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Abstract

Metal oxide gas sensors (MOX-GS) of the type ZMOD4410 (Renesas Electronic Corporation), SGP30
(Sensirion AG), and CCS811 (AMS AG) were characterized in different indoor air environments of KSI.
The monitoring of these sensors was supplemented by parallel measurements with four different non-
dispersive infrared (NDIR)-CO,-sensors: SCD3x (Sensirion AG), K30 (Senseair), CM1106 (Cubic Sensor
and Instrument Co., Ltd.), and HOBO CO, Logger MX1102 (Onset Computer Corporation). Four multi-
sensor systems (MSS) equally equipped with the four sensors were operated simultaneously in
different indoor environments (offices, meeting rooms, and laboratory) over two months and were
calibrated at the start, middle, and end of the measurement campaign.

The signals of the investigated MOX-GS were used by algorithms developed by the sensor
manufacturers to calculate real-time e(CO;) values, which were correlated for every investigated
sensor with the mean value of the IR-CO,-sensors. That correlation was quantified by a factor between
e(C0O,) and mean IR-CO, values and its standard deviation during a measurement. The correlations
prove that the calculated e(CO;) values exhibit temporal courses similar to those of the IR-CO-sensors.
Summarizing one of the main findings of the campaign, it could be stated that this standard deviation
becomes smaller with increasing number of people in the room. Furthermore, the ZMOD4410 with its
specific algorithm delivers the smallest factor variations in the investigated range of circumstances,
thus providing e(CO,) values with the closest correlation to the real CO, concentration. The results
clearly demonstrate that systems can be controlled for indoor air conditioning (HVAC) with the
guidance of e(CO,) values calculated in real-time from MOX-sensor signals.

Furthermore, measurements with more than five attendees in non-ventilated meeting rooms indicate
that the exhaled CO; is distributed in the room’s atmosphere quickly enough to estimate the number
of attendees from the room volume and the CO, increase. This temporal gradient of the CO,
concentration allows an occupancy estimation for improved ventilation and building automation.
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1. Introduction
1.1 KSI

The Kurt-Schwabe-Institut fir Mess- und Sensortechnik (KSI) is a governmental supported non-profit
research institution, developing new sensor techniques in the following areas:

¢ Solid electrolyte gas sensors (electrode and electrolyte materials, detection methods, sensor
design, and manufacturing technologies)

¢ Biological and physical sensors (DNA and protein chips, single molecule detection, measurement
with complete cells, impedimetric, and optical sensors)

* Electrochemical sensors (miniaturized thick film sensors, ion selective electrodes, and
electrochemical detection methods)

The KSI has a broad variety of state-of-the-art tools, technologies, and equipment for synthesis,
manufacturing, and characterization of materials, thin and thick films, biological structures, and
sensors. Some examples are devices to measure specific surface (BET), for material and layer
characterization (XRD, SEM, EDX, XPS, uRFA, DTA/TG) and printing technologies (screen-printing and
pulsed laser deposition).

KSI's equipment for gas sensor characterization comprises setups for providing high accuracy gas
mixtures, gas analysis by GC/MS, MS, FTIR, and humidity measurement, as well as a special oxygen
titration setup for material testing in gases with defined oxygen partial pressure. Methods to quantify
gas sensors in a broad range of ambient pressures and temperatures are also available.

Intensive research studies on Carbon Dioxide (CO;) have been completed in the last years and are
summarized in the scientific book Carbon Dioxide Sensing [1]

1.2 Aims of the project

After different investigations of sensitivity, selectivity, long-term stability, cross sensitivities, and aging
of different metal oxide gas sensor (MOX-GS), as well as their use for Indoor Air Quality (IAQ)
characterization [2, 3, 4] carried out for Renesas Electronic Corporation, now a further extensive
investigation was carried out on MOX-GS of three different vendors to estimate their usability for
indoor air condition control. The main goal of this study was the correlation between e(CO,) values
calculated by supplier-developed algorithms with the values taken from four different non-dispersive
infrared (NDIR) CO,-sensors. This correlation was taken to answer the question: if the calculated e(CO,)
value can be used as an input-signal for controlling devices for air conditioning with a reliability
comparable to that NDIR-CO,-sensors would provide in this application.



2. Experimental
2.1 Experimental procedure

The following MOX-GS were investigated in this study:

e 12 ZMOD4410 modules (producer: Renesas Electronics America Inc., San Jose, USA)
e 4 SGP30 evaluation kits (producer: Sensirion AG, Staefa, Switzerland)
e 4 CCS811 evaluation kits (producer: AMS AG, Premstaetten, Austria)

Their signals and calculated eCO, values were correlated with temporal mean CO, concentration
values, calculated from the signals of the following NDIR-CO»-sensors (abbreviated as IR-CO,-GS in the
following text):

e 4 SCD3x pieces (producer: Sensirion AG, Staefa, Switzerland)
e 4 Senseair pieces K30 (producer: Senseair AB, Delsbo, Sweden)
e 4 CM1106 pieces (Cubic Sensor and Instrument Co., Ltd., Wuhan, China)

Additionally, four pieces of Onset HOBO CO, Logger MX1102 (Onset Computer Corporation, Bourne,
MA, USA) were tested in parallel. Compared to the MOX-GS, the IR-CO,-GS are significantly more
expensive and have much larger dimensions. During the campaign, it was decided to exclude the
signals of the MX1102 IR-CO,-GS from the above-mentioned mean CO,-concentration value calculation
because their signals exhibit elevated noise and are not suitable for a comparison.

At KSI, the MOX-GS were positioned on plates to equip each of the four multi-sensor systems (MSS)
with three ZMOD4410 pieces, one SGP30, and one CCS811. Each plate was placed in a transparent
prismatic plastic box, which was topside opened during the measurement and closed during the
calibration (see Fig. 4). The IR-CO,-GS of each system were also positioned on different plates, which
were held in larger prismatic boxes. The lids of these boxes were equipped with gas distribution tubes
for directing single gas jets on every sensor. All sensors were operated in parallel at one single gas line.
All sensor signals were collected and processed with communication boards and software packages
supplied by the sensor producers. The software packages were installed on computers with Microsoft
Windows 7 and 10 operating systems.

All sensors were calibrated three times during the measuring campaign, which covers two months in
total. The MOX-GS were calibrated with ethanol containing mixtures in synthetic air, while different
CO; concentrations also in synthetic air were applied for the IR-CO,-sensors. All gas mixtures for
calibration were established with mass flow controllers from Brooks Instruments, which were
calibrated before investigation with a flow rate calibrator DryCal 800. For the calibration of the
MOX-GS, the diluting gas synthetic air was constantly humidified by a device for precise dew point
control, which is described in more detail in [2]. The outflow of the boxes was held at atmospheric
pressure during calibration. The ethanol gas mixture was prepared in a commercial pressure cylinder
with an injection unit developed by KSI. Before each calibration, the ethanol and CO, concentration
steps were monitored with a downstream mass spectrometer and FTIR-spectrometer, respectively.

The experimental parameters of all experiments are described in section 2.3.
2.2 Experimental setup

The experimental setup for calibration is given schematically in Fig. 1 and illustrated in Fig. 2. The
configuration for indoor measurements in offices and meeting rooms is schematically outlined in Fig. 3
and provided in Fig. 4 as a photograph together with the arrangement of the sensors in the measuring
cells.



All commercial devices used in the setup are specified in Table 1. The ID numbers of the tested sensors
are provided in Table 2. The following abbreviations and declarations are used in Fig. 1:

MFC  Mass flow controller

sccm  Standard cubic centimeter per minute (equals ml/min)
EtOH Ethanol

syn.  synthetic

Fig. 1: Schematic drawing of the calibration setup
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The humidifier for the synthetic air is a purpose-built arrangement of six horizontally positioned glass
tubes that is described in detail earlier [3]. The home-build setup for preparation of the ethanol-
mixture and its usage is described in detail in [4].



