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Abstract

ZABLOUDILOVA P, PECEN J., CESPIVA M. (2016): Some causes of differences in the NH, concentration measured
with the semiconductor sensors by one manufacturer. Res. Agr. Eng. (62): 190-197.

The paper deals with continuous monitoring of NH, desorption from material used as bedding in animal breeding
establishments, using five semiconductor sensors SP-53 (FIS Inc.). In lab experiments, two groups of sensors from two
categories, to which the manufacturer divided the sensors based on the value of their resistance R, were used. Also the
influence of air humidity over the values of NH, concentrations measured by individual sensors was monitored. The study
ascertained statistically relevant differences between NH, concentration values measured by both groups of sensors, in
the range from 8.5% to 23.1%. The biggest differences were confirmed for relative air humidity around 85%. It was verified
that setting a convenient value of the load resistance R, with regard to the R, of each sensor, along with the selection of
limited range of measured temperatures and relative air humidity, leads to satisfactory correction of the sensor output

data, regardless of the division of sensors in categories pursuant to the value of their resistance in manufacturing.

Keywords: load resistence; sensor resistence; air humidity; continuous NH, monitoring

Semiconductor gas sensors have some charac-
teristic properties (CAROTTA et al. 2007) that, to
some extent, determine the way and range of their
use. The output signal of semiconductor sensors
manufactured using the technology of thin layers
from various active materials (for instance SnO,)
depends on the concentration of measured gas,
and this dependency is non-linear (NAKATA et al.
2001). However, at the same time, the output signal
of the sensor is also subject to some other outside
influences such as temperature and, in particular,

humidity of the measured gas. The principle of a
semiconductor sensor with surface adsorption ac-
tivity is based on the exchange of electrons caused
by gas adsorption in active layer of the oxide and
is based on the stripe model of the semiconductor
(HenricH, Cox 1996). If semiconductor of type
n and reduction gas (i.e. also NHB) is considered,
the presence of reduction gas leads to the decrease
of specific resistance of the active layer and con-
ductivity increases. With regard to the nature of
semiconductor material (a metal oxide) and work-
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ing environment (air), not only the oxygen, but also
air humidity plays an important role during the ac-
tivities of semiconductor sensor. Oxygen vacancies
operate as donors and increase the surface conduc-
tivity of the active layer (WANG et al. 2010), simi-
larly to air humidity (BARSAN, WEIMAR 2003). It is
air humidity and its influence on the measured gas
concentration that is one of the often discussed dis-
advantages of these gas meters, if the humidity of
the measured gas changes in wide interval of values
(Ionescu 2000). Moreover, with this type of sen-
sor, it is very difficult to keep one value of its resist-
ance during its manufacturing, which is important
for sensor calibration and for respecting the meas-
uring range of humidity and temperature of the
measured gas. Since the range of resistance of the
manufactured sensors usually oscillates from units
to tens of units of kQ, these sensors are distributed
into categories according to the type of their resist-
ance during manufacturing. The division according
to resistance is also carried out for SP-53 sensors
that were used in the described and discussed ex-
periments. The manufacturer (FIS Inc., Kitazono,
Itami, Hyogo, Japan) of SP-53 sensors states that
the resistance of SP-53 sensors is from 20-100 kQ,
and that is why the SP-53 sensors are divided into
six categories according to their resistance value.
Each category is then divided into three groups.
The purpose of this division is to unify the course
of characteristics of individual sensor during man-
ufacturing so that the ratio of their resistance for
two fixed NH, concentrations, e.g. 50 ppm and
150 ppm (with same temperature and humidity of
the measured air) differed at maximum by 0.1, in
each group.

