Portable, on-board FTIR spectrometers: A universal tool for real-world monitoring of
greenhouse gases, reactive nitrogen compounds, and other gaseous pollutants?
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Abstract
Exhaust emissions from internal combustion engines are one of the principal sources of greenhouse gas emissions,
and one of the leading sources of air pollution in most metropolitan areas. Outdoor air pollution is associated premature
death of about 0.1% population annually and associated economic damages on the order of 5% of the gross domestic
product.
In addition to CO2, the importance of methane (CH4) and nitrous oxide (N2O) is emerging as a result of the increased
use of natural gas or biogas and of reduction catalysts. Of health relevant pollutants, most of the health effect is associated
with particle bound semi-volatile organic compounds and with nitrogen monoxide (NO) and dioxide (NO2), reported
together as nitrogen oxides (NOx). Ammonia (NH3), owing to the potential to form secondary particles of ammonium
nitrate, and potentially other reactive nitrogen compounds may be of interest. Of volatile organic gases, formaldehyde,
acetaldehyde, and other fuel and technology dependent compounds may also be of a concern.
Fourier Transform Infra-Red (FTIR) analyzers have been increasingly used to analyze a wide range of compounds
in exhaust gases, including all of the mentioned gases of interest, and have been recognized as a method for type-approval
measurement of NH3. Commercially available laboratory FTIR were shown to produce results comparable to laboratory
analyzers for CO, CO2, NO and NO2, with the only potential downside being agreement with a flame ionization detector
on total hydrocarbons.
Two pathways are suggested to exploit FTIR as a portable on-board instrument. In one, water is removed by cooling
of the sample and/or selective membranes, after which greenhouse gases CO 2, CH4, N2O, and non-polar, non-watersoluble, highly volatile compounds such as NO and NO2 can be readily quantified even at mediocre optical resolutions
(units of cm-1) and relatively short optical path lengths (on the order of 1 m), allowing small cells and detectors with
thermoelectric cooling to be used.
For a more detailed and comprehensive analysis, water is kept in the sample, and the entire sampling train is heated
to prevent condensation of water, ammonia, and less volatile compounds. Retaining the water allows for the detection of
additional compounds such as ammonia, formaldehyde, or ethanol. Higher optical resolution (0.5 cm-1) is then typically
required to resolve the compounds interfering with water and CO2. Operating at a higher resolution, however, requires a
faster detector and tighter tolerances in the optical path, and the increased noise needs to be balanced against the
instrument response time. Another critical decision is the selection of the optical path length. Longer path lengths increase
the instrument sensitivity, but also increase the occurrence of regions where analysis is prevented due to nearly complete
attenuation by water, and typically require larger optical cell volumes, increasing the system response time. Optical path
lengths of 2-10 meters have been used.
Several different FTIR systems used by the authors in moving vehicles as portable emissions monitoring systems
will be discussed. Overall, FTIR technology may be useful for real-world emissions measurement of all gaseous pollutants
of current interest with a single instrument.