Table 1: Specifications of the devices used in the experimental setup

Thermo-/kryostat with

Julabo Labortechnik

resolution: £ 0.01°C

1 external temperature F30-MH GmbH, Seelbach, N
error: £ 0.02°C
sensor Germany
flow rate: 0 ... 1000 sccm
2 Humidifier (home-build) KSI H,0 saturation: > 99.99%
dew point: 0.5 ... 20°C
3 Mass flow controllers 58505 Brooks Instrument, flow accuracy + 0.7% of rate and
(MFC) Hatfield, USA +0.2% full scale
polypropylen, inner measures
4 Sensor cells (purpose-build) KSI (mm): 200 x 130 x 45 (MOX-GS)
260 x 200 x 80 (IR-CO>»-GS)
5 Flow rate .metejr for MFC DryCal 800 Mesa Laboratories, Inc. range: 0.5 - 500 sccm,
calibration Butler, USA error: £ 0.15% of reading
ThermoStar Pfeiffer Vakuum GmbH, SEM and Farada.y-fietectors \A,“th
6 Mass spectrometer GSD320 German HS ion source, limit of detection
y 1-104 mbar
Pressure sensor at mixing LPC-S-0010-0- DRU.CK & TEMPERATUR 0 ... 10 bar absolute
7 . Leitenberger GmbH,
cylinder ABS error: £ 0.1% full scale
Germany
. . Gas absorption cell with
8 FTIR-Spectrometer Nicolet 8700 Thermofisher, USA absorption path length = 20 cm
Fig. 3: Schematic drawing of measuring system
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Fig. 4: Image of one of the multi-sensor systems (MSS)
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Table 2: Identification numbers of the tested sensors in the experiments

System No. Sensor ID Sensor Type Producer
MSS 1 x0000464045C24EBB MOX-GS/ZMOD4410 Renesas
x0000464045C23FBB
x0000464045C25DBB
8478948 MOX-GS/SGP30 Sensirion
389012-387300-50664863 IR-CO,-GS/SCD3x
005A558C MOX-GS/CCS811 AMS
031C796C IR-CO,-GS /K30 Senseair
0242581205110330 IR-CO,-GS /CM1106 Cubic
20530713 IR-CO,-GS /HOBO MX1102 Onset
MSS 2 x0000464045C25CBA MOX-GS/ZM0OD4410 Renesas
x0000464045C25EBF
x0000464045C26ABA
8498666 MOX-GS/SGP30 Sensirion
398213-396791-50668093 IR-CO,-GS /SCD3x
005A44CE MOX-GS/CCS811 AMS
031C797C IR-CO»-GS /K30 Senseair
0242581107710151 IR-CO,-GS /CM1106 Cubic
20121753 IR-CO,-GS /HOBO MX1102 Onset
MSS 3 x0000464045C24DBB MOX-GS/ZMOD4410 Renesas
x0000464045C25BBA
x0000464045C26ABB
8497303 MOX-GS/SGP30 Sensirion
395315-396980-50663906 IR-CO,-GS /SCD3x
005A47EB MOX-GS/CCS811 AMS
031C7975 IR-CO»-GS /K30 Senseair
0242581107710268 IR-CO,-GS /CM1106 Cubic
10974747 IR-CO,-GS /HOBO MX1102 Onset
MSS 4 x0000464045C24DCB MOX-GS/ZM0OD4410 Renesas
x0000464045C25BCB
x0000464045C24ACA
8479532 MOX-GS/SGP30 Sensirion
367764-369223-50667534 IR-CO,-GS /SCD3x
005A5B2E MOX-GS/CCS811 AMS
031C796B IR-CO»-GS /K30 Senseair
0242581107710185 IR-CO,-GS /CM1106 Cubic
20530712 IR-CO,-GS /HOBO MX1102 Onset

2.3 Experimental conditions
2.3.1 Calibration of MOX-GS

The calibration of the MOX-GS was carried out at room temperature in the smaller purpose-build
PP-box given in Fig. 4. After flushing the box with humidified synthetic air for 3 hours, humidity
controlled gas mixtures of synthetic air and ethanol were introduced into the box at c(EtOH) = 0; 30;
10; 6; 3; 1; 0.3; 0 vol.-ppm and 30 % r.H. for 30 minutes each (one calibration at start, middle, and end

of the measuring campaign). The total volume flow was adjusted at constant 400 ml/min.

2.3.2 Calibration of IR-CO,-GS

The calibration of the IR-CO,-GS was carried out at room temperature in the larger purpose-build
PP-box given in Fig. 4. Dry gas mixtures of synthetic air and CO, were introduced into the box at
¢(C0,) = 0; 3000; 2500; 2000; 1500; 1000; 500; 0 vol.-ppm for 1 hour each (one calibration at start,
middle, and end of the measuring campaign). The total volume flow was adjusted at 500 ml/min.
Before the first calibration, a manual pre-calibration in outdoor air was carried out with every MX1102

IR-CO»-GS according to the operating manual, which sets the value to 400 vol.-ppm.




This manual one-point pre-calibration was not repeated in the two-month measuring campaign. The
other IR-CO,-GS could not be pre-calibrated and were used in their state of delivery. Eventually
occurring cross sensitivity of the IR-CO,-GS to water vapor was tested in CO,-containing mixtures with
0 and 30 % relative humidity at 25 °C.

2.3.3 Measurement in indoor environments

The four MSS were positioned in two offices and two meeting rooms. MSS 4 was positioned event-
dependent in meeting rooms of different sizes and populations. The measurement durations of every
system ranged from 3 hours for a short meeting up to maximum of 67 hours during the weekends. The
data were collected, processed and then summarized in Tables A2 to A5, Fig. A1 and A2 (in the
addendum beginning at page 22) as well as in Fig. 15 in the next section.
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3. Results
3.1 Calibration
3.1.1 MOX-GS

One example of the calculated TVOC signals (TVOC = Total Volatile Organic Compounds) is provided
for each type of the investigated MOX-GS as numbered in Table 2 in Fig. 5. Only the ZMOD4410 covers
the complete investigated concentration range, while CCS811 and SGP30 MOX-GS end up in a
saturation limit at the higher ethanol concentrations. Interestingly, the tendency of TVOC to decrease
with increasing number of calibration found for ZMOD4410 and CCS811 is not valid for SGP30. Here,
the values of the second calibration are higher than those of the first and third calibration.

In Fig. 6 the calculated e(CO,) values of the sensors given in Fig. 5 are shown. The algorithms of the
vendors for determining these values are based on the hypothesis that beside carbon dioxide a fixed
mean concentration of VOC is breathed out by humans. Therefore, it is expected that the application
of artificial mixtures of ethanol and water vapor in synthetic air without any carbon dioxide to the
MOX-GS will not result in meaningful eCO; values. Otherwise, the resulting curves should provide
deeper insight into the transformation procedure of the algorithms. The curves in Fig. 6 indicate that
the algorithms used by the different vendors show significant differences.

Fig. 5: TVOC values of MOX-GS (MSS 1) during ethanol calibrations;
left: ZMOD 4410 No. x0000464045C23FBB, middle: CCS811 No. 005A558C,
right: SGP30 No. 8478948
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3.1.2 IR-CO2-GS

The calibrations of all IR-CO,-GS with dry CO,-N; mixtures result in rapid responses to the changes of
the CO; concentration and a nearly horizontal plateau as shown in Fig. 7 for MSS 1. The sensors K30
and MX1102 exhibit comparably low deviations between the calibrations at all concentrations,
indicating a high reproducibility at the adjusted calibration conditions. In contrast to these sensors, the
CM1106 exhibits large differences between calibration No. 2 and calibrations 1 & 3. It could be that a
dust particle or other temporary contamination influenced calibration No. 2. The SCD3x results in a
significant difference between calibration No. 1 and 2 & 3, indicating a more persistent contamination.

The MX1102 exhibits much larger noise in the signal than the other three IR-CO,-GS. Therefore, this
signal was excluded from the mean value calculation mentioned in section 3.2.1.

For comparison of all sensors and for calculating the real CO; concentrations from the signals of the
uncorrected sensors, a linear regression between the sensor signals S(CO;) and the CO, concentrations
¢(CO,) provided during calibration was calculated, resulting in equations of the form of equation (1):

(1)

Fig. 7: Signals of IR-CO,-GS (MSS 1) during CO, calibrations; upper left: SCD3x No. 389012-387300-
50664863, upper right: K30 No. 031C796C, lower left: CM1106 No. 0242581205110330, lower right:
MX1102 No. 20530713

c(CO,) = slope - S(CO,) + intercepty
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As the curves of K30 and MX1102 in Fig. 7 indicate, the signal at zero CO,-content is set to zero, which
is signaled if the concentration falls below a threshold concentration. In that case, the signal at zero
CO; concentration was excluded from linear regression, which is calculated for those sensors only for
the applied CO, concentrations from 500 to 3000 vol.-ppm. An example of regressions is given in Fig. 8
for the third calibration of MSS 1. All values for slope, offset, and regression coefficient are specified
in Table Al in the annex. Each investigated IR-CO,-GS provides appropriate linearity.

