed in part (b). Three sensors show a significant difference due to the fire (C, B and F). In the signal of sensor H a small
change is visible.

5 Discussion and Outlook249

The measurements in the forest (see Figure 7, 8 and 9) re-250

veals that not all placed sensors show a signal difference af-251

ter the fire was started. This is caused by the fact that the252
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where the sensors were located to the fire place. All other258

sensors in this setup detect the hydrogen from the small fire.259

It is because the distance of 5 m to the fire is still small. This260

short distance and open environment has also the effect that261

the highest placed sensors do not show a major signal dif-262

ference. The wind has a primary influence to the measured263

signal. The time between starting time of the smouldering264

fire and the first occurrence of a signal change was from five265

minutes to half an hour. When this response time is measured266

the convection time in the forest has to be accounted for. By267

this experiment the occurrence of visible smoke at the sensor268

and measured hydrogen signal were in common. To equate269

the occurrence of hydrogen with the existence of smoke is270

only a rough guess. But it illustrates the possibility in which271

speed fire products can be detected.272

A distance of 110 m between fire place and sensor (Fig-273

ure 9) is a large expanse; the signals of sensor F still show274

significant fluctuations which are also visible at other, more275

closely situated sensors. This shows that monitoring of forest276

fires with the presented sensors is possible. For the coverage277

of huge forest areas the distance has to be increased where278

a fire is still detectable. A rough estimation with a sensor to279

sensor distance of 100 m gives a density of 1 sensor per ha. In280

this case one million sensors are needed to cover all the forest281

in the German federal state Brandenburg. To reduce the num-282

ber of necessary sensors the distance between the sensors has283

to be increased. Further experiments are planed where dis-284

tance between fire and sensors are increased. When the sen-285

sors are used outside of a controlled sand box an advanced286

data analysis has to be developed to correlate the signals of287

different sensors. An autonomous process has to be found288

which decides independently to trigger a fire alarm. The mea-289

surements have shown that with increasing wind speed it be-290

comes easier to detect hydrogen at distant positions. High291

wind speed is one of the factors favouring forest fires. In this292

publication the sensors use a ceramic heater with a size of293

7×7 mm2. This geometry is not the optimal setup. One of the294

topics which we are now working on is to deposit a heater di-295

rectly around the palladium dot displayed in Figure 1. Due to296

this the energy which is consumed during heating can be re-297

duced by a factor more than 1000. Another part which can be298

optimised is the RF communication. For this first experiment299

we included an RF module where itś sure that the communi-300

cation will work. Further investigation can reduce the addi-301

tional energy consumption. By doing all these optimisations302

the battery live time can be enhanced from weeks to several303

years.304

6 Summary305

In these first experiments we have shown that hydrogen is306

formed during smouldering fire and this hydrogen is de-307

tectable outside in the forest with the new developed sensors.308

The shielding of the detectors has to be optimised to avoid309

side effect which also change the signal. The response time310

was below five minutes from the time the fire was started.311
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Figure 9. Experiment in the forest with a sensor distance between 25 and 115 m. In part(a) the experimental set-up is pictured. The sensor
signals are displayed in part(b). Three sensors show a significant difference 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 speed
fire products can be detected.

A distance of 110 m between fire place and sensor (Fig.9)
is a large expanse; the signals of sensor F still show signifi-
cant fluctuations which are also visible at other, more closely
situated sensors. This shows that monitoring of forest fires
with the presented sensors is possible. For the coverage of
huge forest areas, the distance has to be increased where a fire
is still detectable. A rough estimation with a sensor to sensor
distance of 100 m gives a density of 1 sensor per ha. In this
case 1 million sensors are needed to cover all the forests in
the German federal state of Brandenburg. To reduce the num-
ber of necessary sensors, the distance between the sensors
has to be increased. Further experiments are planned where
distances between fire and sensors are increased. When the
sensors are used outside of a controlled sand box, an ad-
vanced data analysis has to be developed to correlate the sig-
nals of different sensors. An autonomous process has to be
found which decides independently to trigger a fire alarm.
The measurements have shown that with increasing wind
speed it becomes easier to detect hydrogen at distant posi-
tions. High wind speed is one of the factors favouring forest
fires.

In this publication the sensors use a ceramic heater with a
size of 7×7 mm2. This geometry is not the optimal set-up.
One of the topics which we are now working on is to deposit
a heater directly around the palladium dot displayed in Fig.1.
Due to this the energy which is consumed during heating can
be reduced by a factor more than 1000. Another part which
can be optimised is the RF communication. For this first ex-
periment we included an RF module where it is sure that the
communication will work. Further investigation can reduce
the additional energy consumption. By doing all these opti-

misations, the battery lifetime can be enhanced from weeks
to several years.

6 Summary

In these first experiments we have shown that hydrogen is
formed during smouldering fire, and this hydrogen is de-
tectable outside in the forest with the newly developed sen-
sors. The shielding of the detectors has to be optimised to
avoid side effects which also change the signal. The response
time was below 5 min from the time the fire was started. This
time includes the convection of the hydrogen from the fire to
the sensor over a distance up to 25 m. A significant change in
the signal due to a fire was measured at a distance of about
110 m.
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