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* [ntroduction: indoor applications and air quality

Gas measurement systems — more than jUSt SEeNnsors
» The three “S”
= Gas measurement systems
= Signal processing and evaluation
= Calibration and field testing

Indoor Air Quality monitoring
= Target gases and concentrations
= Potential sensor solutions

Novel developments
= Novel sensors: versatile GasFETs
= System self monitoring
=  Multifunctional multisensor systems

Conclusions
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Why worry about indoor air?

= Safety
= Gas leak detection (combustible gases, e.g) CH
» Fire detection (various gases)
» Hazardous gas detection (e.g. CO)

= Malodor detection (kitchen & bathroom ventilation)

= HVAC systems
= Reduced air circulation for greatly reduced enagysumption

» CO, monitoring for fresh air

» Increased levels of VOCs lead to sick building syndrome

» Selective (formaldehyde, benzene etc.)
and sensitive (ppb level) detection

= Systems have to be adapted to the specific room usargste
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Sensor requirements
= Low cost
* Networked systems (in major buildings, but also pavatmes)
» Long lifetime: >10 years without maintenance fovpte homes
Which sensors are used today?
= Safety
= Gas leak detection: pellistors (ind.), human nose @adaMOS)

* Fire detection: various sensors, mostly optical;
gas sensor systems under development (EC, MOS, GasFET)

» Hazardous gas detection: EC, MOS
= Malodor detection: MOS

= HVAC systems
= CO, monitoring: NDIR (in major rooms/buildings), EC, GaSFE
= VOCs: MOS (total VOC), GasFET (emerging)
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The three “S”
= Sensitivity
» Broad spectrum

from ppb (for malodors, ozone, hazardous VOCSs)
up to 1000 ppm (gas leak, O

= Selectivity
» False alarms are primary concern for fire detectiatia/ 10:1)

= VOC detection: hazardous (formaldehyde) vs. neugtabbol
vapor, cleaning agents) vs. wanted (odorants)

= Stability
= Industrial applications: maintenance interval < 6 then
= Public buildings: annual or bi-annual tests (if that)
» Private homes: 10 years lifetime w/o regular maimen@
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A generic modular gas sensor system

/r.h. —> sensor
% AN | - signal —> ‘ O Q
§ < |chemical and/or [+ .| Pprocessing display
S § |IRgassensors |- and
= £ 1 | evaluation
© \T - electronics - | data
interface
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2 .. Temperature Cycled Operation (TCO) — hardw '
Hardware platform for exact temperature control and large dynamic
range data acquisition-Ise-width-modulated/ easuring-nd -eating Unit
e Heater temperature control MCU

Heater resistor {T) controlled for exact I ompersaton mods.
temperature control of (micro-)hotplates E | | Calibration L, CALC |
« Sensor resistance read-out - S —— -
Gas sensitive layer:Jgas) eIt
— Closed-loop control mode L — Econfro' meck Vier
—> constant voltage drop.acros§ R +‘_ H-CTRL A o TRl +
— Temperature compensation mode a F -
- large dynamic range of 26 bits daoc | [owm WM ADC
« Software controlled [
« 16 bit PWM outputs used to apply R o Rs
Signa|S to Iﬂ and F% Heater control path including Sensor path including adder,
integrator, signal adaptation current mirror, signal adaptation

Th. Conrad et al., IEEE Sensors Conference 2005
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: 1. Normalization of the response curves reduces sensor drift
Signal : .
_ 2. Generation of secondary features, levels, slopes efc.
evaluation: 3. Suitable patterns are extracted for further evanat
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Evaluation of sensor data based on
temperature cycling (example)
- Virtual multisensor

Characteristic features of the curve shapes
(i.e. dope at the end of the high

temperature phase andcurvature during <
the low temperature phase) are evaluated, to- §
discriminate between different gasesin &
several steps.

