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Abstract—An improved and compact gas sensor using mid-
infrared spectroscopy for highly responsive Carbon Dioxide
(COy) detection is presented. The sensing principle is based on
open-path direct absorption spectroscopy in the mid-infrared
region. The improved reflective structure of optical gas sensor
consists of low cost and compact components. Several gas cell
configuration which includes SISO, 2-MISO, 4-MISO and 8-
MISO were simulated using ZEMAX®12 using non-sequential
ray tracing technique to get the optimum radius of the reflective
curved surface. Sensitivity analysis has shown that the optimised
structure of 4-MISO yields the highest sensitivity and power
efficiency of -0.2895%71 and 12.298% respectively. The
developed gas sensing system using the optimised gas cell has
shown the capability of accurately detecting CO2 concentration
between 1.5% and 5.8% with no cross-sensitivity with other
gases present in the gas cell. The newly developed CO:2 sensor
exhibits high responsivity with the recorded rise time and fall
time of less than 1 second respectively.

Index Terms—Carbon Dioxide
Responsivity; Spectroscopy.

Sensor; Mid-Infrared;

I. INTRODUCTION

Carbon dioxide (CO-) has been the predominant source of
pollutant gases incurred by the combustion process of fossil
fuel and recognised as being one of the most influential
greenhouse gases. Over the 420,000 years ago, the Earth’s
atmosphere which comprised of CO. that has periodically
changed in the time frame of about 100,000 years (in
conjunction with the movement of Earth’s axis) from 180 to
290 parts-per-million (ppm) by volume [1]. However, the
CO, concentration level has begun to reach the maximum
value of about 280 ppm in 1850 [2]. Surprisingly, the overall
level of CO; concentration in the Earth’s atmosphere has
significantly increased and reached the unprecedented level.
It should be noted that the average annual concentrations of
CO; in the atmosphere in 2013 and 2014 are 396.48 ppm and
398.55 ppm respectively. For the past decade between 2005
and 2014, the average annual increase is 2.1 ppm per year
meanwhile the average for the prior decade between 1995 and
2004 is 1.9 ppm per year [3].

As illustrated in Figure 1, a large share of energy-related
CO, emissions comes from a small number of countries. In
2012, three countries (China, United States and India) gave
rise to almost half of global CO; emissions from fossil-fuel
combustion, while ten countries (China, United States, India,

Russia, Japan, Germany, Korea, Canada, Iran and Saudi
Arabia) accounted for around two-thirds [4]. Since 1990, total
emissions in the United States and Japan have increased
slightly, while they declined by about a fifth in the European
Union. After a fall of almost 30% in emissions from Russia
in the early 1990s, the emissions increase after that has
remained limited. In 2006, China overtook the United States
as the biggest CO- emitter, while India overtook Russia as the
fourth-largest emitter in 2009 [5].
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Figure 1: Energy-related CO, emissions from selected region [5]

Recently, there are a number of industrial processes which
involved with the manufacture of CO. on site as the
intermediate substance in producing the chemical compound.
For example, a huge amount of CO, utilised to improve oil
recuperation [6]. The use of CO, been extended to various
types of applications by manufacturers nowadays such as in
chemicals, pharmaceuticals, food and beverage, healthcare,
metals industry, electronics, pulp and paper and waste
treatment [7-9]. It should be noted that people with the normal
function of neurological, cardiovascular, pulmonary-
respiratory may not experience serious health problem
underexposure of CO; gas concentration from 0.5% to 1.5%
within the duration of up to 7 hours continuously [10].
However, longer exposure or higher concentration of CO,
than that has significant effect on human health. It may occur
if the minimum level of oxygen in the bloodstream or
atmospheric air that needed to maintain people life is
decreased. Besides that, people may also experience
hazardous health condition if the amount of air taken during
breathing is altered. For instance, human breathing rate due
to physiological effects will become quicker than the effect
caused by the displacement of oxygen, relying on the level of
CO- gas concentration [10].
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With thoughtful consideration to global warming issue,
particularly from the standpoint of exposing to CO, emissions
from the industrial processes, a compact and highly
responsive gas sensor should be developed to monitor the
presence CO- in the industrial environment at an early stage.
Uncontrollable exposure of CO2 to human will definitely lead
to harm and could be hazardous indeed. Analyzing and
designing the highly responsive and efficient CO; gas sensors
have become subject of interest to many scholars over the last
decade in order to fulfil human needs. Current existing CO,
gas sensor normally consists of highly expensive components
which constructed in bulky structure and involved complex
fabrication design. Thus, a low cost and a compact CO; gas
sensor which exhibits high responsivity should be designed
properly. In this work, an improved CO; gas sensor for CO;
concentration measurement using absorption spectroscopy
technique is developed and analysed at low concentration.
Hence, to observe the performance of the developed sensor,
repeatability and responsivity of the improved sensor is
compared to the previously developed sensor, particularly for
measuring CO; at low concentration.