Since the tendencies of signal in- or decrease between the consecutive calibrations differ between the
sensors, it is assumed that all deviations result mainly from the sensors themselves and are not
influenced by systematic inaccuracies of the provided gas concentrations. The minimum variance of
the regression values was found for the four K30 IR-CO,-GS, as the bars in Fig. 9 indicate for the
example of MSS 1. The deviations of uncorrected signals of the four different IR-CO,-GS shown here at
the applied CO, concentration 1000 vol.-ppm indicate that it is advisable to calibrate such sensors
regularly, if a measuring error below 100 vol.-ppm is required.

Fig. 8: Calibration functions of IR-CO,-GS (MSS 1) during calibration No. 3; ¢(CO;) = concentration
provided in the calibration gas mixture, S(CO,) = sensor signal at the end of the concentration
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In Fig. 10, example curves of the IR-CO,-GS in CO,-containing mixtures with different relative humidity
are provided. They indicate that the cross-sensitivity to water vapor can be neglected. Therefore, the
calibration with the selected dry mixtures is also valid for gases with higher humidity.

Fig. 10: Testing of IR-CO>-GS (MSS 4) in CO,-containing mixtures with different relative humidity
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3.2 Indoor air measurements in offices and meeting/conference rooms
3.2.1 Determination of the actual CO, concentration

Since each of the four MSS was equipped with four different IR-CO,-GS, it is self-evident to calculate a
mean CO; value c(CO;)m for every timestamp. Comparably small differences between the response
times as well as the signal-to-noise-ratios (SNR) of the different sensors is a pre-condition for this
calculation. Taking the results of the calibrations (given in section 3.1) into account, it was agreed
between the contractors that the signals of the SCD3x, K30, and CM1106 were used to calculate
¢(CO32)m. The signal of the MX1102 was excluded from this calculation due to its elevated signal noise.
In Fig. 11A courses of the signals of the different IR-CO,-GS of system 4 are illustrated, which were
taken in a comparably small unventilated meeting room with the volume V = 90 m? populated with up
to 20 people. This result in high CO;, increases per time unit (temporal gradients). The CO;
concentrations calculated from the calibration equations in Table A1l are given in Fig. 11B. They prove
that these calculations result in comparable CO; values at all slopes.

A person, checking the measuring system, caused the peak in Fig. 11B at 4.4 h. This maximum temporal
gradient is shown in Fig. 11C with larger resolution. The CO, increase (mean value) caused by breathing
directly onto the sensors amounts to 1550 ppm/min. It can be seen that the ¢(CO>)m value represents
the courses of the three sensors in an appropriate manner even at such a steep concentration increase.
This orienting measurement was conducted on September 25%, 2019 before the start of the campaign
and is not included in the annex tables A2 toA5. A picture of the meeting room is shown in Fig. 12.
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Fig. 11: Measurement with IR-CO,-GS (MSS 4) in a nonventilated meeting room with V = 90 m3 with
different numbers of persons (blue values) and different window configurations (green
arrows). Outside the green arrows windows and door were closed. A: sensor signals; B:
signals corrected by equation 1 and values in table A1, C: magnification of the labelled time
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3.2.2 Other aspects of sensor performance

Two phenomena of the sensor performance have to be mentioned for its comprehensive assessment.
One of it concerns the K30 IR-CO,-GS showing between one and maximal four abnormal signal spikes
during a 24-hour measurement. All spikes are represented by a single value ranging more than
100 vol.-ppm above the preceding and following values. It is suspected that these spikes are due to
EMC interferences but it was not possible to correlate them with particular events in the measuring
environment. These spikes were erased from the measurement by replacing them with the mean value
of the preceding and the following value.

Fig. 12: Picture of the meeting room used for the measurement presented in Fig. 11

tilted window

|

All K30 and one of the CM1106 IR-CO,-GS exhibited the second phenomenon shown in Fig. 13. It is
indicated by distinct upward and downward leaps in the signal (from one value to the next), which are
caused probably by particles in the measuring gas settling in the optical path between the IR emitter
and detector. The largest leaps were found in the signal of CM1106 integrated in MSS 1. They occurred
at October 17%, 2017 at 00:06am (575 vol.-ppm upward in the raw signal) and at November 16", 2019
3:09pm (503 vol.-ppm downward in the raw signal), when no one was in the laboratory. The leaps of
the K30 sensors range below 60 vol.-ppm in the raw signal. This phenomenon was neutralized by
adaptation of the intercepty in case of the K30 sensors, and by switching to the slope and intercepty of
the following calibration in case of the CM1106 sensor.



Fig. 13: Signal leaps of CM1106 IR-CO»-GS (MSS 1)
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3.2.3 Correlation between mean CO; concentration and e(CO;) values

In Fig. 14 the same experiment as in Fig. 11 is taken to compare the calculated e(CO;) values with the
mean values of the IR-CO,-GS (black curve in Fig. 11B). The first view on these curves confirms that the
e(CO,) values of all three investigated sensors develop qualitatively in the same manner as the mean
values of the IR-CO,-GS. Therefore, the basic hypothesis of a resilient correlation between CO; and
VOC concentrations in indoor air is strongly supported by these curves. A second view reveals that
none of the tested MOX-GS and algorithms detect those small peak-like changes of ¢(CO;)m as the one
enlarged in Fig. 11C.

Furthermore, the ability of the algorithms to follow decreasing c(CO,) courses during ventilation or
diffusion of CO; through leaks in windows, walls, and doors differs strongly between the vendors.
While the SGP30 shows a slow signal decrease resulting in an overstepping of e(CO,) above c(CO,)
between 600 and 1000 vol.-ppm, both the CCS811 and ZMOD4410 MOX-GS exhibit a rapid
backtracking to the minimum value. In Fig. 14, only one of the three ZM0OD4410 sensors is presented
since the signals of the other two sensors do not differ significantly from its curve. This similarity
between the three ZMOD4410 was found valid for each MSS and measurement.

The comparison of signals in the period with eight attendees in the room (t = 1.3...2.4 h) with that of
20 participants (t =4.5 ... 5 h) indicates that the difference between e(CO,) and c(CO;)m values becomes
smaller with an increasing number of monitored people. This expectable result was valid during all
measurements.

Fig. 14 displays also the values taken for the comparison of all indoor air measurements with the
different systems. For that purpose, a factor f was calculated for each MOX-GS for every timestamp
according to equation (2):

_ e(Cox)(®)
f(MOX —GS,¢t) = COm® (2)

The mean value f, of this factor and its relative standard deviation SD(%f~) during every complete
experiment were calculated for the ranges ¢(CO2)m > 1000 vol.-ppm and ¢(COz)m < 1000 vol.-ppm
respectively.

fon = HLt 3)

n
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/z{;l(fi—fm)z
SD(%fn) = 1—————-100 (4)

fm

These values are given in Tables A2 to A5 for MSS 1 to 4. The picture provided by them is relatively
complex and initiates further thinking on possible correlations and algorithm optimization. In Fig. 15
the maximum, minimum, and mean values of f, and SD(%fn) are provided for the complete
measurement campaign of each MSS.

Fig. 14: Comparison of the e(CO.) values calculated from the signals of the MOX-GS (MSS 4) in the
measurement of Fig. 11 with the mean CO, value (¢(CO2)m)
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The nearer the factor fn ranges to 1 and the smaller the relative standard deviation SD(%fn) results,
the smaller is the difference between the e(C0O;) and the ¢(CO2)m values. Since all sensors delivered
very similar response curves during calibration, the large differences of f» and SD(%f.) between the
individual MSS come with the measurement conditions in the different rooms. If the e(CO,) value is
intended to be used for the regulation of heating, ventilation, and air conditioning systems (HVAC)
regulation, its correlation with the ¢(CO,)m value above 1000 vol.-ppm is much more important than
below 1000 vol.-ppm. This limit is known as the Pettenkofer value for maximum tolerable indoor air
concentration of CO; [5] and recommended also by the German Federal Environmental Agency (UBA)
[6]. The finding that in that region all three MOX-GS of the MSS 2-4 deliver f, values (white lines in
Fig. 15) very near to 1 and acceptably low SD values is very encouraging for this application. Another
result pointing in this direction is indicated by the minimum values of fm. In the region above 1500 vol.-
ppm fm of ZMOD4410 ranges above 0.55 at all investigated conditions, if this threshold is exceeded for
more than 5 min. This means that an HVAC controlled by an e(CO,) value will always start latest at the
double value of that threshold.

The results of MSS 1 above 1000 vol.-ppm should be excluded from interpretation here, since only two
measurements of the campaign in this highly ventilated laboratory resulted in values in that region
and only for a very short time (see table A2).

