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Abstract

:

Light-duty vehicle emission regulations worldwide set limits for the following gaseous pollutants: carbon monoxide (CO), nitric oxides (NOX), hydrocarbons (HCs), and/or non-methane hydrocarbons (NMHCs). Carbon dioxide (CO2) is indirectly limited by fleet CO2 or fuel consumption targets. Measurements are carried out at the dilution tunnel with “standard” laboratory-grade instruments following well-defined principles of operation: non-dispersive infrared (NDIR) analyzers for CO and CO2, flame ionization detectors (FIDs) for hydrocarbons, and chemiluminescence analyzers (CLAs) or non-dispersive ultraviolet detectors (NDUVs) for NOX. In the United States in 2012 and in China in 2020, with Stage 6, nitrous oxide (N2O) was also included. Brazil is phasing in NH3 in its regulation. Alternative instruments that can measure some or all these pollutants include Fourier transform infrared (FTIR)- and laser absorption spectroscopy (LAS)-based instruments. In the second category, quantum cascade laser (QCL) spectroscopy in the mid-infrared area or laser diode spectroscopy (LDS) in the near-infrared area, such as tunable diode laser absorption spectroscopy (TDLAS), are included. According to current regulations and technical specifications, NH3 is the only component that has to be measured at the tailpipe to avoid ammonia losses due to its hydrophilic properties and adsorption on the transfer lines. There are not many studies that have evaluated such instruments, in particular those for “non-regulated” worldwide pollutants. For this reason, we compared laboratory-grade “standard” analyzers with FTIR- and TDLAS-based instruments measuring NH3. One diesel and two gasoline vehicles at different ambient temperatures and with different test cycles produced emissions in a wide range. In general, the agreement among the instruments was very good (in most cases, within ±10%), confirming their suitability for the measurement of pollutants.
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1. Introduction


The Paris Agreement, a legally binding international treaty on climate change, was adopted by 196 Parties at the UN Climate Change Conference (COP21) in Paris, France, on 12 December 2015 [1]. The goal is to hold “the increase in the global average temperature to well below 2 °C above pre-industrial levels”. The reduction in greenhouse gases (GHGs) has become a priority in policies worldwide [2]. GHGs include carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4). In 2021, the transportation sector generated approximately 25% and 29% of the total greenhouse gas emissions in Europe and the United States, respectively [3,4]. Although CO2 contributes to the majority of the world’s GHG emissions, CH4 and N2O contribution is not negligible. CH4 and N2O from fossil sources have 100-year time horizon global warming potentials (GWPs) of 30 and 273 CO2 equivalent, respectively [5]. Studies have demonstrated their increasing trend in the atmosphere [6,7,8].



Road transport, in addition to the important impact on climate change and GHGs, contributed 24% and 41% of CO and NOX emissions in the European Union (EU) in 2021, respectively [9], an increase compared with 2020 (from 18% and 34%, respectively) [10]. Agriculture was the principal source of ammonia (NH3) and CH4 in 2020, responsible for 94% and 56% of total emissions, respectively. Nevertheless, studies have highlighted that the contribution of road vehicles to atmospheric NH3 might be much higher, especially in urban areas [11,12,13,14]. The 2016 National Emission Ceilings (NEC) Directive 2016/2284/EU sets 2020 and 2030 emission reduction commitments for five main air pollutants, including NH3 [15]. The directive transposes the reduction commitments for 2020 agreed by the EU and its Member States under the 2012 revised Gothenburg Protocol under the Long-Range Transboundary Air Pollution Convention (Air Convention) [16]. The more ambitious reduction commitments agreed for 2030 aim to reduce the health impacts of air pollution by half compared with 2005.



1.1. Regulation Background


The first European emissions directive was published in 1970 and focused on the hydrocarbon (HC) and CO emissions of light-duty vehicles [17,18]. Euro 1 was introduced in 1992, and NOX was added to the HCs as a HC + NOX limit. Subsequent steps reduced the permissible emission limits. In 2000, Euro 3 separated HC and NOX limits for gasoline (more specifically, spark ignition) vehicles and added NOX limits for diesel (more specifically, compression ignition) vehicles in addition to the HC + NOX limits. In 2009, Euro 5 added a non-methane hydrocarbon (NMHC) limit for gasoline vehicles. The latest step, Euro 6, since 2014, has further reduced the limits. In 2017, the worldwide harmonized light vehicles test procedure (WLTP) and the corresponding worldwide harmonized light vehicles test cycle (WLTC) replaced the previous procedure and respective cycle, the new European driving cycle (NEDC). In the same year, a real-driving emissions (RDE) procedure complemented the type approval procedure with on-road testing using portable emission measurement systems (PEMSs). The additional measurement uncertainty of PEMSs compared with laboratory equipment is compensated with a margin on top of the respective emission limits for Euro 6c and Euro 6d. With Euro 6e, this is taken into account in the emission evaluation. The European Commission included a limit for NH3 in their light-duty Euro 7 proposal. However, the co-legislators agreed on maintaining the exhaust emission limits linked to the United Nations (UN) regulation (154) [19], which does not include NH3. NH3 is already regulated for heavy-duty vehicles since Euro VI (in ppm), and will remain in Euro 7 (in mg/kWh). N2O will be included in the next Euro 7 step for heavy-duty vehicles.