Il. THEORY

An optical absorption based gas sensor offers fast response,
very minimal drift and high gas specificity with zero cross
sensitivity to others gases [11]. In terms of detection limit,
lifespan, susceptibility to cross-sensitivity and ability to
withstand a harsh environment, an open path absorption
sensor has been proven to be the most suitable of these
technologies. Sensors based on open path configuration can
provide the capability of lower detection limit. An open path
gas sensor is where the light is coupled into the gas cell and
propagates into the free space through the measurand [12].

A. Absorption Spectroscopy

Absorption spectroscopy techniques offer direct, rapid, and
often highly selective means of accurately measuring gas
concentration [13]. However, to use absorption spectroscopy
technique, the gas detected must have significant distinct
absorption, emission or scattering in a convenient region of
the optical spectrum. Different gas molecules will absorb
radiation at different wavelengths, as each gas species has
their own individual absorption spectrum. CO, has a
characteristically strong absorption band in the mid-infrared
region, extending from 4.2 um to 4.5 pm, with its high peaks
at 4.23 um and 4.28 pm wavelengths as shown in Figure-2.
Apart from that, CO, also shows a weaker corresponding
near-infrared overtones absorption band around 2.7 pm, two
orders of magnitude lower than that at 4.28 pm. The
fundamental absorption lines of the majority of the
atmospheric gases are located in the mid-infrared region with
weaker overtones in the near infrared region [14]. Figure 2
illustrates the intensity of absorption by CO; in the mid-
infrared region with the maximum CO, intensity of 3.543
x108cmt mol™ cm?.
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Figure 2: The absorption spectrum of CO; in the mid-infrared region
showing its fundamental line strength at 4.23 pm and 4.28 pm [15]

B. Beer-Lambert Law

The linear relationship between absorption and
concentration of an absorbing species can easily be calculated
by using the Beer-Lambert law, which is shown in Equation
(2). It is most commonly used to calculate how much incident
radiation is absorbed by a sample. This is described in detail
by many chemistry textbooks and journal [16]:

|
|n(|—]=—g><cx| (1)

where | is the transmitted intensity or the radiation after
absorption, lo is the incident intensity or the radiation before
absorption, £ (cm?/mol) is the wavelength dependent molar
absorptivity of the species, | (cm) is the optical path length,
and ¢ (mol/cm?®) is the concentration of the absorbing species.

C. Concentration Calculation

A variation of the Beer-Lambert Law was utilised by a
specifically designed LabVIEW program to calculate the
concentration of the gases present. The concentration of the
species and a molar absorptivity of the species can also be
expressed in different terms as shown as follows [12]:

c.xd

c=—""— @)
wx10 °

e=oxN, 3)

where ¢ (cm?Molecule) is the wavelength dependent
absorption cross-section of the species, w (kg/mol) is the
molecular weight of the species, d (kg/cmd) is of the density
of the species in air by volume, Na (Molecule/mol) is
Avogadro’s constant and Cppm iS CO2 concentration in parts-
per-million, or ratio of CO, molecules to total molecules, in
the atmosphere. Hence, substituting Equation (2) and (3) into
Equation (1) will give:

(4)
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Therefore,
— InL x Wx10°
l, )
Cppm -
oxN,xdxl
Or,
—{lnl}xleO6
I (6)
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A variation of Equation (5) shown in Equation (6) is
utilised to calculate the measured absorption cross section for
CO,. This measured absorption cross section represents the
average of the absorption present across the full spectrum of
the filter range. This value will be used during further tests to
calculate the concentrations of the CO; present in the gas cell.

I1l. PROPOSED APPROACH

A reflective type of gas cell offers long path length
incorporating more compact gas cell design than that of the
transmissive type. It is proven from Beer-Lambert law in
which absorption is directly dependent on path length of the
gas cell [16]. Longer optical path length offered by the
reflective gas cell than transmissive type by which indirectly
raising the level of absorption by the gas species,
subsequently improve the sensitivity of the system [17-18].
In the optical carbon dioxide gas sensor, the infrared radiation
from optical source transmitted through the detected gas
twice and doubled the optical path length, thus improve the
detection accuracy [19]. In comparison, a reflective gas cell
is not only compact in size but also offers better sensitivity
due to its longer optical light path. The sensitivity of an open
path absorption based sensor can simply be improved by
increasing the path length of the gas cell. However, this will
decrease the signal detected at the detector circuitry
subsequently reducing the signal-to-noise ratio (SNR) of the
sensor system which may affect the minimum detection limit
of the sensing system. Hence, the optical path length of the
gas cell should not be increased to a point where it may
decrease the overall minimum detection limit of the sensing
system [12].