In both regions (above and below 1000 vol.-ppm) the ZMOD4410 sensors exhibit the lowest
differences between the calculated e(CO,) and measured c(CO,)m values. This optimum predictability
was found for each measuring system at all investigated measuring conditions.
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Fig. 15: Ranges of fm and SD(%fm) for each sensor during the complete measurement campaign, left
column: ¢(CO2)m > 1000 vol.-ppm, right column: ¢(CO;)m < 1000 vol.-ppm, the mean values
are indicated with white horizontal lines
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On the other hand, the comparison of f, and SD between MSS 2&3 and MSS 4 reveals that the concept
of e(C0O;) calculation provides increasing precision with the increasing number of people in the room.
MSS 4 was used in different meeting rooms with many times more than three residents, while MSS
2&3 were situated in offices with one or two residents most of the time. Accordingly, maximum fn,
values were found for MSS 2&3 with CCS811 and SGP30 signals. Of course, f, rises in a small room with
one or two people much more than in larger rooms with more attendants if particular high VOC
emissions come with these single persons (excessively used deodorant, special clothing, special breath
gas composition, etc.). For more insight, the measurements No. 2 and 20 of MSS 2, No. 12 of MSS 3,
and No. 48 of MSS 4, are provided as temporal courses of e(CO,) and ¢(CO3)m values in the annex.

3.2.4 Estimation of people in a room from the CO; increase

The CO; and VOC emissions of humans are well investigated and published [7, 8, 9]. They depend on
age, gender, and foremost on the state of physical and mental activity. Assuming moderate numbers
of CO, emissions during presentations or meeting conversation, it could be estimated from the values
given in [7] that one average attendee exhales between 14 and 18 liter CO, per hour. Assuming
furthermore that the exhalation is distributed rapidly in a non-ventilated room with the volume
Vk = 10 m3, it can be calculated from these limits that the CO; increase coming from the exhaled gas of
that average attendee amounts to 1400-1800 vol.-ppm/h. Consequently, the corresponding coefficient
of CO; increase C;jin a non-ventilated room populated with one attendee amounts to:
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dc vol—% 3
Ci,one attendee = EVR =14..18 n m

(5)

During the campaign, several measurements with more than five attendees (N, = number of attendees)
in non-ventilated rooms with closed windows and doors were evaluated by extracting the CO; increase
dc/dt from the temporal course of the c(CO2)m value. This increase was taken to calculate the
coefficient C; according to equation (6).

_ACVR
L7 At Ng

(6)

The values of G, given in Table 3, range in the region numeralised in equation (5). This result indicates
the possibility to estimate the number of attendees in a non-ventilated room from the CO; increase
and the room volume.

Table 3: Evaluation of measurements with MSS4 in two different non-ventilated rooms with more
than five attendees, C; was calculated with equation (6), measurements are described in Table A5

No. Date of duration of CO, | N, Vr ¢(COy)-increase | Ac/At[vol.- | Ci[vol.-
measurement | increase At [h] [m3] Ac [vol.-ppm] ppm/h] %-m3/h]
0 25.09.19 0.20 8 90 260 1300 1.46
9 16.10.19 0.35 28 339 455 1300 1.57
24 04.11.19 0.21 30 339 315 1500 1.56
34 18.11.19 0.60 10 90 1020 1700 1.53

3.3 Example for the signal course of IR spectrometer

As described in section 2.2, all IR-CO,-GS calibrations were also monitored by a high-end IR
spectrometer. A complete IR spectrum between 7800 and 350 cm-1 is measured with that device,
enabling the precise monitoring of the complete CO; absorption peak. The background in CO; free air
is subtracted from these spectra providing a much more precise and reliable CO, measurement with
such expensive spectrometer than with the investigated low-cost IR-CO,-GS, which measures the IR
absorption only at selected wavelengths. As an example, the curve of a calibration measurement with
the CO, concentrations mentioned in section 2.3.2 is illustrated in the left diagram of Fig. 16. The
measurement was carried out at a flow rate of approximately 100 ml/min through the absorption cell
in the IR-spectrometer. From this measurement, a calibration equation was determined by regression,
which is valid for a measuring period of several months due to the excellent stability of the IR
spectrometer. The corresponding signal function is provided as the blue curve in the left diagram in
Fig. 16. In the right diagram of Fig. 16, curves of the last calibration in the campaign of the IR-CO,-GS
of MSS 1 are illustrated for direct comparison. It is clearly visible that precision, response time, and
repeatability of the concentration signal of the extensively stabilized IR spectrometer are superior
compared those of the signals of the IR-CO,-GS.

The mass spectrometer was applied for the monitoring of the ethanol containing gas mixtures used
for the characterization of MOX-GS in the laboratory. The distributed gas outlet of the sensor boxes
described in section 2.2 disables a direct concentration measurement behind the box. Therefore, the
mass spectrometer was positioned in the gas flow at the outlet of the mixing station (see. Fig. 1)
alternatively to the sensor boxes. The performance of the mass spectrometer for monitoring the
ethanol concentration in the calibration gas was already described in the ICSIS report (Fig. 22, p. 19).
The results found here prove that the same precision and reliability was established during the
calibrations of this campaign.
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Fig. 16: Areas of the IR extinction peaks measured in the gas absorption cell of the Nicolet 8700
spectrometer by applying the CO; calibration gas mixtures, its calibration curve (left) and
comparison with calibration curves of the IR-CO,-GS of MSS 1 during last calibration in the
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4. Conclusions

A measurement campaign of indoor air monitoring in different offices, meeting rooms, and one
ventilated laboratory was conducted over two months. Four measuring systems were equally
equipped with four non-dispersive infrared-CO,-sensor (IR-CO,-GS) and five metal oxide gas sensor
(MOX-GS) from three different vendors. The IR-CO,-GS were calibrated with CO; containing mixtures.
It was found out by three different calibrations that these sensors, which are larger and more
expensive than the investigated MOX-GS, show several sudden signal leaps and significant measuring
errors of more than 10 %. Between the signals of the different sensors differences of more than 15 %
were recorded. Checking the MOX-GS with ethanol containing mixtures proved that all MOX-GS from
one vendor show similar calibration curves. Between the MOX-GS of different vendors, larger signal
differences were found in the ethanol containing mixtures leading to different TVOC concentrations.

From the signals of three IR-CO,-GS, a mean value c(COz)m was calculated for each available time
stamp. This value was compared with the e(CO;) values calculated by different vendor-specific
algorithms from the signals of the MOX-GS. This comparison was carried out in two regions with
1000 vol.-ppm as threshold. This limit was taken from literature in order to trigger an action such as a
ventilation. The first region was ¢(CO2)m < 1000 vol.-ppm and the other one ¢(CO;)m > 1000 vol.-ppm.
In both regions the values were compared by calculating the ratio f = e(CO,)/c(CO2)m for every
timestamp. The nearer the mean value of f ranges to 1 and the smaller its standard deviation during a
measurement, the closer is the correlation between e(CO;) and ¢(CO3)m and the higher is the reliability
of e(CO,) values as input parameters for HYAC. The comparison proves that it is possible to control air
condition systems by the calculated e(CO;) values in rooms of different sizes and numbers of residents,
if the threshold value for ventilation start can range in a band. For the investigated CCS811 MOX-GS
this band has the highest width (i.e. largest deviation of e(CO;) values), while those for the SGP30 and
ZMO0D4410 MOX-GS are significantly smaller and therefore more precise. The minimum differences
between the e(CO,) and c¢(CO;)m values were found for the ZMOD4410 MOX-GS in both regions. As
expected, the reliability of e(CO,) values increases with increasing number of attendees in the
monitored room.

Furthermore, an occupancy estimation was possible based on CO; levels. Several measurements
indicate that also in non-ventilated rooms the exhaled CO; is distributed in the room’s atmosphere
quickly enough to estimate the number of attendees from the room volume and the temporal gradient
of the CO; concentration, which is measured with the used IR-CO,-GS after start of a meeting.

To control modern energy-efficient HVAC systems a state-of-the-art sophisticated MOX-GS, such as
the ZMOD4410, can be taken into account for air ventilation based on the carbon dioxide level.
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Addendum

Table 1:

Values of the three different calibrations of IR-CO,-GS according to equation (1): slope, intercepty and regression coefficient R, red: largest

deviations, green smallest deviation.