1. Introduction
Internal combustion engines of various types and running on a variety of traditional and experimental fuels remain to be
the principal source of motive power for the majority of automobiles and heavy on-road vehicles, as well as for the
majority of most types of mobile machinery. The freedom of movement and the tremendous societal and economic
benefits realized through mobility and work done by the machinery come at a major cost: Engines are one of the major
sources of air pollution in urban areas, and one of the key sources of greenhouse gas emissions. Outdoor air pollution is
listed within the top ten health hazards [1] and is associated with severe health and economic damages, including
premature death of on the order of 0.1% of population annually (over half a million premature deaths per year in the EU
[2], over an order of magnitude more compared to traffic accidents), and economic costs of approximately 5% of the
Gross Domestic Product [3,4]. While engine exhaust emissions have improved considerably, and the number of premature
deaths has a gradual downward trend, they remain one of the key problems. The persistence of the emissions problem is
attributed not only to the high intensity of motor vehicle traffic and the close proximity of exhaust sources to the
population, but also due to the discrepancy between type approval limit values and the actual emissions during everyday
operation. The introduction and consequent gradual optimization of highly efficient exhaust aftertreatment has produced
a situation where the distributions of emissions along a trip and among the vehicles are increasingly skewed, with large
portion of fleet emissions attributed to a relatively small number of vehicles and large portion of trip emissions attributed
to relatively short episodes of high emissions. Additionally, the quest to lower the emissions of the key pollutants that
become subject of emissions limits (regulated pollutants) had an inadvertent side effects in the form of additional
pollutants, which were, at the time, not of a grave concern. A meaningful characterization of the actual emissions from
in-use vehicles requires, therefore, measurement under realistic conditions of a range of pollutants on a range of individual
engines.
To assess the inherent characteristics of the design and systematic problems, portable, on-board monitoring instruments
mounted on selected vehicles tested thoroughly under a variety of realistic conditions can be used during engine design
and calibration, evaluation of drop-in fuels and aftermarket NOx reductions, and independent verification of the in-use
performance of vehicle or engine families [5]. To assess high emissions specific to individual vehicles, remote sensing
approaches, offering high-volume testing at relatively low cost but at a limited range of operating conditions, can be used
to identify individual vehicles with excess emissions due to tampering or malfunctions, and also to identify suspect engine
design and calibration issues [6].
In this work, molecular spectroscopy in mid-infrared region, with the use of a Fourier Transform Infra-Red (FTIR)
spectrometer, is suggested as a single universal tool for on-road assessment of all principal compounds that are known to
be of interest at this time.

2. Pollutants of interest
Realistic combustion processes yield, in addition to carbon dioxide (CO 2) and water, carbon monoxide (CO), various
volatile organic compounds (VOC, also termed HC – hydrocarbons), particulate matter and nitrogen oxides (NOx). While
particulate matter, originating from incomplete combustion of fuel and engine lubricating oil and from uncombustible
portion of fuel and oil and engine wear particles, has been viewed as the most critical health-relevant pollutant, its
discussion is not within the scope of this work.
Nitric oxide (NO) is formed at high temperatures during the main phase of the combustion from atmospheric nitrogen
and oxygen, and form nitric oxide (NO), a process known as Zeldovich mechanism [7,8]. Subsequent oxidation of NO in
the atmosphere yields primarily nitrogen dioxide (NO2), a brownish irritant gas. NO2 in outdoor air has been associated
with mortality and hospital admissions for a range of respiratory and cardiovascular endpoints [8-11]. Other oxides of
nitrogen – N2O2, N2O3, N2O4, N2O5 – are generated in small concentrations, are unstable and short-lived in the atmosphere.
The oxides of nitrogen are summarily referred to as NOx, although there is no precise definition. Often, NOx is evaluated
as the sum of NO and NO2. Technically, the sum of NOx also includes nitrous oxide (N2O), which is, however, not
hazardous to human health, but is a potent greenhouse gas with global warming potential approximately 265 times higher
relative to CO2 [12]. NOx lead to the formation of nitrous acid (HNO2) [13,14], nitric acid (HNO3), and a variety of salts
such as ammonium nitrate, present in the atmosphere as particulate matter [15]. Photodissociation of NO2 under the
presence of sunlight produces NO and atomic oxygen, which reacts with molecular oxygen to form ozone [16], a highly
reactive compound generally harmful to human health, organisms and plants. NO x and ground-level (tropospheric) ozone
are, together with particulate matter, the principal part of urban air pollution.
CO and VOC are principally a product of incomplete oxidation of fuel and to a lesser extent engine lubricating oil.
On spark ignition engines, CO and VOC, principally a product of incomplete oxidation of fuel and to a lesser extent
engine lubricating oil, and NOx have been successfully abated by the combination of three-way catalysts (TWC) [17] and
by maintaining stoichiometric air-fuel ratio through closed-loop control of the quantity of fuel injected [18]. This
technology has been remarkably efficient. On some vehicles tested at the turn of the millennium, the concentrations of
CO and NO in the exhaust gases were lower than in the surrounding air [19], and even larger automobiles were capable
of reaching the total sum of organic compounds and NO x of less than 10 mg/km [20]. California type approval