A. Simulation

The reflective gas cell used to house the sample of gas in
the optical gas sensor must be constructed from either
stainless steel or aluminium due to ruggedness and relatively
low cost of these metals. The optimised CO- sensor using
single-input and single-output (SISO), 2-input and single-
output (2-MIS0), 4-input and single-output (4-MI1SO), and 8-
input and single-output (8-MISO) was designed and
simulated using ZEMAX®12 software to get the optimum
radius of reflective curve surface using non-sequential ray
tracing technique [20]. Figure 3 shows the illustration of ray
tracing for SISO, 2-MISO, 4-MISO and 8-MISO of the
reflective based CO- gas cell using a reflective curved mirror.
Notice that, multiple ray colours are used in Figure 3 to show
the ray propagation from one segment to another segment. As
can be seen, it consists of an emitter, detector, CaF. window,
cylinder tube, a rectangular tube and reflective curved mirror.

Curved
Mirror

|
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Detector
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Cylinder

1 o
2—.\IISO/ Tube
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CaF2 \\'mdm\/
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Figure 3: Ray tracing of reflective cell using single and multiple emitters;
(a) SISO (b) 2-MISO (c) 4-MISO (d) 8-MISO configurations

From Table 1, SISO configuration exhibits the lowest
power loss in the gas cell structure as compared to other
configuration due to its maximum power efficiency of
28.03% with the lowest merit function value of 0.648.
However, total power detected for SISO configuration is
much less than power detected by 4-MISO and 8-MISO
configurations. Regarding the level of power detection, 8-
MISO configuration has the highest detected power as
compared to others. However, the power efficiency of 8-
MISO configuration is quite similar to 4-MISO
configuration. Power efficiency can be calculated based on
the following Equation (7):

Pefficiency (%) = % x100% @)

Table 1
Comparison of Simulated Power for Various Configuration of Gas Cell

. Supplied Detected Power
. . Op“”.‘“m Input Output Efficiency
Configuration Radius -
(mm) Power Power (%)
(mW) (mW)

SISO -30.55 1000 280.28 28.028
2-MISO -45.38 2000 202.32 10.116
4-MISO -42.11 4000 491.91 12.298
8-MISO -41.54 8000 994.70 12.434

B. Sensitivity Analysis

The sensitivity of the gas sensor in this work is defined as
the change in output for a given change in input, usually a
unit change in input [21]. Sensitivity also refers to the sensor
output per unit sensor input [22]. In this work, parameter
input is the CO, concentration, ¢ and parameter output is the
transmittance, T.. Clearly, sensitivity represents the slope of
the graph of transmittance, T, versus concentration, ¢ as
shown in Equation (8) [23].
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T, -T
S: cl':l_CrZ (8)
1 2

Figure 4 shows the graph of transmittance versus
concentration for carbon dioxide concentration between 1.1%
and 2.0%. It can be seen that the transmittance decreases as
the gas concentration decreases. This is due to the drop in the
detected signal power as the concentration is reduced. Since
the detected reference power is constants, transmittance value
is solely dependent on detected signal power. The sensitivity
of the optimised gas cell configurations was calculated using
Equation (8). The overall sensitivity of SISO, 2-MISO, 4-
MISO and 8-MISO from 1.1% to 2% gas concentrations were
calculated as being -0.2561%, -0.2789%?, -0.2895% and -
0.2681%* respectively.
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Figure 4: Graph of transmittance versus CO, gas concentration

Sensitivity analysis was performed on the optimised SISO,
2-MISO, 4-MISO and 8-MISO gas cell configurations based
on their power detection. Simulation results have shown that
SISO configuration yields the highest power efficiency of
28.03% but suffers from sensitivity issue. 4-MISO
configuration yields the highest sensitivity due to its
optimised structure and the positions of the optical
components. The position of light sources in 4-MISO
configuration has minimal scattered light effects as compared
to 8-MISO configuration at which symmetrically located
within a small distance to each other.