Type MSS | Calibration | slope | intercepty R Type MSS | Calibration | slope | intercepty R
No. No. No. No.
SCD3x 1 1 1.046 -43.43 1.0000 CM1106 1 1 1.077 8.21 1.0000
2 0.965 -181.66 1.0000 2 0.831 -320.26 0.9996
3 0.983 -194.63 0.9999 3 1.061 -2.63 1.0000
2 1 1.056 -22.44 0.9997 2 1 1.050 -20.05 1.0000
2 1.034 -39.02 0.9998 2 1.030 -16.78 0.9999
3 1.046 -36.23 0.9998 3 1.047 -13.41 0.9999
3 1 1.049 -26.67 1.0000 3 1 1.064 27.16 1.0000
2 1.028 -26.90 0.9999 2 1.041 31.71 1.0000
3 1.067 -22.05 1.0000 3 1.103 53.97 1.0000
4 1 1.102 28.72 0.9999 4 1 1.086 -15.16 1.0000
2 1.032 70.78 0.9999 2 1.041 3.70 1.0000
3 1.045 79.25 0.9998 3 1.048 11.29 1.0000
K30 1 1 1.077 5.42 1.0000 MX1102 1 1 1.082 56.82 0.9999
(sensors 2 1.046 22.34 1.0000 2 1.044 63.27 0.9998
with 3 1.081 34.56 1.0000 3 1.070 16.20 1.0000
minimum 2 1 1.053 -3.44 1.0000 2 1 1.097 180.69 0.9998
variance) 2 1.082 57.98 0.9999 2 1.112 188.50 0.9994
3 1.093 54.34 0.9999 3 1.120 178.74 0.9997
3 1 1.073 3.52 1.0000 3 1 1.137 388.04 0.9983
2 1.053 34.05 1.0000 2 1.141 299.95 0.9994
3 1.130 62.38 0.9999 3 1.165 283.39 0.9996
4 1 1.064 -51.46 1.0000 4 1 1.037 -43.99 1.0000
2 1.051 36.20 0.9999 2 0.994 -31.35 0.9998
3 1.024 -6.54 1.0000 3 0.996 -49.51 0.9999

22



Table A2: data of MSS 1: mean factor f,, for each MOX-GS, its standard deviation SD(f,) [% fx], maximum CO, concentration ¢(CO2)max [vol.-ppm],
percentage of measurement time with ¢(CO) > 1000 vol.-ppm [POT] and conditions of measurement (DM = duration of measurement [h],
NP = maximum number of persons in the room) room volume = 354 m3, maximum values, minimum values.

No. Start of DM NP | ¢(CO;) | POT fm SD(f)
measurm. max max ¢(C02) > 1000 vol.-ppm ¢(C0O2) <1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C02) <1000 vol.-ppm
[h] [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP | IDT1 | CCS SGP | IDT1
1 | 02.10.14:00 | 488 |2 588 |0 1.093 | 1.295 433 | 111 | 287
2 | 04.10.14:45 | 645 |2 573 |0 1.113 | 0974 | 1012 21.8 | 136 | 279
3 | 07.10.07:15 | 244 |3 728 |0 8726 | 1.053 | 1.003 570 | 173 | 271
4 | 0810.07:35 | 240 |2 577 |0 3.730 [2N020 0.892 875 |NISRNN 139 |
5 | 09.10.07:11 | 235 |2 540 |0 1.920 | 1369 | 1.106 33.2 75 | 252
6 | 10.10.06:40 | 325 |3 683 |0 5861 | 1.237 | 0.847 534 | 107 | 257
7 | 11.10.15:09 | 650 |4 737 |0 1371 | 1416 | 1277 331 | 128 | 232
8 | 14.10.08:09 | 263 |2 633 |0 1799 | 1533 | 1304 67.8 | 546 | 312
9 | 15.10.10:28 | 244 |2 635 |0 2280 | 1348 | 1.208 535 | 173 | 304
10 | 16.10.10551 | 239 |5 840 |0 2825 | 1296 | 1.194 704 | 289 | 185
11 | 17.10.10:42 | 280 |2 690 |0 2286 | 1358 | 1.172
12 | 1810.14:46 | 652 | 4 773 |0 1.890 | 1.135 | 1286 529 | 445 | 189
13 | 21.10.08:00 | 245 |2 641 |0 4185 | 1.038 | 0994 401 | 322 | 164
14 | 22.10.0829 | 239 |4 784 |0 1.624 | 1.045 | 0.949 268 | 293 | 242
15 | 23.10.0823 | 240 |2 630 |0 1.607 | 1151 | 0.944 327 | 279 | 135
16 | 24.10.0825 | 292 |2 687 |0 1.706 | 1295 | 0.780 521 | 2138 7.3
17 | 25.10.14:06 | 662 |2 557 |0 2704 | 1181 | 0916 53.9 | 173 | 180
18 | 28.10.0856 | 227 |2 648 |0 2795 | 1.095 | 1.141 407 | 435 | 204
19 | 29.10.07:36 | 67 |2 638 |0 5450 | 1.018 | 0.720 867 | 17.7 4.6
20 | 30.10.14:34 | 177 |2 543 |0 2067 | 0890 |ia2aN 326 | 142 | 209
21 | 31.10.08:16 | 31.0 |2 552 |0 1750 | 1.220 | 1.105 372 | 136 | 230
22 [ 0111.15:19 | 624 |2 508 |0 2014 | 1653 | 1.053 74.0 9.0 | 2238
23 | 04.11.05:46 | 260 |2 556 | 0 2258 | 1701 | 0.837 38.0 9.3 5.7
24 | 05.11.07:47 | 239 |2 569 |0 1517 | 1528 | 0.868 25.3 5.9 4.9
25 | 06.11.07:44 | 244 |2 569 |0 2949 | 1591 | 0.886 850 | 109 | 120
26 | 07.11.0809 | 295 |2 578 |0 2214 | 1253 | 1.043 845 | 300 | 16.9
27 | 0811.1429 | 65.6 |2 546 | 0 2813 | 1159 | 1.105 555 | 199 | 17.0
28 | 11.11.0807 | 237 |3 727 |0 1.265 | 0.885 105 | 163
29 | 12.11.0750 | 239 |2 537 |0 1182 | 1.764 | 1086 199 | 140 | 1838
30 | 13.11.07:48 | 245 |6  |NNEI980 0.05 | 1202 | 1.404 0495 | 2174 | 1771 | 0969 | 101 | 32.1 70 | 923 | 312 | 1238




No. Start of DM NP c(CO7) | POT fm SD(fm)

measurm. max max ¢(COz2) > 1000 vol.-ppm ¢(C0O2) £1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C0O2) £1000 vol.-ppm

th] [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1

31 14.11. 08:20 26.6 5 1066 0.02 0.456 0.546 0.385 0.921 1.511 1.033 1.1 0.0 1.8 8.3 12.0 20.7
32 15.11. 14:10 66.1 2 513 0 1.786 1.208 1.239 29.4 23.1 15.1
33 18.11. 08:28 23.3 2 650 0 1.136 1.434 0.931 42.9 12.8 23.6
34 19.11. 07:49 48.4 2 669 0 1.983 1.414 0.976 65.8 9.7 19.5
35 21.11.08:15 29.7 2 583 0 0.911 1.268 0.950 20.0 12.8 7.0
36 22.11. 14:28 65.9 2 523 0 1.406 1.137 1.223 26.5 28.7 14.0
37 25.11.08:24 30.0 2 582 0 1.015 1.562 1.017 12.7 12.6 11.1
38 27.11. 14:39 17.6 2 536 0 0.925 1.371 0.930 6.0 10.2 6.4
39 28.11. 08:15 29.4 2 609 0 3.810 1.666 1.025 68.0 24.4 315
40 29.11. 14:04 66.2 2 542 0 2.337 1.131 0.999 41.7 17.3 18.5
41 02.12.08:17 23.5 2 571 0 1.215 1.519 0.846 26.5 5.4 6.2
42 03.12.07:56 23.8 2 543 0 3.510 1.612 0.978 74.4 22.7 25.5
43 04.12.07:45 24.9 2 578 0 2.255 1.030 1.102 42.8 20.6 20.5
44 05.12. 08:42 29.6 2 689 0 0.976 1.237 0.960 17.3 6.3 19.6
45 06.12. 14:55 65.5 2 576 0 3.364 1.360 1.058 56.9 6.1 17.9
46 09.12. 08:28 23.4 2 612 0 8.510 1.466 0.849 50.7 6.4 6.0

24



Table A3: data of MSS 2: mean factor f,, for each MOX-GS, its standard deviation SD(f,) [% fn], maximum CO, concentration ¢(CO2)max [vol.-ppm],
percentage of measurement time with ¢(CO) > 1000 vol.-ppm [POT] and conditions of measurement (DM = duration of measurement [h],
NP = maximum number of persons in the room) room volume = 52 m3, maximum values, minimum values.