Worldwide, emission limits have followed similar timelines and reductions, with the United States having the biggest differences in terms of procedures [20]. The United States has had limits for CH4 and N2O for light-duty vehicles since 2012 as part of the corporate average fuel economy (CAFE) standards adopted by the National Highway Traffic Safety Administration (NHTSA). In China, a limit for N2O has been applied since 2020, with China’s Stage 6. In China (and the EU), CH4 is controlled indirectly with the HC limit. Brazil has required the monitoring of NH3 since 2022, with the intention to introduce a limit with PROCONVE L-8 for diesel vehicles beginning in 2025.



In the EU, CO2 has been controlled at a fleet level for each manufacturer since 2012. The exceedance of the targets results in fines for vehicle manufacturers. In the EU, the aim is a 100% GHG reduction by 2035 for new passenger cars and new light commercial vehicles (Regulation (EU) 2023/851). Other countries have fuel consumption limits instead of limits on CO2.




1.2. Instrumentation Background


The interaction of radiation and matter is the subject of the science field called spectroscopy [21]. Spectroscopic analytical methods are based on measuring the amount of radiation produced or absorbed by molecular or atomic species. They have been extended to acoustic, mass, and electron measurement techniques, in which electromagnetic radiation is not measured. The sample is usually stimulated in some way by applying energy in the form of heat, electricity, light, particles, or a chemical reaction. The field is wide and includes, among others, laser absorption, laser-induced fluorescence, and photoacoustic and Raman spectroscopy.



In absorption spectroscopy, the amount of light absorbed as a function of the wavelength is measured. Most spectroscopic instruments in the ultraviolet (UV), visible, and infrared (IR) regions are made up of five components [21,22,23,24,25,26] (Figure 1):




	(1)

	
A stable source of radiant energy. The sources are classified as (i) continuum sources, which emit radiation that minorly changes in intensity as a function of the wavelength, such as light-emitting diodes (LEDs) and lamps, and (ii) line sources, which emit spectral lines in a very narrow wavelength range, for example, lasers. There are various types of lasers (e.g., gas, solid-state, and dye lasers), with semiconductor ones (diode and quantum cascade lasers) being commonly used in absorption spectroscopy [26];




	(2)

	
A wavelength selector (optionally), such as a monochromator or a filter, which is used to isolate a limited region of the spectrum. Some instruments (dispersive spectrometers or spectrophotometers) use a spectrograph to spread out, or disperse, the wavelengths, so that they can be detected with a multichannel detector;




	(3)

	
The sample region (cell);




	(4)

	
A radiation detector, which is used to convert radiant energy to a measurable electrical signal. They are classified in (i) photon (or quantum) detectors, such as photomultiplier tubes [25], and (ii) heat transducers, e.g., pyroelectric detectors;




	(5)

	
A signal-processing and readout unit.
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Figure 1. Main parts of spectroscopic instruments. Based on [21]. The arrow indicates that with IR radiation, the positions of the sample and wavelength selector are reversed. DFB = distributed feedback; ICL = interband cascade laser; IR = infrared; LED = light-emitting diode; MCT = mercury cadmium telluride; QCL = quantum cascade laser. 
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The components of infrared instruments differ from those of UV- and visible-range instruments. For example, IR sources are heated solids rather than deuterium or tungsten lamps, and infrared gratings are much coarser than those required for UV and visible radiation [21]. With IR radiation, the positions of the sample and wavelength selector are reversed (see Figure 1).



Fourier transform and filter photometer instruments are non-dispersive in the sense that they do not use a grating or prism to disperse radiation into its component wavelengths. An example of a filter photometer is a non-dispersive infrared (NDIR) sensor used to detect gases such as CO and CO2 [27,28,29]. The majority of NDIR sensors use broadband lamps or LED sources and an optical filter to select a narrow-band spectral region that overlaps with the absorption region of the gas of interest [30,31].