The paper deals with determination of differ-
ences in NH, concentration measured by five semi-
conductor sensors SP-53 (FIS Inc., Kitazono, Itami,
Hyogo, Japan) during continuous monitoring of
NH, desorption from the sample of sorption mate-
rial used as bedding in animal farming. It also deals
with verification of the way of correction that would
ensure concordance between the values measured
by all semiconductor sensors used for measuring.
The paper focuses in particular on the influence of
differences in resistance values of sensors on the
measured NH, concentration values and the pos-
sibility to limit this influence. It also discusses the
influence of air humidity on the measured NH,
concentration. The stable environment is, in gen-
eral, characterized by rather aggressive environ-
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ment towards most used technical preparations
and equipment. Air humidity combined with the
concentration of various gases is one of the aggres-
sors. In the indoor environment of stable buildings
with forced ventilation, the air temperature usually
does not change significantly over 24 hours. Indoor
temperature is automatically controlled according
to the outdoor temperature so that the stabled ani-
mals have optimal thermal conditions according to
their type and category. However, air humidity is
a slightly different case. Air humidity in buildings
changes depending the most on current atmos-
pheric conditions. According to the experience of
authors from the measurement of this parameter
in the stable environment, air humidity can change
by tens of percent and move in a rather wide inter-
val (even 35-85%) during 24 hours. These changes
can then significantly influence higher uncertainty
of measurements during continuous monitoring of
NH, concentration using semiconductor sensors.
This quality is typical for gas sensors of this type.
That is why careful determination of thermal and
humidity range of the measured gas is critical.

MATERIAL AND METHODS

All experiments were conducted under labora-
tory conditions. For NH, concentration meas-
urement, electronic sensors developed by Ing.
Miroslav Cespiva in the Research Institute for Ag-
ricultural Engineering p.r.i. (RIAE) and equipped
with SP-53 semiconductor sensors (FIS Inc., Ki-
tazono, Itami, Hyogo, Japan) were used. Dur-
ing experiments, the total of 5 sensors was used
simultaneously equipped with five semiconduc-
tor sensors SP-53 located in one calibration and
measuring case. To calibrate and recalibrate the
semiconductor sensors and during all experiments,
1412 (i.e. 1312) Photoacoustic Multi-Gas Monitor
(Innova AirTech Instruments A/S, Nerum, Den-
mark) with the 1309 Multipoint Sampler showing
one-order higher accuracy of results compared to
the stated sensors, was used. Multi-gas Monitor
was also used as a standard during the measure-
ments of NH, concentration in all experiments.

The NH, concentration source were samples of
material used as bedding, in particular in poultry
farming (wood shavings) prepared in the labora-
tory. For laboratory experiments, laboratory con-
tainers that were developed and tested for meas-
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uring concentrations of selected gases released not
only from bedding samples but also other samples
(sludge, composts, excrements, fertilizers, etc.) in
advance, were used. An experimental container
consists of the cylindrical container and the inner
cylinder. Samples to be measured are placed in a
uniform layer to the container bottom. Constant
flow of air through the container is maintained by
an axial fan. The air, together with desorbed mol-
ecules of NHS, is drawn off by the inner cylinder,
passing by five semiconductor sensors, gas analyser
filter and external temperature-humidity probe of
thermo-hygrometer (all located at the outlet of the
container). Thus, the requirement of the same en-
vironment for measuring NH, concentrations both
by all sensors and gas analyser was practically met.

As a sorption material, spruce shavings with me-
dian statistic dimension of a particle amounting to
2.7 mm and finesse interval of 1.12 mm were used.
The required humidity of shavings for the subse-
quent preparation of samples for laboratory measur-
ing was 40% and 60%. The required initial shavings
humidity was ensured by spraying distilled water,
applying thorough mechanical mixing and leaving
them in a closed container until the control samples
show 40 + 3% (i.e. 60 £ 2%) humidity. The required
initial NH, concentration was ensured by adding
24% of ammonia water in the amount of 3 g per
shaving sample weighing 800 g. The amount of the
used ammonia water was determined experimen-
tally so that the initial values of NH, concentration
measured from the shaving samples approximately
corresponded to the NH, values represented by top
values of NH, concentrations measured in the stable
buildings for animal breeding with forced ventila-
tion. The necessary amount of shavings was weighed
in a plastic bag, then ammonia water was applied to
it by spraying and the material was thoroughly shak-
en. The prepared material was left at laboratory tem-
perature 21 = 1.5°C for 48 hours. During this time,
it was shaken regularly. The required initial relative
humidity of the air (50 + 2%, 85 + 2%) at the output
from the experimental container was again deter-
mined experimentally, so that in the course of both
series of measurements (for both lower and higher
relative air humidity), NH3 concentration was re-
peatedly measured from approximately 30 to 85%
concentration. Axial ventilator sucked fresh air in
the experimental container through the humidified
paper filtration insert. Thus, the maximum, i.e. ini-
tial relative air humidity values were achieved.
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Humidity of laboratory samples was determined
gravimetrically. The speed of air circulating through
experimental containers was measured in compli-
ance with CSN 12 4070:1990 using anemometer for
measuring low air circulation speeds. Air humidity
and temperature were measured by a digital ther-
mometer — hygrometer with external probe.

