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Abstract 

A highly compact optical fibre based sensor system for real-time measurement of CO2 gas emissions in modern automotive 
exhaust is reported. The sensing principle is based on extrinsic open-path absorption spectroscopy operating in the mid-infrared 
wavelength range. The sensing system which comprises of low cost and compact mid-infrared components is suitable for 
applications in the harsh environment of the vehicle exhaust system. It has been shown that the output of developed sensor 
system correlates closely with the commercial analyser in respond to high concentrations of CO2 gas. The sensor system also 
demonstrates minimal susceptibility to cross interferences of other gases present in the exhaust system. 
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1. Introduction 

Environmental concerns have led to the need for harmful gas emissions from various sources, such as industry 
and motor vehicles, to be accurately monitored and controlled [1]. Carbon dioxide gas emissions from the internal 
combustion engine of vehicles are known to be a prime contributor to the current increase in global greenhouse gas. 
Conventional automotive pollution sensors fail to meet monitoring requirements as specified by the European 
Commission for a number of reasons such as not being able to detect and quantify individual pollutants from the 
exhaust gas stream [2,3]. Therefore, much work have been done in the field of optical fibre based gas sensing due to 
many advantages it offered compared to other techniques [4]. For example, optical fibre enables the sensor’s emitter 
and detector electronics to be placed a safe distance from a highly corrosive environment where the measurement is 
conducted [5]. Optical fibre sensor systems are well suited for application of gas detection and monitoring because 
of their robust nature and low susceptibility to chemical and electromagnetic interferences. In addition, sensors 
based on optical fibres have been shown to withstand extreme environmental conditions which exist in an exhaust 
system of vehicles [6, 7].  
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2. Beer Lambert law and absorption theory 

Different molecules absorb radiation of different wavelengths, as each species has their own individual 
fundamental absorption line spectrum [8]. For example, three species that may exist in the exhaust gas emissions 
namely sulphur dioxide (SO2), carbon monoxide (CO) and water (H2O) all demonstrate a relatively significant 
characteristic absorption line intensities in the mid – infrared region as shown in figure 1. Besides, carbon dioxide 
gas (CO2) which become the main interest of this study also shows a characteristically strong absorption band in mid 
infrared wavelength region extending from 4.2µm to 4.5µm, with its highest peak at 4.23 µm and 4.28 µm 
wavelengths. The sensor system has been designed to operate at wavelength 4.28 µm, as shown in figure 2. There is 
no significant gas absorption lines at 3.8 µm, enabling a reference signal to be taken at the centre of this wavelength.       

 
  
 
 
 
 
 
 
 
 
 
 
 
 
The Beer-Lambert law can be used to explain the relationship between the transmittance or absorbance of a light 

spectrum and the concentration of an absorbing species. The Beer- Lambert law states that there is a linear 
relationship between the absorbance of light and the concentration of the species as shown in equation 1 below [9]. 

 
           ( 1)  

where A is the measured absorbance, l is the optical path length, c is the concentration of the species and ε is the 
molar absorptivity of the species.  However, the linearity of the Beer-Lambert law is limited by several factors due 
to chemical and also instrumental conditions. Among others, the factors that may cause nonlinearity to the Beer-
Lambert law are when measuring at high concentrations of the samples and also due to the use of non-
monochromatic radiation through the samples [10]. A new variation of the Beer- Lambert equation has been derived 
for this study with consideration to the above factors [11]. The equation is as shown in equation 2 below.   

 
           (2) 
 

 
where S is the maximum amount of radiation that can be absorbed by the gas, A is the measured absorption, R is the 
universal gas constant, T is room temperature, NA is Avogadro constant, P is ambient pressure and σ is the average 
absorption line intensities of the gas from HITRAN database [12]. 

 

3. Experimental setup 

Figure 3 shows the experimental setup of the fibre based mid-infrared sensor system as assembled in the 
laboratory. The CO2 gas sensor system, developed using low cost and compact mid infrared components, comprises 
of a modulated infrared filament light source, chalcogenic infrared fibres, pyroelectric detectors fitted with optical 
filters and highly compact open- path gas mixing cell.  

 

 

 

 

Fig.1: Absorption line spectrum for various species 
within an automotive exhaust environment. 

Fig.2: Fundamental absorption line spectrum for 
carbon dioxide gas. 
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Fig.3: The experimental setup of the optical - fibre based CO2 gas sensor system. 

 
The pyroelectric detectors are fitted with two separate narrow band pass (NBP) filters at centre wavelength of 

4.28 µm for CO2 gas and at 3.8 µm for the reference. The output signal of the sensor was detected by a computer 
using a Data Acquisition card and a LabVIEW program. The flow of the mixing gas was controlled by two mass 
flow controllers. A commercial gas analyser was used simultaneously in the experimental setup to provide a 
comparison reading.  

4. Results and discussion 

Experimental results are presented for the calibration of this sensor using laboratory based gas mixtures supplied 
from gas bottles. The result in figure 4 shows the measured absorbance of the sensor output signal versus CO2 gas 
concentrations during the calibration process. Figure 5 demonstrates that the developed optical fibre based sensing 
system is capable of instantaneously detecting changes in concentrations of CO2 between 2% up to 10% and shows 
good correlation to the readings of the target gas concentrations especially at lower gas concentrations between 2% 
up to 4%. Deviation from the targeted reading is bigger when the gas concentrations increased.  
 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6 shows the readings of the sensor when the concentrations of the gas were reduced slowly in steps of 
0.5% from 5% down to 2%. Figure 7 shows initial results from this sensor mounted on the exhaust of a Fiat Croma 
where the EUDC test cycle was conducted. Also shown are the equivalent recorded concentrations from the 
commercial analyser. The results show that the sensing system performed correctly and was capable of operating 
within the extreme exhaust environment. The sensor had faithfully reproduced the concentrations of CO2 compared 
to that simultaneously recorded on the commercial gas analyser for the whole duration of the test cycle. 
 

 

 
 

Fig.4: Measured absorbance of the sensor system between 
0% to 10% gas concentrations. 

Fig.5: Comparison between the target concentrations and 
measured output of the developed sensor system. 
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From figure 5 and figure 6 above, it can be seen that the measured results from the developed sensor system 

correlate quite closely with the recorded concentrations from the commercial gas analyser especially for 
concentrations between 0% up to 4%. On the other hand, there is a growing deviation in the reading when the gas 
concentrations are to be increased further. The measured results indicate a significant disagreement between 
experimental and theoretical values, particularly in the range above 4% gas concentrations. These results indicate 
that there are significant deviation issues to be addressed. This deviation has been reported previously in the 
development of similar NDIR (non-dispersive infrared) gas sensors and is primarily due to various reasons such as 
the use of polychromatic spectrum of light through the samples, when measuring at high gas concentrations and also 
unabsorbed stray light [11]. 

5. Conclusion and future work 

A highly compact optical fibre based sensor system for real-time measurement of CO2 gas emissions in modern 
automotive exhaust has been successfully demonstrated. This work offers the possibility of extension the 
applications of this sensor in environmental pollution monitoring where lower concentrations of CO2 and other 
harmful exhaust emissions present. Further work is in progress to optimize the sensor system in term of issues 
related to noise reduction, response time, stability and reliability over long term operation, software and also 
hardware interfacing. 
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Fig. 6: Measured sensor outputs of decreasing  
CO2 gas percentage. 

Fig. 7: Measured concentrations from the developed sensor for the 
EUDC test cycle on a Fiat Croma engine exhaust. 
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