Fourier transform IR (FTIR) instruments contain no dispersing element, and all wavelengths are detected and measured simultaneously using a Michelson interferometer [32]. The interferogram is subsequently decoded by Fourier transformation. Detectors are typically pyroelectric transducers or photoconductive transducers, such as mercury cadmium telluride (MCT). FTIR instruments utilize lamps or LEDs as light sources. The application of FTIR spectrometers covers a very wide range: geology, chemistry, materials, medicine, and biology, using solid, liquid, and gaseous samples [33,34,35,36]. FTIR instruments have been extensively used to measure gaseous pollutants in many fields, e.g., ambient air [37], buildings [38], locomotives [39], thermal runaway and the release of gases from batteries [40], and exhaust gases [41,42] (see review in [32]).



Instruments that use lasers as light sources do not need wavelength selectors. Laser absorption spectroscopy (LAS) has been applied in many fields, such as breath analysis, atmospheric environment monitoring, industrial applications, and combustion diagnostics [26,43,44]. Tunable diode laser absorption spectroscopy (TDLAS) uses diode lasers that can be tuned in their emission wavelength by altering the temperature or the injection (drive) current of the laser itself. Diode lasers are operated at room temperature and offer bright, monochromatic light. Commonly used lasers are vertical-cavity surface-emitting lasers (VCSELs) and distributed feedback (DFB) laser diodes. Algorithms to minimize disturbances have been developed [45,46,47]. TDLAS has been applied in atmospheric monitoring [48,49,50,51,52], industrial monitoring [53], combustion exhaust [54,55,56,57,58,59] for various gases, and also for NH3 [60,61]. Other lasers commonly used in instruments are interband cascade lasers (ICLs) and quantum cascade lasers (QCLs) [62]. QCLs are unipolar coherent light sources emitting in the mid-infrared part of the electromagnetic spectrum. They represent an alternative to traditional diode lasers, which cannot emit light in the mid-infrared range. QCLs can be designed to emit in the wavelength region from below 4 μm to more than 10 μm. QCLs for N2O detection have been studied by many researchers [63,64,65,66,67,68,69,70], but ICLs have also been researched [71]. QCLs for engine exhaust measurements have also been employed for many years [72,73].



For regulatory vehicle emission measurements, “standard” laboratory-grade analyzers with well-defined principles of operation are prescribed: NDIR analyzers for CO and CO2, flame ionization detectors (FIDs) for hydrocarbons, and chemiluminescence analyzers (CLAs) or non-dispersive ultraviolet detectors (NDUVs) for NOX. For NH3 measurements, FTIR instruments, QCLs, or laser diode spectroscopy (LDS) can be used. FTIR spectrometry, which is a method used for NH3 detection, is not included in the regulations for the measurement of other gaseous components.




1.3. Objectives


Even though the measurement of “non-regulated” pollutants with FTIR and TDLAS instruments is common, there are not many studies that have assessed their accuracy. Furthermore, their accuracy in the measurement of “regulated” pollutants has not been established. To this end, in this study, we compare various instruments applying principles defined in the regulations with “non-standard” ones, focusing on light absorption instruments. Special emphasis is given to NH3, because it is a compound that is sensitive to the sampling conditions. With the exception of a few studies, most evaluation studies have been carried out with older-technology vehicles, or they are >10 years old; for some instruments (e.g., TDLAS), there are only a few studies on vehicle exhaust gas [74].





2. Materials and Methods


The tests were carried out by using the chassis dynamometer of the vehicle emissions laboratory (VELA 8) of the Joint Research Centre in Ispra, Italy. Figure 2 presents the setup, which was identical for all three vehicles tested. The vehicles, which were selected to cover a wide range of emission levels for all pollutants, included two Euro 6b gasoline direct injection vehicles (G1 and G2) and a Euro 6d-Temp diesel vehicle (D). Their technical specifications can be found in Table 1.



According to European light-duty vehicles exhaust regulation 2017/1151 [75], the exhaust emissions should be determined by collecting diluted exhaust gas in bags and analyzing them at the end of the test (see BAG in Figure 2). This method gives an integrated result per test (or a phase of a test), but no real-time information. For this reason, together with the fact that the bag results were available only for a limited number of tests, real-time measurements at the tailpipe and dilution tunnel were also carried out.