The laboratory experiments had three phases:

Phase 1. Semiconductor sensors SP-53 were di-
vided into two groups (Group A — 2 sensors, Group
B — 3 sensors). The division was carried out based
on the results from the repeated 24 measurements
of NH, desorption from the prepared samples with
initial relative air humidity of 50 + 2%. The crite-
rion was the level of identical course of NH, con-
centrations measured by individual sensors. Thus,
two groups of sensors that differed in the values of
measured NH3 concentrations in the 8.5-16.6% in-
terval (sensors from Group A always showed high-
er concentration, with regard to the concentrations
measured by the Group B sensors and Multi-Gas
Monitor) were determined. The values measured
by the Multi-Gas Monitor were considered correct.

Phase 2. Group A sensors were adjusted by
changing the value of the load resistor so that,
for same NH, concentration, they provided same
voltage output as Group B sensors, for relative air
humidity between 30 and 50% and temperature
of 21°C. Then, next series of NH3 measurements
followed.

Phase 3. Third series of NH, measurements for
higher initial relative air humidity of 85 + 2% fol-
lowed. The course of measuring was the same as in
the preceding phase, only the sensors were not ad-
justed for this phase in any way (the values of load
resistor of used sensors were not adjusted).

All results were statistically processed using Sta-
tistica 10 (StatSoft). For dividing the sensors into
groups, analysis of variance (ANOVA) was used.
The presented NH, concentrations represent
arithmetic (i.e. geometric) averages. These values
were calculated in compliance with the approved
handbook of quality of the RIAE measuring group,
where for each measurement of NH, desorption
from a sample during at least 24 hours, mean val-
ues were calculated from the measured NH, con-
centrations taken after 30 minutes. The values pre-
sented in the results were then calculated from all
repeated measurements in the given phase. In the
presented charts, only every other calculated mean
value is stated for clarity reasons. The mean values
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of relative air humidity (RH) were calculated using
the same procedure.

RESULTS AND DISCUSSION

Measurement took place in three phases. In all
phases, the NH3 concentration measurement in the
circulating air was conducted using five semicon-
ductor sensors (marked S, S,, S;, S, and S,) and,
at the same time, Multi-Gas Monitor was used as
standard. The source of NH, concentration for
each laboratory measurement was the sample of
800 g of spruce shavings with 3g of 24% ammonia
water. The air temperature in the laboratory was
21 + 1.5°C; relative air humidity was 34 + 2.7%. The
speed of air circulation around the semiconductor
sensors was 0.25 + 0.06 m/s. The results of NH,
concentration measurement calculated in individ-
ual phases of the experiment are presented in the
form of arithmetic mean (AM) and also geometric
mean (GM). Despite the fact that division of the
measured values of NH, concentration does not
correspond to a completely normal division of oc-
currence, the difference in the AM and GM values
is minimum, because the obliqueness of histogram
is not so big. Narrower confidence interval (CI) for
GM proves more even distribution and also its low-
er sensitivity to deviation compared to CI for AM.
The AM values and their CI are more influenced
by the limit values. The used type of distribution of
occurrence would better accept the calculation of
mean value pursuant to other rules, for instance A
transformation (HAwWKINS 2005).

In total, NH, concentrations were measured
69 times. In each phase, there were 23 rounds;
the length of each round was at least 24 hours.
In Phase 1, the temperature of analysed air was
21.2 £ 1.2°C, relative air humidity was between
51.3 and 30.1% and the initial humidity of shavings
samples (sorption material) was within 37.4-41.2%.
In phase 1, it was ascertained that sensors S1 and 84
did not show statistically relevant differences be-
tween each other (P < 0.05) in the measured NH,
concentration values, and the same applied to sen-
sors S, S, and S,. The average NH, concentrations
ascertained based on values measured by S, and S,
sensors, however, showed statistically relevant dif-
ference (P < 0.05) from NH, concentration meas-
ured by other sensors. This difference was between
8.5-16.6%, higher differences were ascertained at
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the end of measuring. Based on these results, the
sensors were divided into Group A (S, and S,) and
Group B (S,, S, and S,). The results of this phase are
stated in Table 1.