o
=Rmm, T. R
IEEE Sensors Journal, Vol

Note: the decision tree reflects the chemi
composition of the solvents starting with t
alkane pentane and the aromatic benzen
(both pure CH-compounds), then the alco
(R-COH) and finally the three ether
compounds (R1-O-R2). This indicates that
an expansion might be possible to classify
many different molecules.
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W Temperature Cycled Operation (TCO) — softwa -

Synthetic air, Iso-Pentang,

Benzene, Methyl Alcohol,
Methyl Tert-Butyl Ether,
Diethyl Ether, Prop. Oxidg

[
T-Cycle 1

\ 4

Decision 1

Iso-Pentane

\ 4

Benzene

Decision 2

Methyl Alcohol

4, No. 6,

|
T-Cycle 2

\ 4

Decision 3

Methyl 4-Butyl Eth.
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Decision 4

< Diethyl Ether

Gas Sensors for Indoor Air Quality Monitoring — EuNie-Meeting — Copenhagen, Oct. 3-4, 2013

Propylene Oxide



N

Many possibilities for
optimization:

...andalwaystesting under real
application conditions (field

Sensor selection
Operating mode
Data acquisition
Signal preprocessing
Feature extraction
Separation
Classification

testing)!

Targetappl. >~

NN = Gas measurement systems — more than se OrSHF‘/‘”"’.’“’.
Temperature Cycled Operation — system desig '

!

feature extract.

A 4

———

discrimination/
separation

v

classification

uonelyIsse|)
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Calibration: novel gas mixing system for VOC testing dwn to sub ppb-level

Synthetic air

—_— e

Nitrogen

Synthetic air

Hl.lmldlflt;_a_!:_l_g[\
MFC T-controlled
500 mi/min el washing bottle
Filter valve
.yg_lve

_Permeation gas generation

Y
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Filter
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exhaust

Y
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|

Filter
] MFC Permeatlon
H 500 mi/min oven 2
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v
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Test gas 1 (bottle)
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MFC
@ 20 ml/min

Synthetic air
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Gasmixing ol A
: % Test gas
Humidity 2 + exhaust mixture Sensor
g = 1j chamber
3/2-way valves ;Il;
e Tt Temperature
Permeation gas 1 0 MEC > Sensor
& . 20 mi/min |
Flitar exhaust MFM .
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Novel gas mixing system: results of reference measurent (zero air)

benzene 71-43-2 O 17 0.053
toluene 108-88-3 0.06 0.016
chlorobenzene 108-90-7 0.26 0.056
camphene 79-92-5 0.29 0.052
benzaldehyde 100-52-7 0.2 0.046
phenol 108-95-2 0.3 0.06
benzonitrite 100-47-0 0.61 0.144
octanal 124-13-0 0.1 0.019
benzyl alcohol 100-51-6 0.19 0.043
acetophenone 98-86-2 0.62 0.126
naphthalene 91-20-3 0.24 0.046
bicyclol[2.2.1]- 465-30-5 16.2 2.6
heptane,2-chloro-

2,3,3-trimethyl
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Novel gas mixing system: results of first sensor tests
Sensor reaction

T T T T T T T T T 2 10
9.0x10° o | — cond. UST 1000 - F ol ppb
; B conc. formaldehyde ﬁ/ upper range value of ADC i forma|dehyde
p— e =1
8,0x10" :
< I =
< 7.0x10° - o e 0.1 §
C
S / _ O
-3 _| =
g 6.0x10 — L 0,01 S
= : o
g 5,0x107° =
o ’ o ?
O _ i | g3 8 Relevance?
, = \ : Legal limits in
4,0x10 —fﬂﬂv [ France:
' mm - 1E-4 Formaldehyde
3,0x10° i

25 ppb in 2015;
| Benzene
time [s] 0.6 ppb in 2016
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Indoor Air Quality monitoring
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MNT-ERA.net project VOC-IDS )2t eranet
= Volatile Organic Compound Indoor Discrimination S&ns C