The vehicle exhaust gas was transferred to a dilution tunnel with constant-volume sampling (CVS) via a ~6 m line, where it was mixed with filtered air. The first 4.5 m of the transfer line was heated to 50 °C, and the last meter, to 75 °C. An additional 0.2 m section through the wall and a 0.2 m section connecting the transfer line to the tunnel were insulated. The total diluted flow rate was determined with critical Venturi orifices, which were calibrated annually. The range of the total flow rate was 7.5 to 10 m3/min depending on the vehicle and the test cycle. The dilution air flow rate was determined with an ultrasonic flow meter (Flowsonix; AVL, Austria, Graz). The exhaust flow rate was calculated as the difference between total diluted air flow rate and the dilution air flow rates.



Table 2 gives an overview of the instruments, the components they could measure, and their principles of operation. Table 2 also comments on which principle of measurement the EU light-duty regulation requires. Laboratory-grade analyzers were placed at the dilution tunnel (DIL) and the outlet of the vehicle tailpipe (TP) for measurement. The DIL bench was also used at the end of the measurements to analyze the diluted exhaust gas that was collected in bags (BAG) (available only for a few tests). The two benches included NDIR analyzers for CO and CO2, a chemiluminescence analyzer (CLA) for NOX (in regulations, NOX is defined as the sum of NO and NO2), a flame ionization detector (FID) with a non-methane cutter (NMC) for CH4, and a QCL-IR analyzer for N2O (only in the DIL bench). The CO and CO2 measurements were performed with dry exhaust (i.e., the exhaust sample was cooled down to remove the water content). A dry-to-wet correction [76] was applied based on the H2O concentration measurement (CH2O (%)) of the FTIR spectrometer (=1 − CH2O/100).



An FTIR spectrometer and a portable NH3 instrument, which will be described below, were also connected to the tailpipe. Great care was taken to also have some heating around the connection points between the instruments and the tailpipe, in order to minimize any condensation and NH3 losses. A heated blanket at 50 °C was used for this purpose.



The FTIR instrument (SESAM i60; AVL) comprised a spectrometer, a multi-path gas cell with a 2 m optical path with a working pressure of 860 hPa, a downstream sampling pump (6.5 L/min sampling rate), a Michelson interferometer (spectral resolution: 0.5 cm−1; spectral range: 650–4000 cm−1), and a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector; it had an acquisition frequency of 1 Hz. The instrument was connected to the tailpipe with a heated polytetrafluoroethylene (PTFE) sampling line at 191 °C including a heated pre-filter.



The portable NH3 detection instrument was an AVL mobile on-board vehicle evaluation (MOVE) module based on near-infrared TDLAS. It had a photo-based detector with high sensitivity and thus did not need a multi-path cell. The instrument was connected to the tailpipe with a sample line at 170 °C to limit any condensation of chemical byproducts (hang-up effects). The internal temperature of the sample path was kept constant at 170 °C, and the diode laser itself, at 60 °C, to avoid any shift in wavelength. Furthermore, water compensation was applied internally based on internal H2O measurement. The declared measurement accuracy was ±1.5 ppm or 1.5% of the reading (whichever was larger) for concentrations up to 1000 ppm, and 2% of the reading for concentrations of 1000–1500 ppm. TDLAS, a category of laser diode spectroscopy (LDS), fulfils the requirements of the current regulations, which prescribe FTIR, QCL, or LDS for the measurement of NH3 (see Table 2).



The technical details of the other instruments are not known. However, they fulfilled the linearity requirements of the regulation: slope of 0.99–1.01, R2 ≥ 0.998, SEE (standard error of estimate) ≤ 1% max, and offset ≤ 0.5% max. The accuracy was ±2% of the reading or ±0.3% of the full scale (whichever was larger). The t10–90 of all instruments was 2–2.5 s.



As a final note, light absorption spectrometry includes NDIR, FTIR, QCL, and TDLAS principles. CLA (NOX) and FID (CH4) results are presented for completeness. As it was mentioned, the bag results will not be provided, but the comparison of the DIL and bag results was excellent, with slopes of 1.00–1.05 and R2 > 0.99 (except for CH4: slope of 1.2 and R2 = 0.85).