documentation of a Honda car shows the total emissions of organic compounds and NOx during the type-approval test
(FTP) of approximately 14 mg/km [21].
Larger stationary spark ignition engines fueled by natural gas achieve relatively low engine-out NOx by operating at a
very lean mixture. Such operation is, however, close to the lean limit of the engine, and often results in substantial
emissions of methane.
On diesel engines, where three-way catalyst cannot be used due to excess air, some level of reduction of NOx emissions
has been achieved through reducing peak combustion temperatures via delaying injection timing, exhaust gas recirculation
(EGR), and later by advanced combustion strategies such as low temperature combustion (LTC) and partially premixed
charge compression ignition combustion [22,23]. Both EGR and advanced combustion concepts are, however, effectively
limited to lower engine loads. More recently, various catalytic devices have been explored, of which LNT and SCR have
shown relatively high potential [24] and are currently used in production vehicles. LNT (for overview, see [25]) operates
alternately in a long (on the order of minute or minutes) “lean“ accumulation mode, during which NOx are stored (i.e., as
barium nitrate) in the catalyst, and in a short (on the order of seconds) “rich“ regeneration mode, during which the engine
operates with excess fuel, NOx are released, and reduced in a manner similar to a three-way catalyst.
SCR (reviewed in [26]) use a reducing agent, aqueous solution of urea, which is injected upstream of the SCR, is mixed
with the exhaust, and thermally decomposes into NH3, which is used to reduce NOx; NH3 is also stored in the SCR.
Recently, solid ammonia storage has been demonstrated as an alternative to urea [27]. Except for very low exhaust
temperatures associated with cold start and extended low-load operation, SCR catalysts achieve efficiencies over 90%.
U.S. federal (EPA) 2010 NOx limit for heavy vehicle engines of 0.2 g/bhp-h (0.27 g/kWh) and the Euro VI limit of 0.46
g/kWh represent over an order of magnitude reduction over early limits. SCR allows California trucks made after 2010 –
and quite possibly also European heavy vehicles – are likely to produce lower NOx emissions per km per vehicle than
most Euro 5 diesel cars, with a further decrease in NO x limit by additional 90 %, to 0.02 g/bhp-h, proposed [28], and
found to be technically feasible by a California Air Resources Board assessment [29].
The most efficient catalytic devices – TWC and SCR rely on precise control of the air-fuel ratio for TWC, and of the
dosing of the reducing agent for SCR. Excess air in TWC and insufficient amount of reducing agent in SCR reduce NO x
conversion efficiency, while excess fuel in TWC [30,31] and excess reducing agent in SCR results in the emissions of
ammonia (NH3), an important emerging pollutant. Large portion of NH3 in urban air in the U.S. and China originate from
motor vehicles [32]. NH3 is a precursor of secondary inorganic aerosol, namely ammonium nitrate and sulfate [33,34]
which are the most abundant atmospheric secondary inorganic aerosols in many regions [35,36].
Another emerging pollutant is NO2, which is intentionally produced in diesel oxidation catalysts, as it aids passive
regeneration of diesel particle filters and increases the speed of NOx conversion in SCR. As a result, NO2 from new
engines accounts for tens of percent of NOX [37,38]. When high NO2 is not mitigated by the high efficiency of SCR, such
as on many diesel cars operated in the EU, more NOx is emitted as NO2 instead of NO, and the concentrations of NO2 on
streets tend to increase.
The list, of course, does not end here. Decomposition of water-urea solution, the most popular SCR reducing agent (also
known as Diesel Exhaust Fluid or AdBlue), into ammonia yields isocyanic acid (HCNO) as an intermediate product [3941], and various nitrogen compounds have been found in diesel exhaust, including 3-nitro-benz[a]benzanthrone, one of
the most mutagenic compounds known to date [42].
Limitation of engine design by many manufacturers to the type approval procedures has resulted in marginal design,
where catalysts on passenger cars are often properly sized only for low and intermediate loads, and infatuation by high
horsepower rating on car engines has resulted in marginal practices to achieve high loads by, for example, disabling
exhaust gas recirculation or fuel enrichment on gasoline engines (for examples, see [43-47]). Savings on sophisticated
controls of air-fuel ratio or SCR reducing agent dosing have resulted in achieving low NOx at the expense of considerable
emissions of NH3.
Furthermore, savings of fuel, reducing agent or motorist effort (to replenish diesel exhaust fluid on passenger cars) have
motivated, over the last few decades, manufacturers, aftermarket sector, and motorists to modify or adjust their engines
to achieve meager savings at the expense of several-fold or even order of magnitude increase of NOx emissions. Examples
of convictions include dual-mapping of engines in 90’s on heavy-duty vehicles [48] and later on EU light-duty vehices
(later commonly known as Dieselgate), manufacture of defeat devices (i.e. [49]), disabling of exhaust gas recirculation
on cars, and SCR emulators for heavy trucks widely abundant on the internet.
Of all NOx emissions from passenger cars in Europe, 56% were estimated to be excess emissions, which could be
eliminated if the average on-road NOx emissions were at the level of the respective diesel limit values [50]. These excess
emissions represent about 15% of all NOx emissions in Europe [50] and were associated with about 5000 premature deaths
annually [51].