In Phase 2, the temperature of analysed air was
21.5 £ 1.1°C, relative air humidity was between
49.9 and 31.7% and initial humidity of the shavings
sample (sorption material) was between 39.2 and
43.4%. In phase 2, the average NHB concentrations
ascertained based on the values measured by indi-
vidual sensors (S,-S,) already showed statistically
irrelevant differences (P < 0.05) between each oth-
er. Prior to this phase, the values of load resistor R,
were experimentally adjusted for Group A sensors,
because the value of NH, concentrations measured
by Group B sensors showed a smaller error when
compared with the values measured by the Multi-
Gas Monitor (standard). Group A sensor was fixed
at 21.5°C and air humidity of 60% in this phase of
experiment. The results of this phase are displayed
in Table 2.

In Phase 3, the temperature of the analysed air
was 20.7 + 1.5°C, relative air humidity was be-
tween 85.1 and 60.7% and the initial humidity of
shavings sample (sorption material) was between
58.6 and 62.3%. Average NH, concentrations as-
certained based on the values measured by Group
A sensors showed statistically relevant difference
(P < 0.05) from the NH, concentration measured
by Group B sensors. The differences oscillated be-
tween 10.7 and 23.1%, they were highest in the be-
ginning of measuring, for approx. 6 hours and they
progressively decreased. In this initial interval of
measuring, it was also ascertained that the values
measured by individual sensors (81_85) showed sta-
tistically relevant differences between each other
(P < 0.05). The results of this Phase can be viewed
in Table 2.

Differences in concentration values measured
by Group A and Group B sensors are influenced
by a number of factors with differing signifi-
cance. Apart from probably most discussed influ-
ence of air humidity, also distribution of sensors
into groups according to the value of their resist-
ance during production will have a significant in-
fluence. The manufacturer catalogue of the used
semiconductor sensors (FIS Inc., Itami, Japan)
documents this division. The division was carried
out based on the measuring resistance of a sen-
sor under 20°C temperature and 60% air humid-
ity, for two fixed concentrations of the measured
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Table 2. Mean values of NH, concentrations measured using sensors of Group A and Group B (Phase 2) and sensors of Group A and Group B (Phase 3)

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Sensors of Group A and Group B (Phase 2)

RH 49.5 46.7 455 423 415 410 404 396 382 38.0 375 371 362 36.0 354 345 342 34.1 33.8 331 326 322 316 311

AM 19.02 15.12 1245 10.10 826 797 794 723 718 692 651 640 6.15 576 592 569 542 501 4.87 4.72 4.61 4.6 435 4.26

m  SEM 0.80 1.02 0.73 0.78 0.64 0.58 0.59 066 054 033 045 058 046 049 034 050 056 045 0.73 0.85 059 0.63 0.53 0.64

W +A 096 1.22 0.61 0.65 054 049 049 056 045 028 037 048 039 041 025 042 047 038 061 071 049 0.53 044 0.54

G CI_.. 1998 1634 13.06 10.75 8.80 846 843 7.79 7.63 720 688 688 6.54 6.17 642 6.11 589 539 548 543 510 513 4.79 4.80

Cl .~ 18.06 13.90 11.84 945 7.72 748 745 6.67 6.73 6.64 6.14 592 576 535 5.67 527 495 463 426 4.01 4.12 4.07 391 372

AM 19.29 1544 12.21 10.21 887 822 795 747 7.10 678 680 641 6.03 596 581 558 535 518 5.00 4.77 4.77 4.58 4.49 4.33

< SEM 0.67 0.58 0.64 062 0.78 066 075 073 075 0.64 097 049 0.66 0.73 049 045 0.58 0.37 0.63 0.51 051 0.53 049 045

e A 0.55 048 0.52 0.51 0.64 054 062 059 061 052 078 040 053 059 040 0.38 049 031 052 042 042 044 049 0.38

nw Cl .. 19.84 1592 1273 10.72 9.51 876 857 8.06 771 730 7.58 6.8l 656 655 621 596 584 549 552 520 520 502 4.90 471