No. Start of DM NP | ¢(CO;) | POT fm SD(f)
measurm. max max ¢(C02) > 1000 vol.-ppm ¢(C0O2) <1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C02) <1000 vol.-ppm
[h] [vol.-ppm] CCS SGP IDT 1 CCS SGP | IDT1 | CCS SGP | IDT1
1 | 01.10.1533 | 165 2 832 0 507 | 289 | 205
2 | 02.10.08:04 | 5438 3 1014 0.1 03 3.6 03 | 418 | 133 | 192
3 | 04.10.14:55 | 654 2 605 0 61.2 73 | 137
4 | 07.10.08:22 | 226 2 745 0 9531 | 1.604 | 1.676 705 | 245 | 387
5 | 08.10.06:558 | 24.3 3 1059 26 | 4585 | 1413 | 1316 | 8645 | 1919 | 1731 | 5.2 13 07 | 646 | 114 | 335
6 | 09.10.07:16 | 24.8 2 946 0 0686 | 2147 | 1.122 9.0 | 105 7.9
7 | 1010.08:10 | 67 | 14/* 623 0 0914 | 1443 | 0826 12.9 9.4 | 106
8 | 10.10.15:42 | 25.2 4 1325 83 | 5671 | 1354 | 1441 | 9.460 | 1920 | 1779 B4 116 | 145 | 411 | 158 | 220
9 | 14.10.08:09 2
10 | 15.10.07:06 | 23.9 2 1143 53 | 0433 | 1121 | 0391 | 5112 | 1196 | 1.104 | 34 80 | 126 | 687 | 220 | 429
11 | 16.10.07:02 | 9.8 3 1162 | 186 | 0627 | 1543 | 0737 | 0622 | 1.648 | 0700 | 47 | 140 | 129 | 132 | 141 | 229
12 | 17.10.10:42 2
13 | 18.10.14:12 | 65.8 2 608 0 5912 | 2.036 | 2.404 | 816 | 838 | 794 |
14 | 21.10.10:02 | 227 2 647 0 079 | 0735 | 0.781 5.0 17 2.6
15 | 22.10.0845 | 236 2 627 0 0737 | 0.699 | 0.788 2.9 1.9 7.2
16 | 23.10.08:27 | 24.2 2 615 0 0721 | 0.692 | 0.759 2.4 1.9 5.2
17 | 24.10.0841 | 289 2 662 0 0721 | 0964 | 0.861 27 | 165 9.9
18 | 25.10.14:11 | 69.2 2 725 0 0795 | 1.253 | 0.864 79 | 200 | 132
19 | 29.10.14:05 | 24.8 3 1592 [ 333 | 1178 | 0646 | 0798 | 1.188 | 0.636 | 0.803 | 19.0 | 106 | 207 | 162 | 224 | 465
20 | 30.10.14:59 | 17.2 2 1242 | 193 | 0365 | 0731 | 0398 | 0589 | 0.624 | 0.600 | 47 4.9 45 | 145 68 | 140
21 | 31.10.0823 | 305 2 938 0 0782 | 0.888 | 0.797 125 | 159 6.9
22 | 01.11.1502 | 625 2 779 0 1360 | 1646 | 1966 303 | 149 | 121
23 | 04.11.1457 | 169 2 938 0 1519 | 1.786 | 1.759 212 8.7 9.1
24 | 05.11.07:51 | 2338 2 611 0 0790 | 1.695 | 0.833 3.8 6.3 7.3
25 | 06.11.09:38 | 225 2 871 0 0.866 | 1.245 | 1.551 246 | 161 | 273
26 | 07.11.08:13 | 29.4 3 1551 | 355 | 0476 | 0901 | 0526 | 0.625 | 0972 | 0.626 | 14.3 79 | 200 | 326 | 126 | 227
27 | 08.11.14:10 | 66.0 2 1171 21 | 0585 | 0960 | 0794 | 0958 | 1.103 | 0.824 | 152 3.1 24 | 107 | 124 | 105
28 | 11.11.08:14 | 236 2 932 0 0705 | 0957 | 1.252 123 85 | 269
29 | 12.11.07:54 | 239 2 1661 | 311 | 0554 | 0865 | 1.058 | 0685 | 0917 | 1.265 | 146 7.1 86 | 218 | 142 | 1638
30 | 13.11.07:54 | 24.2 5 [I23980 17.8 | 0562 | 0890 | 0708 | 0708 | 0933 | 1142 | 136 | 108 | 119 | 195 | 123 | 208




No. Start of DM NP c(CO7) | POT fm SD(fm)

measurm. max max ¢(COz2) > 1000 vol.-ppm ¢(C0O2) £1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C0O2) £1000 vol.-ppm

th] [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1

31 14.11. 08:10 29.9 3 1556 25.7 0.694 1.100 0.731 0.614 0.918 0.666 18.5 24.2 13.5 18.8 22.0
32 15.11. 14:41 65.8 2 778 0 0.819 1.038 0.812 14.3 14.3 13.5
33 18.11. 08:38 23.3 2 1016 0.5 0.414 0.807 0.541 0.668 1.090 1.402 1.0 2.2 1.1 23.3 25.1 44.9
34 19.11. 09:08 47.1 2 1151 6.8 0.458 0.810 0.482 1.063 0.814 1.499 4.7 5.1 7.9 23.0 8.1 21.6
35 21.11.08:24 29.6 2 533 0 0.917 1.222 0.975 5.9 9.9 9.4
36 22.11.14:33 65.9 2 600 0 0.983 1.006 0.918 11.3 17.7 8.8
37 26.11. 14:59 17.6 2 990 0 0.651 1.442 1.237 13.2 5.2 7.9
38 27.11.08:39 23.7 2 1195 19.1 0.488 1.580 0.681 0.576 1.499 0.587 14.8 22.9 20.3 11.2 6.6 12.3
39 28.11. 08:26 29.2 4 1416 27.6 0.378 1.039 0.676 0.605 1.335 1.308 10.9 9.6 _ 14.2 10.1 18.0
40 29.11. 14:10 66.1 2 1090 0.5 0.384 0.897 0.597 0.820 1.042 0.825 3.2 2.9 2.2 13.7 8.7 12.8
41 02.12.08:24 23.6 2 566 0 0.858 1.198 0.919 3.3 4.3 5.0
42 03.12.08:03 23.7 2 609 0 0.854 1.349 0.956 6.8 9.9 9.6
43 04.12. 07:52 24.8 2 526 0 0.909 1.062 0.921 5.9 14.9 4.2
44 05.12. 08:48 29.5 2 530 0 0.902 1.089 1.002 3.4 7.1 5.4
45 06.12. 15:04 65.4 2 599 0 0.927 1.235 0.881 6.6 6.5 5.2

* room volume 130 m?3
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Table A4: data of MSS 3: mean factor f,, for each MOX-GS, its standard deviation SD(f) [% fn], maximum CO, concentration ¢(CO2)max [vol.-ppm],
percentage of measurement time with ¢(CO) > 1000 vol.-ppm [POT] and conditions of measurement (DM = duration of measurement [h],
NP = maximum number of persons in the room) room volume = 44 m3, maximum values, minimum values.