= Scenario specific detection of hazardous VOC

= |ntegration of sensor system into KNX building au&tion networks

WPR2 Solid State Scersar
develuprnenl - ST

WPl
Oefinitian
of target

WP3: Develop, of data WG Evalualionurider [ab
Frocessing algaritbm - LMT and tield conditions - LMT ~”\H WP a!

dafinition - Weinzierl calibration cystorr 25 r2rewal
strategies -

WP Censnr elertrnnins & ALDEC

specifica-

EARRS ane <\ ; Ewalwpun
fancticha \ WP EMNE interfaos APT: Development of sensar / of air

tlons -

softwac dow, KWanofonso

WP Project coordination{incl, oint 12R stratezy, input to staadard zation, dissamination) - LMT
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VOC-IDS: ppb-level detection of VOCs against background gases?

Similar requirements: Fire detection in coal mines
= CO/CH, mixtures at 10 ppm/100 ppb respectively
= Background: up to 1% methane + interfering gases:€@, H, NGO, etc.

450 T T T T T T T T

long term stability different temperature levels

400 - C,H, \ _ 1 for the target gases

387C |
ramps between these levels
allow max. reproducibility

350
300

250

feature extraction

slopes and mean values from
these sections

200

P. Reimann, PhD thesis, UdS-LMT, 2011
temperature set point [C]

150 \ | \ | \ | \ | \ | \ |
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6~ UST 1330; A A
gas atmOSphere air flow: 500ml/min
41
(Q\]
raw-data & 2t
feature extraction S o
T ° 50%
% oL r.H. m3
=
£ B
G
R0 70%
© L 30% r. H.
r.H.
J
R P DT

discriminant function 1

discrimination along function 1
similar for CH,

P. Reimann, A. Schitze:
Sensor Review Vol. 32 Iss: 1, 2012
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(1% + 4 ppm +
ramp 0,06..0,16 ppm) 7

\
i
——

'
(4]
T

-100 0 100 200 300 400

discriminant function 1

5 T T T T T T T T u T
! UST 1330

. 4+ air flow: 500 ml/min
o~ : i ]
S v 3L ' non-fire 4
~ i CH4+CO ]
— 0.1% |0.5°/o| | 1% I 2 B (1%+4ppm) -
0 o I ]
ﬂ .S 1 ‘ i
N S 9 - ) ) non-fire |
50 A increasing CHa (1%) | |
— E :
(@] £ 1r .
S £ A concentration ]
= g2 A .
2 s ‘ fire .
D -3+ M VCH4+CO+C2H4 .
0% 4 -
; %
wn
C
q) "
n

P. Reimann, A. Schitze:

alarm decision
discrimination along function 1 & 2
additional step(s) for interfering gases

Field test: correlation with existing sensors shown, stability setedoe improved
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Novel developments M7

Gas Sensitive
Layer

Novel sensor materials and transducer principles
= Nanotechnology for improved gas sensitive layers
= Novel transducer principles
= (Gas ionization (can be electronically controlled!)
» GasFETs commercially available

Suspended Gate

/

Techn oiog;u

SENS

/

GASB Chip

Readout

Floating Electrod :
Sl Transistor

Source: Micronas
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SIC Gas-sensitive Field Effect Sensors (Link6ping U,e8SiC)
* high temperature operation
» allows temperature cycled operation as for MOS
= (nano-)porous platinum and iridium gate materials

Vo
I

7 insulator

p_type Ieplilayer:3:-'.'3:-:3:3_'-:-:-'_- _:V
n-type substrate ’

772277777777

4 V4 V4
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SIC GasFETs (Linkdping U, SenSiC): high sensitivity
610 | Pt-gate @ 220 °C o[ | Ir-gate @ 300 °C

sensor response Vpg [mV]

conc. [ppb]