To minimize excess emissions associated with sub-optimal performance of engine and associated exhaust aftertreatment
devices, at a minimum, the following compounds should be monitored throughout the operation of the vehicle fleet:
a)
b)
c)

Principal greenhouse gases CO2 (all engines), CH4 (gaseous fuel engines) and N2O (lean-burn engine
aftertreatment)
Reactive nitrogen species, at the minimum, NO (primary engine-out pollutants from all engines), NO2 (leanburn engines with aftertreatment), NH3 (all engines with NOx aftertreatment)
CO and fuel-specific VOC (formaldehyde, acetaldehyde)

3. Spectroscopic techniques
The absorption spectra of the principal compounds of interest in engine exhaust – water, greenhouse gases CO2, CH4,
N2O, health relevant pollutants CO, NO, NO2, NH3 – in the spectral range from approximately 4000-600 cm-1 (2.5 – 13.3
μm) are shown in Figure 1; omitted are various organic gases (alkanes, alkenes, aromatics, aldehydes, …), for which only
general regions are shown. This range, useful for molecular spectroscopy measurements, is generally considered midinfrared range, although some parts of it may be considered near (short wave) or far (long wave) infrared depending on
varying classifications. Water is not considered a pollutant but absorbs in many spectral regions and its spectra overlaps
with the spectra of many other measured compounds, creating an interference issue. Nitrogen, oxygen and inert gases
absorb only minimally in this region.
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Figure 1: Mid infra-red spectra of principal compounds of interest in vehicular exhaust
Several spectroscopic techniques are available for quantitative analysis, mostly based on absorption spectroscopy and the
Beer-Lambert law. When light of intensity Io at specific wavelength is passed through a mixture measured gas and gases
not absorbing at this wavelength, the resulting intensity I r at this wavelength is a function of the absorption properties of
this gas (dependent on temperature, pressure, wavelength, and other conditions), its molecular concentration, and the path
length:
Ir = Io exp (-ελLC)

(1)

Where ελ is cross-absorption coefficient in m-1 at wavelength λ, L is path length in m, and C (dimensionless) is the
concentration of the measured species. Absorbance A is defined as negative decadic logarithm of transmittance T, defined
as the ratio Ir/Io:
A = -log T = -log (Ir/Io) = kελLC

(= ελLC)