No. Start of DM NP | ¢(CO;) | POT fm SD(f)
measurm. max max ¢(C02) > 1000 vol.-ppm ¢(C0O2) <1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C02) <1000 vol.-ppm
[h] [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP | IDT1 | CCS SGP | IDT1
1 | 03.10.17:17 | 154 1 764 0 1.981 | 1935 | 0.849 27.7 2.9 5.6
2 | 04.10.14:51 | 64.8 2 1183 15 1.189 | 0.397 1.917 | 0.883 3.4 4.7 8.3 8.3
3 | 07.10.07:34 | 236 3 1734 [ 257 | 0.621 | 1.048 | 0997 | 1.411 | 1382 | 1.134 | 286 | 178 | 108 | 268 | 105 5.0
4 | 0810.07:10 | 239 4 1691 64 | 3679 | 2043 | 1115 | 3.833 | 1598 | 0908 | 122 | 154 | 142 | 283 | 120 | 302
5 | 09.10.07:05 | 233 2 673 0 5548 | 1.786 |IN2N080N 19.4 8.2 7.7
6 | 10.10.06:20 | 32.9 1 1221 | 108 |JN6S84N 1299 | 1487 | 4861 | 1592 | 0.891 | 117 | 352 | 138 | 338 | 17.8 | 588
7 | 11.10.15:12 | 65.0 1 1005 02 | 0524 | 1119 | 0593 | 0722 | 1686 | 0.733 1.0 07 05 | 241 | 136 | 145
8 | 14.10.08:24 | 262 1 905 0 1.095 | 1588 | 0.724 495 | 422 | 233
9 [ 15.10.10:33 | 243 1 915 0 2529 | 1325 | 1.623 793 | 140 | 420
10 | 16.10.10:54 | 23.9 1 873 0 1338 | 1649 | 0.939 1295 | 118
11 | 17.10.10:47 | 27.7 2 1788 | 13.1 | 5.719 | 5.400 1773 | 2342 | 1213 [ 170 | 233 [ 109
12 | 18.10.14:35 | 65.8 1 1336 22 | 0507 0394 | 0677 0.664 3.0 79 | 109
13 | 21.10.08:25 | 24.2 2 1656 | 147 | 0.570 | 0.666 | 0.572 | 5368 | 1.012 | 1.596 | 13.5 55 | 177 | 527 | 180 | 296
14 | 22.10.08:38 | 24.0 2 1089 12 | 0653 | 1.028 | 0.815 | 0.895 | 1.042 | 0.890 17 4.1 12 | 375 | 139 | 166
15 | 23.10.08:36 | 23.9 2 1876 | 647 | 0515 | 0797 | 0558 | 0.620 | 0.883 | 0.599 | 11.0 7.5 4.9 97 | 131 4.7
16 | 24.10.08:35 | 289 1 1352 [ 123 | 0529 | 0.605 | 0.613 | 3.148 | 0.972 | 1.498 4.8 9.7 85 | 451 | 157 | 184
17 | 25.10.14:25 | 69.2 1 1367 09 | 0849 | 0640 | 0844 | 0709 | 1.189 | 0.739 6.6 3.6 69 | 136 | 153 | 194
18 | 28.10.11:49 | 19.9 2 1325 [ 205 | 1712 | 0845 | 1110 | 2.877 | 0953 | 1.771 | | 186 | 32.4 126 20.7
19 | 29.10.07:46 | 30.2 2 2004 [ 257 | 1127 | 0602 | 0.813 | 1.990 | 0.856 | 1319 | 143 | 220 | 255 | 375 | 184 | 199
20 [ 30.10.14:34
21 | 31.10.17:54 | 16.1 2 507 0 0878 | 0.856 | 0.879 3.7 2.0 1.8
22 | 01.11.10:02 5.5 1 1087 | 338 | 5972 | 1150 | 0.620 |JNGMZOW| 1295 | 0.684 33 2.9 30 | 184 5.7 3.8
23 | 01.11.15:40 | 617 1 798 0 1.234 | 1.857 | 0.865 22.9 7.9 9.3
24 | 04.11.05:25 | 266 2 1518 6 0727 | 1330 | 0714 | 0.843 | 1632 | 1.039 | 102 | 188 71 | 164 | 126 | 202
25 | 05.11.08:05 | 24.2 2 2054 [ 482 | 0907 | 1.068 | 0729 | 1.021 | 1.385 | 0945 | 140 | 109 | 104 | 158 | 133 | 252
26 | 06.11.08:02 | 23.9 2 1400 | 159 | 0746 | 1.031 | 0648 | 1.001 | 1564 | 0.940 95 | 100 | 135 | 164 83 | 116
27 | 07.11.15:07 | 295 2 1709 | 141 | 4409 | 1.268 | 1.045 | 5065 | 1573 | 13890 | 31.0 | 169 | 144 | 444 | 448 | 23.0
28 | 08.11.08:18 | 65.4 2 1056 06 | 0396 | 1.174 | 0.441 | 0981 | 1.487 | 0.817 16 4.6 9.0 | 160 77 | 131
29 | 11.11.0830 | 236 2 1981 [ 421 | 0574 | 0.835 | 0533 | 0.891 | 1.046 | 0.650 | 163 | 12.0 79 | 166 99 | 281
30 | 12.11.08:08 | 23.9 1 |IN20640 599 | 0735 | 0.885 | 0681 | 0847 | 1.041 | 0832 | 106 | 112 | 116 | 146 9.8 | 105




No. Start of DM NP c(CO7) | POT fm SD(fm)
measurm. max max ¢(COz2) > 1000 vol.-ppm ¢(C0O2) £1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C0O2) £1000 vol.-ppm
th] [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1
31 13.11. 08:03 24.4 1 1405 37.3 0.831 1.005 0.789 0.882 1.098 0.844 5.0 6.2 4.7 14.5 7.4 9.3
32 14.11. 08:32 29.8 2 1692 7.2 0.581 0.912 0.652 0.735 1.074 0.812 6.9 7.0 6.9 20.6 11.8 16.7
33 15.11. 14:18 66.6 1 814 0 1.134 1.098 0.830 23.9 8.1 8.6
34 18.11. 09:45 22.3 1 1227 9.9 0.447 0.843 0.552 0.640 1.070 0.658 6.1 7.0 3.9 13.2 11.2 13.4
35 19.11. 08:09 48.3 2 1854 23.9 2.065 0.776 1.063 2.980 1.009 1.675 15.7 6.8 11.4 28.0 10.3 17.5
36 21.11.08:26 29.7 1 1324 18.3 0.559 0.776 0.641 0.806 1.103 0.930 10.7 13.8 14.1 14.6 15.9 15.8
37 22.11.14:39 65.9 1 1284 4.2 0.369 0.954 0.491 0.768 1.175 0.767 6.1 13.1 7.0 11.5 27.3 14.0
38 25.11.08:33 23.8 1 1091 3.5 1.273 0.633 0.796 1.586 1.095 0.981 4.0 32.9 2.6 25.9 32.8 12.7
39 26.11. 08:25 23.9 2 1730 19.3 1.300 0.761 0.817 1.590 1.022 1.207 12.3 12.3 12.3 20.0 15.3 14.2
40 27.11.08:25 6.0 1 923 0 0.829 0.738 0.840 22.2 15.4 17.1
41 28.11. 15:56 21.8 1 1064 1.2 2.635 1.012 0.974 1.930 1.201 1.254 8.3 1.8 3.3 47.1 11.5 22.8
42 29.11. 14:17 66.2 1 1342 3.8 0.341 0.896 0.430 0.795 1.226 0.828 5.7 8.9 6.4 11.7 3.1 9.4
43 02.12.08:29 23.9 1 631 0 1.151 1.020 0.927 17.7 7.3 6.4
44 03.12. 08:24 23.6 1 646 0 0.802 1.115 0.857 6.7 9.4 8.1
45 04.12.08:01 25.8 1 780 0 0.668 0.994 0.796 6.2 15.2 9.9
46 05.12.09:47 28.6 2 1593 394 1.089 0.773 0.570 0.957 0.803 0.570 32.0 9.1 17.3 44.0 15.1 23.6
47 06.12.15:11 65.4 1 1472 5.3 0.384 1.263 0.440 0.724 1.236 0.731 27.7 _ 6.9 14.4 12.3 22.2
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Table A5: data of MSS 4: mean factor f,, for each MOX-GS, its standard deviation SD(f,) [% fn], maximum CO, concentration ¢(CO2)max [vol.-ppm],
percentage of measurement time with ¢(CO) > 1000 vol.-ppm [POT] and conditions of measurement (DM = duration of measurement [h],
NP = maximum number of persons in the room) room volume = see footnotes, maximum values, minimum values.