C. Optimized Gas Cell

Based on simulation results, 4-MISO configuration was
selected as it exhibits the highest sensitivity and relatively
good efficiency compared to other configurations with -
0.2895%* and 12.298% respectively. The proposed gas cell
is compact as it is based on reflective type which consists of
few optical components, tubes and reflective surface. Figure
5 illustrates the detailed cross-section view of the proposed
reflective CO; gas sensor showing the light propagation and
gas circulation inside the gas cell. The infrared emitters are
attached on top of the gas sensor’s surface subsequently
reducing the transmission losses. Instead of using the highly
expensive CaF; lens for collimating the infrared radiation as
used in previous works [24-27], it is replaced with a CaF;
window. To have better light coupling to the detector at which
centred in the middle of the gas cell, the rectangular tube is
attached between the CaF, window and the detector position.
Curved surface as a reflective mirror which also made of
aluminium is attached at the end of the gas cell replacing the
previous flat reflective mirror used.
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- ‘h 1 \ [
“ Can'lWin‘dow 1 5 mm
I P B N
‘Cyli,hder 'I"ube,’ i 10 mm
2mm N ‘w" II‘UI [ 1
Cuyved S _
5mm $ [ | = ve ,ur v I | 10 mm
[ [m]
€ 38.1mm ——>|
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=) Gas Flow

= = Light propagation

Figure 5: Cross section view of the optimised reflective CO, gas sensor

As depicted in Figure 5, the pulsed infrared radiation from
filament emitter will be launched into the gas cell through the
CaF, window. Following transmission into the gas chamber,
the infrared radiation travelled across 10 mm of cylinder tube
where it will interact with the measurand gas before coming
in contact with a curved aluminium end surface. Upon contact
with the curved aluminium surface, parts of the infrared
radiation will be transmitted back to the same CaF, window
where it will be confined into the rectangular tube attached to
the centred pyroelectric detector.

IV. EXPERIMENTAL SETUP

Figure 6 shows the schematic diagram of experimental set-
up of the proposed reflective mid-infrared sensing system as
assembled in the laboratory. The optimized gas sensor
consists of low cost and compact mid-infrared region
component, a broadband infrared radiation light source (2-20
um), filament emitter reflectIR-P1C (1-10 Hz) and infrared
light source evaluation kit from ion optics, LIM-262
multispectral pyroelectric detector circuitry, and also a
compact reflective gas cell where curved aluminium
reflective surface was used at the end of one side of the gas
cell while CaF; window located at the other side. The window
acts as a transparent barrier between the outside environment
and the interior of the gas chamber. The pyroelectric detectors
are fitted with two different filters, one with Narrow
Bandpass filter at a centre wavelength of 4.26 um for CO,
detection and the other with a reference filter at a centre
wavelength of 3.95 um with a bandwidth of 180 nm and 90
nm respectively. A computer detected the voltage response of
the sensor by using a National Instruments BNC 2110 Data
Acquisition (DAQ) card and LabVIEW software. Both gases
CO; and N, were mixed using Mass Flow Controller (MFC)
to control the gas flow before purging into gas cell. The flow
in and flow out of the gas before and after entering the gas
cell as shown in Figure 6. A specifically designed LabVIEW
program has been developed for use in the sensing system as
a means of controlling data acquisition from the receiver
circuitry.
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Figure 6: Schematic diagram of the experimental setup

The experimental set-up of the optimised CO> gas sensing
system is illustrated in Figure 7. The gas flow from CO. and
N2 tanks were transported through the Mass Flow Controllers
(MFC) to ensure more stable gas flow channelled to the
optimised gas cell. The MFC used in the proposed optical
sensing system is a trustworthy and well calibrated
commercial gas mixer. The use of MFC has significantly
affected the quality or the stability of sensor’s response which
described earlier. Voltage response from the sensor has
shown less drift effect as reported by the previous gas sensor
during initial test [24]. Besides that, the cost-effective of the
proposed gas sensor has been improved as compared to the
previously developed gas sensor. The proposed gas sensing
system has eliminated the use of the aforementioned
components. Consequently, the necessary replacement and
modification are made on the structure of the gas cell to
comply with the changes made.
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Figure 7: Experimental set-up of the CO, sensing system

V. RESULTS AND DISCUSSION

Pre-measurement was carried out to determine the
background intensity (due to dark current) of the
multispectral pyroelectric detector, LIM-262 that used in this
experiment.  Background intensity, Iy is a phenomenon
caused by dark spectrum and stray light. Dark spectrum is
described as the intensity captured in the absence of any
incident light. The measurement was completed by switching
off the light source, and voltage drop was recorded for 15
minutes as shown in Figure 8. An averaged background
voltage for CO, channel was computed to be 45 mV
approximately. This value has to be subtracted from the
recorded initial and transmitted voltage for each second to get
an accurate voltage reading.

e-ISSN: 2289-8131 Vol. 10 No. 2-8
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Figure 8: Background voltage, V, response