(2)

where constant k is given here only for formal reasons (conversion of logarithm base) and is typically reflected in the
constant ελ. Typically, constant ελ is determined empirically for each given analyzer and summarily accounts for different
additional factors. In reality, the absorption at any wavelength λ is the sum of absorptions of all compounds absorbing at
that wavelength. Infrared spectroscopy is therefore prone to interference from other compounds, which need to be
accounted for, regardless of whether the knowledge of their concentration is desired.
The simplest technique, used in garage-grade analyzers (used for vehicle diagnostics and repair and for periodic technical
inspections) and a variety of inexpensive sensors, is non-dispersive infra-red (NDIR) spectroscopy, where analysis is
performed on a wavelength range pre-selected by the choice of source (LED diode), detector, or, most frequently, the
source is a glowing element and the wavelength is selected by an optical filter. NDIR requires compensation for interfering
gases (quantification at a different wavelength and subtraction), or most frequently, their removal. This is why NDIR is
used for CO and CO2, which have absorption bands generally free of interference, but not for many other gases. In
industrial settings, NDIR is also used for NO with the removal of water by thermoelectric cooler. NH 3, and to some extent
NO2, are soluble in, and are removed with, water.
For NO2, NH3 and N2O in vehicular exhaust, “broad band” NDIR cannot be used, due to strong interference of water
(NO2 and NH3) and CO2 and CO (N2O). The analysis regions for these compounds are fairly narrow, with example

analysis regions shown in Figure 2. Further, water in the exhaust (typically up to 10% for diesel engines, up to 13% for
gasoline engines, up to around 20% on engines running on methane; 4% is shown in Figure 2) leads to nearly complete
absorbance (band saturation) at many wavelengths (absorbance 2.0 corresponds to 99% attenuation, 3.0 to 99.9%
attenuation). Typically, high-resolution techniques, such as Fourier Transform Infra-Red (FTIR) spectroscopy, tunable
diode laser absorption spectroscopy (TDLAS), or quantum cascade lasers (QCL) are needed, and have been successfully
deployed. The example in Figure 2 are calibration spectra used with FTIR analyzer sampling undiluted engine exhaust,
representing (except for water, deliberately shown at 4%, relatively low end of the range) values around the upper end of
the desired quantification ranges (20 ppm N2O, 100 ppm NH3, 200 ppm NO2, 3000 ppm NO). Often, interference cannot
be avoided, and the absorption of the interfering compounds needs to be quantified separately at different wavelengths
and subtracted. Fortunately, higher N2O emissions are typically limited to diesel engines with NOx aftertreatment (LNT,
SCR), which exhibit, thanks to the oxidation catalyst, very low CO emissions, except for LNT regeneration.