No. Start of DM NP | ¢(CO;) | POT fm SD(f)
measurm. max max ¢(C02) > 1000 vol.-ppm ¢(C0O2) <1000 vol.-ppm ¢(COz2) > 1000 vol.-ppm ¢(C02) <1000 vol.-ppm
h [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1
1 | 04.10.14:43 | 64.4 1/a | 507 0 1.034 19.4 56 | 184
2 | 07.10.07:34 | 236 *
3 | 08.10.0723 | 4.0 9/b | 1930 21.9 | 1249 |[2N06M 0765 | 0.967 | 1.908 | 0785 | 86 | 237 98 | 170 | 256 | 174
4 | 09.10.06:58 | 23.6 6/b | 1333 35| 0673 | 1256 | 0.649 | 0.817 | 2173 | 0.842 | 42 5.6 35 83 | 111 7.7
5 | 11.10.06:46 | 3.6 3b | 829 0 0.836 | 2.285 | 0.849 9.7 5.1 8.7
6 | 11.10.15:06 | 65.0 2/a| 779 0 0.875 | 2.134 | 0.858 121 93 | 105
7 | 14101058 | 58 | 10/c| 2138 36.1 | 0558 | 1.467 | 0551 | 0.694 | 1.606 | 0.696 | 17.0 98 | 216 | 133 | 184 | 121
8 | 14.10.16:53 | 42.1 7/b | 1751 79| 1676 | 1419 | 0638 | 0920 | 1.694 | 0894 | 519 | 163 | 383 | 314 | 138 | 201
9 | 1610.11:05 | 215 | 28/d| 1964 149 | 0539 | 2040 | 0726 | 0712 | 1965 | 0782 | 84 7.7 86 | 157 69 | 2438
10 | 17.10.08:41 | 234 7/c | 2935 245 | 1936 | 1326 | 0.853 |[J2M8SeM 1738 | 1309 | 171 | 111 | 266 | 217 | 125 | 172
11 | 1810.08:16 | 59 7/e | 1398 03] 0373 | 0905 | 0554 | 0761 | 2215 | 1.107 | 109 85 | 102 | 226 | 476 |asal
12 | 18.10.1425 | 658 1/b | 664 0 0881 | 2111 | 1.144 81 | 376 | 195
13 | 21.10.08:14 | 243 7/b | 1897 193] 0752 | 1191 | 0794 | 0737 | 1451 | 0840 | 296 | 186 | 150 76 | 120 | 120
14 | 22.10.08:34 15 9/b | 1592 583 | 0493 | 0943 | 0676 | 0.650 | 1.251 | 0718 | 45 7.7 43 9.9 4.8 6.0
15 | 23.10.08:33 | 239 6/b | 1402 45| 0612 | 0363 | 0692 | 1624 | 0.873 | 1.589 | 12.6 6.7 52 | 289 | 182 | 227
16 | 24.10.08:30 | 23.9 8/b | 1542 37| 0566 | 0.660 | 0707 | 1570 | 1.038 | 1.255 | 7.4 | 107 62 | 308 | 127 | 203
17 | 25.10.08:30 | 438 8/c | 1313 437 | 0485 | 0825 | 0665 | 0637 | 1213 | 0827 | 5.1 44 6.8 82 | 107 7.2
18 | 25.10.14:20 | 69.2 7/b | 1511 14| 069% | 0778 | 0787 | 0962 | 1235 | 1170 | 43 8.3 7.0 75 | 164 | 171
19 | 28.10.11:46 | 205 4/b | 1176 1] 1334 | 1120 | 1123 | 1503 | 0978 | 1906 | 55 45 60 | 177 | 118 | 191
20 | 29.10.07:36 | 255 o/b | 2188 [51 [ 1126 | 2.099 | 0.866 | 2385 | 1.017 | 1778 | 375 [AO2NN 149 | 368 | 218 | 333
21 | 3010.14:42 | 17.8 1/b | 639 0 0858 | 1.115 | 1.078 62 | 168 | 129
22 | 31.10.0827 | 9.0 1/b | 529 0 1.015 | 1128 | 1.101 78 | 101 | 137
23 | 01.11.1526 | 62.1 1/d | 570 0 1568 | 1572 | 1336 289 | 182 | 189
24 | 0411.0530 | 9.1 [ 30/d| 1788 376 | 0789 | 1.232 | 0.838 | 0910 | 1.726 | 0957 | 53 6.0 7.0 55 | 109 47
25 | 04.11.14:40 | 173 1/b | 677 0 0848 | 1.961 | 0.891 10.3 5.3 9.4
26 | 05.11.08:01 | 23.9 8/b | 1651 72| 0790 | 1221 |BS6N| 1.000 | 1.807 | 1.923 | 186 | 368 | 162 | 12.1 9.7 | 222
27 | 06.11.07:56 | 24.4 8/b | 1664 1.7 0539 | 1122 | 0745 | 1483 | 1.851 | 2267 | 101 | 13.0 89 |22 104 | 364
28 | 07.11.08:28 | 29.2 4/c | 1880 16.6 | 1145 | 1362 | 1129 | 1.647 | 1594 | 1657 | 154 | 342 | 132 | 270 | 220 | 205
29 | 11.11.0825 | 236 6/b | 1411 76 | 1268 | 1106 | 0775 | 1.081 | 1585 | 1290 | 111 | 198 | 143 | 126 | 122 | 241
30 | 12.11.08:05 | 23.9 8/b | 1669 129 | 1582 | 1232 | 0572 | 1.200 | 1792 | 1517 | 104 | 154 | 382 | 244 99 | 295
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No. Start of DM NP | ¢(CO;) | POT fm SD(fm)
measurm. max max ¢(CO2) > 1000 vol.-ppm ¢(CO2) <1000 vol.-ppm ¢(COz) > 1000 vol.-ppm ¢(CO2) <1000 vol.-ppm
h] [vol.-ppm] CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1 CCS SGP IDT 1

31 | 13.11.08:00 | 22.9 8/b | 1921 [218 | 1953 | 1.649 | 0573 | 0971 | 1742 | 1.034 | 355 | 225 293 65 | 146
32 | 1411.07:02 | 313 6/c| 2224 131 | 0543 | 1322 | 0782 | 0987 | 1749 | 1751 | 124 | 107 | 135 | 222 | 137 | 282
33 | 15.11.14:27 | 663 1c| 605 0 1542 | 1941 | 2157 203 9.8 | 111
34 | 18.11.0851 | 234 | 10/c |36 10 0448 | 1407 | 0670 | 1249 | 1715 | 1510 | 170 | 152 79 | 279 | 127 | 223
35 | 19.11.08:16 | 484 1c | 2377 56 | 0442 | 1955 | 0798 | 1.050 | 1.646 | 1.207 78 | 174 | 189 | 229 96 | 242
36 | 21.11.08:39 | 29.4 1c| 698 0 0.845 | 1.456 | 0.989 140 | 163 | 184
37 | 2211.14:37 | 658 1/c
38 | 25.11.08:30 *
39 | 26.11.08:20 | 23.9 o/b | 1871 [ 124 | 1462 | 1.285 | 0700 | 1.248 | 1.522 | 0.933 87 | 180 | 183 | 167 88 | 17.0
40 | 27.11.08:13 | 243 9/b | 1870 9.9 | 0928 | 1174 | 0774 | 0986 | 1.694 | 1.074 | 295 | 101 | 112 | 111 9.7 | 114
41 | 28.11.08:35 5.9 9/b | 1726 [ 212 | 0713 | 1.151 | 0.768 | 0.865 | 1.567 | 0.829 82 | 117 74 | 243 | 125 | 127
42 | 29.11.15:05 | 653 /b | 542 0 2744 | 1101 | 1.299 249 | 131 | 150
43 | 02.12.08:15 | 24.0 *
44 | 03.12.08:00 | 24.0 *
45 | 04.12.08:00 | 24.9 5/b | 1506 25 | 1145 | 0875 | 0372 | 2493 | 1309 | 0.808 83 | 114 | 327 | 260 [820N 162 |
46 | 05.12.08:49 | 25.0 7/b | 1601 6.7 [N22420 0.892 | 0700 | 1.045 | 1354 | 1.656 |GG 158 | 229 | 16.7 9.9 | 186
47 | 06.12.15:06 | 65.7 /b | 1776 26 | 1854 | 0911 | 0528 | 1.016 | 1.663 | 1.089 69 | 121 | 295 | 123 60 | 149
48 | 09.12.12:00 | 206 | 12/c| 3549 |72 0368 | 1.122 | 0569 | 0523 | 1299 | 0676 | 144 | 229 | 13.0 68 | 113 6.0

Footnote a b C d e *

room volume [m3]/ information 354 51 90 339 158 sensor dropout

Selected measurements with clusters of maxima or minima are highlighted at the next page in Fig. A1 and A2 to provide further information on possible reasons
why the algorithms tend to larger deviations between e(CO3) and ¢(CO:)m values. It seems that the gradients and absolute concentrations during the first minutes
after start of measurement play an important role for the precision of correlation of both values. This hypothesis could be proved with more details if the
mathematical schemes of the algorithms are considered. If the hypothesis is true, several large deviations between e(CO;) and ¢(CO3)m values found in this
campaign with daily new start of the sensors, will not occur during long-term applications of the algorithms, since the sensors will operate then continuously
without daily new start. The arrows in Fig. A1 and A2 indicate the relevant y-axis for each curve.
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Fig. Al: Courses of e(CO.) and ¢(CO;)m values during the measurements No. 2 (left) and No. 20 (right) of MSS 2, arrows indicate the relevant y-axis
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Fig. A2: Courses of ¢(CO;) and ¢(CO.)m values during the measurem. No. 12 of MSS 3 (left) and No. 48 of MSS 4 (right), arrows indicate the relevant y-axis.
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