A. Initial Calibration

Initial calibration was performed to estimate the measured
average absorption cross section for this work. The flow rate
of CO; and N from the MFC were set to be 0.02648 In/min
and 1 In/min respectively. As discussed in the previous
paragraph, the CO. gas concentration of 2% would be
supplied provided both of the flow rates of CO; and N2 were
set as calculated. Original voltage response without the
presence of CO; is shown in Figure 9(a). Initially, N, gas was
released at 1 In/min to remove all the atmospheric gases
which may present in the gas cell for 450 seconds. Following
this, CO; gas was released into the gas cell at a flow rate of
0.02648 In/min for another 450 seconds as illustrated in
Figure 9(b). The commercial sensor used to validate the
corresponding CO- concentration present inside the gas cell.
Average voltage for both steps was recorded and used in
Equation (6) to estimate the averaged measured absorption
cross-section. The consistency of voltage response for
reference as shown in Figure 9(b) proves that the developed
sensor is not cross-sensitive with other gases present in the
gas cell.
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Figure 9: Measurement of averaged absorption cross section from
LABVIEW (a) Original voltage response, V., (b) Sensor voltage response
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B. Concentration Measurement

The method discussed earlier was also used to calculate the
respective CO, concentration supplied into the gas cell at
various flow rates of CO2 and N gases. Figure-10 depicts the
response of the sensor by varying the flow rate of N, at 1,
0.75, 0.5 and 0.25 In/min while maintaining the CO, flow rate
at 0.02648 In/min which produced a CO, concentration of
1.52%, 2.01%, 2.99% and 5.81% respectively. CO; gas is
fairly heavy gas, therefore proper and suitable flow of gas
must be properly designed so that it would not take too much
delay to remove the remaining CO; gas inside the gas cell
between the concentration step transition. As discussed in
earlier, the averaged absorption cross section value will be
used in Equation (5) to calculate the CO, concentration for
each step response measured by the developed CO, sensor
throughout the measurement process. The accuracy of CO;
gas concentration reading from the developed CO- sensor is
then compared to the reading by the commercial sensor.

Graph Voltage (V) vs Time (s)

0.00%
2 3 €02 added

Voltage (V)

1.52% - Measured Concentration +
19 . from Commercial Sensor

1.515% - Averaged Concentration
from Sensor in this work
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mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

Time (s)

Figure 10: Graph voltage (V) vs Time (s)

Notice that, the reference output voltage remains constant
throughout the measurement for 2000 seconds, indicating that
there is no cross-sensitivity of the sensor to other gases
present in the gas cell. Initially, the N, gas was purged at 1
In/min for 200 seconds before purging CO; at 0.02648 In/min
and was fixed for all times. The gases were mixed for the next
200 seconds before lowering the flow rate of N, at 0.75
In/min. The same process was repeated for a different flow
rate of Nz at 0.5 In/min and 0.25 In/min. The voltage response
shows that the sensor is very responsive and has the capability
of detecting the CO. concentration. The rise time and fall time
of the sensor were calculated as being less than 1 second as
shown in Figure 11 (a) and (b) respectively. This is much less
than the response time recorded by the previously developed
gas sensor during the initial test with a response time of 26
seconds [24]. The times are sufficient for monitoring
purposes and comparable to many commercial sensors.
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Time (s)

@

Voltage (V)

I
s 6 7 8 9 10 1 12 13 18 15 16 17 18 19 20
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Figure 11: (a) Rise time (b) Fall time of the optimised gas sensor

VI. CONCLUSION

The developed sensor is compact in size, robust and
constructed from inexpensive components and material. The
use of the expensive lens in various sensor designs previously
reported [24-27] was replaced by the optical window. The
optical window which applied in reflective type for this work
will absolutely need the use of curved reflective surface
instead of the flat reflective surface to ensure better light
coupling subsequently, reducing the transmission loss.

Few configurations of the gas cell were designed and
simulated using ZEMAX®12 which include SISO, 2-MISO,
4-MISO and 8-MISO. Optimization on radius reflective
surface was carried out to get the optimum radius using non-
sequential ray tracing technique. Subsequently, the power
detected, and the power efficiency of each configuration was
analysed. Sensitivity analysis has shown that 4-MISO yields
the highest sensitivity and power efficiency of -0.2895%* and
12.298% respectively. The developed CO, sensor is proven
to be highly responsive to the calculated rise and fall time of
less than 1 second respectively. The optimized sensor’s
reading was verified with the reading from the SenseAir
commercial sensor and the measured CO; concentrations
reading have a close agreement to that of the commercial
sensor.
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