3000 ppm NO, 4% water
arrows show NO analysis regions

200 ppm NO2, 4% water

100 ppm NH3, 4% water, 12% CO2
arrows show NH3 analysis regions

20 ppm N2O,
1.5% CO2, 7% CO2,
800 ppm CO, 4% CO
Arrows show N2O
analysis regions

Figure 2: Possible analysis regions for (top to bottom): NO, NO2, NH3, N2O

4. FTIR
In an FTIR analyzer, an infrared source producing a wide and continuous range wavelength light, such as a heated tungsten
wire, is used. The beam is divided in a Michelson type interferometer by a beam splitter into two beams, one reflecting
from a fixed mirror and the other reflecting from a mirror moving along the beam direction. The two beams are then
joined, creating, for each difference between the optical path lengths, an interference pattern. The resulting beam is passed
through a multi-pass sample cell filled with the analyzed exhaust, and the total intensity recorded, for each difference in
optical path lengths, by a detector. The interferogram is transformed by a Fast Fourier Transform into a transmission
spectra in the frequency domain. This approach leads to a higher signal to noise ratio than if the transmission at each
wavelength was to be measured separately [52].
The use of FTIR for exhaust measurement has been reviewed in [53,54]. The use of FTIR in a moving vehicle has been,
so far, limited due to technical challenges. Jeter [55] has used a pair of laboratory FTIR with a membrane sample dryer
(a technique not compatible with NH3 measurement) and a 10 m optical path length mounted in an instrumented vehicle
to assess very low emission levels from a passenger car. A smaller but still relatively bulky and relatively slow (30 s time
resolution) instrument with a 13 m optical path length was used by Reyes [56]. A portable, fast system has been used by
Daham [57], however, the system worked at a relatively low (4 cm-1) optical resolution, while a substantially higher
resolution – at least 0.5 cm-1 – has been recommended, along with the tunable laser diode approach, for NH 3 measurement
[30]. An on-board system built at the Technical University of Liberec using an industrial grade MIDAC FTIR analyzer
with a custom optical cell, providing 6 m path length in a relatively low 0.2 liter volume, has been validated for NO and
NH3 measurement in the laboratory and for NO measurements on the road [58]. The limits of detection, calculated
assuming 3 times the standard deviation of the background measured, for NH 3 and NO were 1 ppm. The system has been
used on a range of vehicles from passenger cars [58] to locomotives [59] (shown in Fig. 3 on the left). A similar setup
using faster (1 Hz) industrial FTIR (Nicolet Antaris IGS) with a 0.3 dm3, 5 m path length cell, with about double the mass
and double power consumption, but a faster time resolution of 1 Hz, has been prepared and validated at the Czech
Technical University (shown in Figure 3 on the right) and recently used for evaluation of emissions of compressed natural
gas vehicles [60] both on the road and in the laboratory, with laboratory measurements done in parallel using a full-flow
dilution tunnel and standard instruments as a reference. A relatively compact setup using a Bruker Matrix FTIR system,
with a series of modifications, has been developed and used at the Czech University of Life Sciences [61,62].
The path length and spectral and temporal resolutions are a careful compromise among contradicting goals. A longer path
length and longer averaging time decrease the detection limit, but longer path length also increases the regions where the
beam is excessively attenuated by carbon dioxide and water. Higher optical resolution increases noise but allows for
discrimination of, for example, nitric oxide from order of magnitude higher concentrations of water vapor.
The TU Liberec, Czech Technical University and Czech University of Life Sciences systems used on the road, as well as
the reference laboratory FTIR in [58] (MKS 2030), see [63,64] for additional description, used mercury cadmium telluride
detectors cooled by liquid nitrogen, heated 5-6 m optical path length multipass cells, and run at the spectral resolution of
0.5 cm-1. The reported sample train and optical cell temperatures ranged from 121 to 191 °C.

Figure 3: On-road FTIR setups: Left: MIDAC, TU Liberec, Czech Republic [58,59]; Right: Laboratory grade
Nicolet Antaris, Czech Technical University [60]

There are two major caveats with FTIR. One is the possible distortion of the spectra due to contamination of the optics
with semi-volatile organic species, excessive vibrations and jolts, fluctuations in various temperatures (instrument
internals, optical cell, sample), and other reasons. The quality of the spectra can be checked by evaluating certain regions
of the spectra and/or by comparing the concentrations of at least some gases for which reference measurement is available
(CO2 calculated from exhaust gas oxygen sensor, NOx measured by a sensor in exhaust). This can be, with proper care,
minimized, or at least such distortions could be detected.
The second and probably more serious caveat is that the measured absorption spectra is the sum of the absorptions of all
absorbing compounds, and that the contributions of each compound are calculated from often overlapping individual
absorption spectra obtained by deconvolution of the measured spectra. Therefore, detection limits, uncertainties, or even
the capability to obtain a meaningful reading for a given compound, are specific to the composition of the mixture. For
example, the detection limit achieved with a mixture of calibration gas with dry nitrogen is unlikely to be achieved in the
presence of several orders of magnitude higher concentrations of CO 2 and water vapor. This is, however, a known issue,
common to both on-road and laboratory measurement, and is dealt with, to various degree of success, by spectroscopy
specialists. It should not, however, be underestimated. For example, in a study by Li et al. [65], multiple commercial
FTIR instruments were reported to provide different results. On a positive note, if such problem is discovered and
resolved, interpretation of the spectra can be done ex-post.

5. Conclusions
Several FTIR analyzers have been successfully used on a variety of moving vehicles, from cars to a diesel locomotive,
suggesting infrared absorption spectra can be obtained on the road. Combined with the general use of FTIR in laboratory
settings to measure a variety of regulated and unregulated compounds, it seems that FTIR analyzers can be, and have
been, used to measure the three principal greenhouse gases CO 2, N2O and CH4, principal reactive nitrogen compounds
NO, NO2 and NH3, and a variety of other gases such as CO and formaldehyde, making it a universal instrument for
essentially all gaseous pollutants at least of current interest.
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