605

600

595

ipg =45 A, Vg=0V

sensor response
smoothed signal

ipg =14 WA, Vg =2V
i ‘

1

840
820

800

780
760
740

sensor signal Vp [mV]

1 720 |- §
—{=— Benzene i 700 [
—O=— Naphthalene . -
- O ' B 1888 _‘ﬂ—uﬁ sensor response 7]
o ro'l h = 3800 | smoothed signal -
="rm L
- T S 600 [ —/— Formaldehyde
- 7 S 200 ]
o ol . . . . ]
0 30 60 90 120 150 180 210 240 0 2 4 6 8
time [min] time [h]

Sensor reaction to 2 ppb benzene

e
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System integration: temperature and gate bias variabn for SIC-GasFETs

240
——5%0,inN, —0o— 400 ppm CO 6 —
40 s ramp ] 2401 40 s ramp . Uyare
200 F . r 1 51 4
I ] 200 |- / i | |
160 | / 4 I 1 4t 4
= < L 4 b
g / | g 160 / - |
8120 i = 120 5 3r .
£ g 120p 1 8
3 80 i ° s} . S
i ] i Pt s -
a0 A 4 o i
— ’—- ~ ’7 0
o T S e 0 20 40 60 80 100 120 140
0 1 2 3 a4 5 0 1 2 3 4 5
gate bias U (V) gate bias U (V) time (s)
300 5% 0, inN, T i 90[5% O,inN, S ]
40 s ramp 120 s ramp
1 80 F
250 |- -
70F
g 200 [ g 60 _
8 2 5ol
= 150 | = I
o G 40t
ST ® sof C. Bur et al.; Influence of a
50 20| Changing Gate Bias on the
_ ol Sensing Properties of SiC
0 Field Effect Gas Sensors,
gate bias U , [V] gate bias U  [V] IMCS 2012
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» Electrical Impedance Spectroscopy yields similar mapment in selectivity
as Temperature Cycled Operation (but time scale iplaly different)

61— 41—
EIS data TCO data
- 3 1% CH,
+ 10 ppm CO §
~N 1% CH, o~ + 100 ppb C,H, 3
S T +10 ppm CO I
: s | & g
< (@)
S o o 1% CH, S 1
Y g = .. O
E E air O
& 1% CH o 8
£ o 4 £ o~ 1%CH,
£ \4 +10 ppm CO £ + 100 ppm CO O
E +100 ppb C,H, 5 % 1% CH, 8
» | <& I
2 4 3 % 2 +100 ppb C,H, o
a
a
o~ shifts caused by 100 ppb % 2 @ 1% CH, ©
2
ethene in 1% methane ] ©
8- 3|~
| ] | | | | |
-100 0 100 200 -40 -20 0 20 40
el e discriminant function 1

A. Schitze et al.: Improving MOS Virtual Multisemsgystems by Combining Temperature Cycled Operation
with Impedance Spectroscopy, ISOEN 2011
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Sensor self-monitoring with combination of TCO and ES

Ty
v

discrimination

l

classification

hardware for EIS
-poor mobility

discrimination

i

i

7} i

m 1

(4] i

O i

S :

:

< 1

S l :
N i

@ :
(] 1

© 1
i

]

Improving MOS Virtual Multisems®ystems by

S S ———

decision process

classification

hardware for TCO

operation available -highcost
at reasonable cost -long acquisition time |
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Spectroscopy, ISOEN 2011
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Low cost EIS hardware realization: general approach

= Implementation using an FPGA (field programmable garray)

= MLS signal refined with variable amplification ugidedicated circuit
= Data acquisition using high speed ADC (sample 28t MHz)

i
I ADC I
i
|
[ --------I FP1§A I-----.‘gjgmg

sensor stimulation data acquisition

‘]U[PDUF -

signal refining
and amplification

A. Schiitze et al.: Improving MOS Virtual Multisems®ystems by

Combining Temperature Cycled Operation with Impegan

Spectroscopy, ISOEN 2011
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MOX gas sensor