Cl . 18741496 11.69 970 823 7.68 733 688 649 626 602 600 550 537 541 520 4.86 4.87 448 436 4.36 4.14 4.08 3.95

>Zm=&ﬁ2 16.36 12.21 9.22 791 7.05 6.15 597 582 543 515 495 479 470 446 413 392 385 372 363 345 342 340 332 325

Sensors of Group A and Group B (Phase 3)

RH 845 792 762 724 713 698 683 681 679 675 670 668 665 661 652 643 635 632 630 625 624 621 617 612

AM  36.21 28.09 23.93 22.51 20.82 18.47 18.05 16.82 16.17 15.96 15.29 14.98 14.88 14.51 14.02 13.83 13.72 13.58 13.26 13.10 13.02 12.95 12.88 12.68

m  SEM 0.82 0.75 0.80 0.73 0.79 0.72 0.69 068 067 062 060 052 053 049 047 044 041 038 042 040 0.36 0.38 0.35 0.36

W +A 0.68 0.63 0.67 0.61 0.66 0.60 0.57 057 056 052 050 043 044 041 039 037 034 033 035 032 019 020 0.19 0.19

© CI ..~ 36.88 28.63 24.57 23.11 21.48 19.07 18.63 17.39 16.73 16.48 15.79 1541 15.32 14.92 14.41 14.20 14.06 13.91 13.61 13.43 13.21 13.15 13.07 12.87

CL .. 3552 27.37 23.23 21.89 20.16 17.87 17.47 16.25 15.61 15.44 14.79 14.55 14.44 14.10 13.63 13.46 13.38 13.25 12.91 12.77 12.83 12.75 12.69 12.41

AM  41.32 34.31 30.06 27.63 26.52 24.02 22.10 20.36 19.25 18.62 18.26 18.02 17.63 17.10 16.70 16.31 16.09 15.87 15.32 15.10 14.83 14.62 14.42 14.28

< SEM 0.89 0.82 0.82 0.75 0.72 0.71 0.68 0.67 066 063 064 055 053 051 049 048 045 044 042 040 039 037 0.36 0.35

e A 0.72 0.69 0.69 0.63 0.60 0.57 0.57 050 055 053 054 046 044 043 041 040 .038 037 033 033 033 031 03 029

nw CI .~ 42.02 3511 30.69 28.23 27.10 24.57 22.67 20.92 19.80 19.15 18.80 18.48 18.07 17.53 16.72 16.70 16.47 16.24 15.63 15.43 15.15 14.93 14.72 14.55

CL .~ 4058 33.61 29.31 26.97 25.90 23.43 21.53 19.80 18.70 18.09 17.72 17.56 17.19 16.67 16.29 1591 15.71 15.50 14.97 14.77 14.5 14.31 14.02 13.84