Y
@:

s
S o> O

Ay

E IR measurement Ghamberﬁ Filtere

rhiTl (P Q\ Thermopile
s Microphone

=

i)

2 Y

o U,

Up MCU U =
Ur ADC ||PWM | Umnem :4’:}
Uniop TCC ||UART

! ElA-232

®®

st g,

Muuuu W | Y | |
UL

Messtechn®

MOS-IR measurement system:
»Gas filled chamber (9 cm length)
*MOS gas sensor (MICS 5131, e2v)

»Transmission: Thermopile (HIS A21 F4.26,
Heimann Sensors)

»Ambient condition monitoring (p, r.n./T)
=Electronics controlled by a microcontroller

=Configuration settings set by a GUI
(LabVIEW)

=Data evaluation offline using Matlab

K. Kihn et al.: Investigations on a MOX Gas Seraan
Infrared Source for an IR-based Gas Sensing System,
IMCS 2012
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MOS signal:
Raw data DC resistanee Shape of the response curve from temperature cycle

- =5 (qV}
E| 1.05 T T T [ T T T T T S
< —=— 125 ppm CO o 9007 —=—co (25, 75,125 ppm) N
g 1004 —e—120ppmC,H, % 00l C,H, (20, 70, 120 ppm)
8 099000000000 0000 < ] 0p)
3 0.95 3 700 O
© . 4
5 5 =
o o —
= 090% z < 600+ ..
£ i S —
S 015{ | T 500 @©
= - @
o 0.101 © O
30 = 4001 o
i 0.051 09009090 S pt
£ S 300+ =
% 0.00 T T T (O] T T T T T D
0 1 2 <>é 0 500 1,000 1,500 2,000 XY
Time in temperature cycle (s) = Time (s) ¥

Transmission signal:
Raw signal (thermopile)» DFT analysis of raw data (90 ON/OFF cycles) Y (f=f,)[?(c)

700 T T T T T T T T T T T T T
—m— synth. air ] —m— synth. air | —
L) —v— 40,000 ppm CO - M /%F —e— 2,000 ppm 5 4M A \ C02 g
__ 60044 ‘ g ~4— 5,000 ppm S "
=] ! - i —v— 40,000 ppm | N
£ 500 ‘ l“! “h = A =
= 1 = J
z vI W wﬁ > oM [ o =
7] ° /v ) b
E 400' ' = iy E
B ‘ S 1M €
c v © ()]
2 3001 -‘u" . £ g
f 0 {Pepue?¥ t*‘tl Kt" PPonny = "
o L 2M-
200 T T T T T T T T D T T T T T
0 1 2 3 4 0.48 0.49 0.50 0.51 0.52 0 10k 20k 30k 40k

Time (s) Time (s) Concentration (ppm)

Gas Sensors for Indoor Air Quality Monitoring — EuNie-Meeting — Copenhagen, Oct. 3-4, 2013 26




QEN%\ i

i ELINETAlR

European Netwari
for Cor

Novel developments

®®

e,
Pesstoch

Transmission signal, f = 6 Hz square wave mod. of the MOS gas sensor (MIGA31, SGX)

Transmission signal CO, (Thermopile detector)

Time (s)
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K. Kihn et al.: Investigations on a MOX Gas Seraoan
Infrared Source for an IR-based Gas Sensing System,

IMCS 2012
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= Indoor applications are of increasing interest,
especially for improving energy efficiency and healtt

=  (Gas measurement systems are more than jUSt Sensors

=  Multifunctional, intelligent multisensor systems can adress
emerging applications

= Application specific development still required

= Field testing is an absolute must for any chemical ssor system
> Field tests of VOC-IDS sensor systems are starting now

= Chemical sensor systems can become ubiquitous in moder
building environments and a key to Indoor Air Quality
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