>Zw=m_ﬁ2m?: 16.99 13.26 11.27 10.21 896 8.21 7.87 720 686 639 618 580 571 562 526 513 485 453 433 398 384 372 358
>Z»B€2 — average mean of NH, concentrations measured using multi-gas analyser (mg/m?); RH — air humidity; for other abbreviations see Table 1
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gas (i.e. NH,), for instance 50 and 150 ppm. The
difference in the ratios of sensor resistance (Rs)
oscillates for pre-selected sensors and while two
concentrations are applied, e.g. (R150ppm/R50ppm)’
within the range of one tenth. Dividing the used
sensors in Groups A and B based on measure-
ments carried out in Phase 1 corresponded to two
neighbouring categories of sensor resistance values
(40-53 kO, 53-70 kQ). Value R has a significant
influence on determination of the R, sensor load
resistor resistance value, and therefore, also on the
value of the sensor output signal (which consists of
voltage taken from R,). By convenient choice of R,
with regard to R, the output sensor signal can be
influenced up to a point. That was applied to correct
the output voltage of Group A sensors after Phase
1. Resistances R, of Group A sensors were adjusted
to a value of 5.1 kQ (the original value was 6.2 kQ).
So that their output course depending on the NH,
concentration was almost identical (for the same
temperature and humidity of the analysed air con-
taining NH, molecules) with the Group B sensors.
With adjusted Group A sensors, 23 rounds of NH,
concentration measurements were carried out dur-
ing at least 24 hours (Phase 2). The results stated
in Table 2 clearly show that the measured concen-
trations were basically identical for all five semi-
conductor sensors. Careful experimentation with
R, value while limiting the range of temperatures
and humidity of analysed air can achieve significant
limitation of the influence of temperature and hu-
midity of the analysed air on the sensor output volt-
age value. Therefore, it can be observed that sensor
correction with regard to temperature and humid-
ity is more efficient when the range of temperature
and humidity of the measured gas is narrowed, too.
The problem of setting working conditions of semi-
conductor gas sensors, their calibration and or re-
calibration was addressed by many authors (Tomic
2004; KaMIONKA 2006; MAsssoN 2015). Too big
difference in R sensor resistance values is a limiting
element when creating for example sensor field or
matrix. In these applications, sensors of the same
qualities must be used. If there is a wider range of
resistance, it is difficult to make a correction to the
same sensitivity, which is also a problem for elec-
tronic noses or tongues. Too variable resistance of
sensors is most often connected with differing qual-
ities of the sensors active layers, which is also obvi-
ous in other properties of the sensor.
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To prove the aforementioned influence of air hu-
midity on the NH, concentrations measured by the
used semiconductor sensors, Phase 3 was carried out
(Table 2). Here, relative air humidity during 24-hours
measurements oscillated between 85.1 and 60.7% and
the value of load resistance R, was not experimentally
adjusted to these conditions for any of the five used
sensors. The results clearly show higher difference
in the measured NH, concentrations between sen-
sors in Group A and B than in Phase 1 (also without
R, adjustments). Higher air humidity in the beginning
of the measurement (approximately first 6 hours)
will probably have a rather significant influence not
only on the differences in the NH, concentration val-
ues measured by each group of sensors, but also on
the differences between individual sensors. The re-
sults displayed in Table 4 clearly show higher error
in the NH, concentrations measured by the sensors
compared to NH, concentrations measured by the
Multi-Gas Monitor (standard), which, among other
things, compensates the measured data to the cur-
rent humidity of analysed air. In case of the semicon-
ductor sensors of the used type, higher air humidity
(i.e. higher number of molecules included in it) causes
increased conductivity of the sensitive sensor layer
and the sensor gives higher NH, concentration value
(HANH 2003; PAvELKO 2012). This is not the only
cause of this occurrence that is present in various lev-
els in all sensors of this type. Also the type of mate-
rial used for the sensitive (detection) sensor layer and
size of its particles, which are, however, technological
matters influence the output sensor value (KoroT-
CENKOV, CHO 2009).

CONCLUSION

Based on the executed experiments and study of
related literature, the following can be observed:

— Setting a convenient R, value with regard to R, for
each semiconductor sensor SP-53 along with selec-
tion of a limited range of measured temperatures
and relative humidity leads to satisfactory correc-
tion of the sensor output value and concurrence in
the measured values of NH, concentration by mul-
tiple sensors can be achieved regardless of the divi-
sion of sensors in categories according to the value
of their resistance during manufacturing.

— With the limitation of the range of temperature
and relative humidity of the analysed air, the in-
fluence of temperature and humidity over the re-
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sulting value of concentration provided by SP-53

sensor, decreases, too.

— Error of the output value of NH, concentration
measured by semiconductor gas sensor SP-53 is
caused by the humidity of the analysed air.

— The influence of humidity of the analysed air on
the output value of the SP-53 sensors can be cor-
rected significantly.

Despite their simple character, this type of gas
sensors is capable to rather well react to the chang-
es in NH, concentration. This is documented also
by the trend of change in NH, concentration in
time measured by SP-53 sensors, which was in all
measurements almost identical to the trend of de-
crease in NH, concentrations measured by Multi-
Gas Monitor. This type of meter has one-order
higher accuracy than the used sensors. One of the
prerequisites for obtaining the values of concentra-
tion with the minimum error possible is good set-
ting of these types of semiconductor sensors to the
humidity and thermal conditions of the analysed
air. Thus, the main advantage of this type of sensors
can be leveraged — their convenient price, reason-
able life cycle and minimum maintenance.
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