The test cycles were selected in order to cover a wide range of driving conditions encountered in real life, cover a wide area of the engine map, and challenge the emission control devices over a wide range of boundary conditions. They included the following: (i) Type 1 approval cycles: new European driving cycle (NEDC) applicable until 2017 and the worldwide harmonized light-vehicle test cycle (WLTC) applicable since 2017; (ii) the Transport for London urban interpeak (TfL) cycle, representing urban driving with traffic; and (iii) the German Bundesautobahn (BAB) “federal highway” cycle, representing high-speed motorway driving up to 130 km/h with frequent and sharp accelerations from 80 to 130 km/h and from 110 to 130 km/h. Furthermore, some steady-speed driving was performed to investigate specific conditions or to regenerate the DPF of the diesel vehicle. For one test, the FTIR and TDLAS instruments (NH3 PEMSs) were swapped, and the test (BAB) was repeated. The relative difference between the two instruments remained the same, indicating that the impact of the two locations on the emissions was small, if any. All tests were performed at a 23 °C (±2 °C) ambient temperature, except the TfL test and a few BAB tests immediately after the TfL test, which were performed at 0 °C (±2 °C). The main statistics of the test cycles are summarized in Table 3.



For the calculations, the equations in UNECE Regulation 49 were followed for both raw (tailpipe) and diluted exhaust gas sampling. In short, the concentrations of the analyzers were multiplied by the exhaust gas flow or the dilution tunnel flow rate and corrected with a constant value depending on the compound; the fuel; and the sampling location (raw or diluted), which takes into account the density of the compound (see also [77]). Dry-to-wet correction was applied to analyzers measuring “dry” exhaust (NDIR analyzer for CO and CO2). No NOX humidity correction factor was applied, as it would have been the same for all NOX instruments (0.91 for tests at 23 °C and 0.75 for tests at 0 °C). Time alignment is not critical for dilution tunnel instruments, as the concentrations of the analyzers are multiplied by the constant flow rate of the dilution tunnel. However, it is important for instruments connected to the tailpipe. The FTIR CO2 signal was time-aligned with the exhaust flow; then, the other instruments’ signals were time-aligned with the respective compounds of the FTIR instrument, which had the same response due to its principle of operation. Appendix A describes a speed ramp test and explains in more detail the calculation methodology, as well as some correction factors.




3. Results and Discussion


Figure 3a plots the real-time concentrations of N2O for a speed ramp test of vehicle G2 starting with a cold engine at 23 °C. N2O appeared during the first acceleration phase from an idle position to 50 km/h (note that the maximum of the peak is not shown in order to focus on the low concentrations). A smaller spike appeared in the second phase of acceleration to 90 km/h, and an even smaller one, in the phase of acceleration to 130 km/h. The signals of the two Instruments are not comparable, because one was connected to the dilution tunnel, and the other, to the tailpipe. Their difference includes the dilution factor in the dilution tunnel, which is variable, as it depends on the exhaust flow, especially during the transitions where N2O appeared.



The QCL at the dilution tunnel had a background level of around 0.35 ppm N2O originating from the dilution air of the tunnel. The FTIR instrument at the tailpipe, although it started at 0 ppm, after 200 s, it had an offset of −1 ppm. This value was up to −2 ppm in some tests. While the dilution tunnel background was taken into account in the calculations, the FTIR offset was not. The reason is that this offset was not observed at the beginning of the test but only after exhaust gas had been measured for some time. This has to do with the “interference” from other components of the exhaust gas when the cycle began and the engine was started. For N2O, the interfering gases can be CO, CO2, or H2O, depending on the wavelength [32]. This offset was also noticed in cycles that started with a warm engine, for which the condensation should be minimum, e.g., BAB tests. In hot cycles, at the beginning of the cycle, the zero level was around −0.4 ppm. Although still within the limit of quantification of the specific gas (0.4 ppm) [78], it indicates small temperature stabilization effects as the exhaust gas heats up the sampling lines and enters in the detection cell at a higher temperature.



Figure 3b presents an example of N2O emissions during the first 5 min of a cold-start TfL cycle at 0 °C, where the emission levels were very high (65 mg/km). The signals are now comparable because they are expressed in mg/s (they were multiplied by the dilution tunnel flow or the exhaust flow). The agreement among the instruments over the 5 min period (in mg/km) was satisfactory (10%) considering the uncertainty associated with the quantification of the exhaust flow rate and the data alignment required for the calculation of the emissions measured at the tailpipe.



N2O forms in the TWC, with the maximum occurring at around 200 °C [79,80,81], in the presence of NO, CO, and HC. Temperatures starting at 250 °C and higher do not produce any N2O [79], or the production is low [80]. Regarding diesel vehicles, N2O can form in DOCs, which are used to increase the NO2 fraction in the exhaust to promote the passive regeneration of the DPF or to improve deNOX activity in SCR [82]. N2O also forms during the rich regeneration of the lean NOX trap (LNT) catalyst. N2O can also form in SCR in excess of NH3 [83]. ASCs can also further contribute to the formation of N2O via the unselective oxidation of unreacted NH3 [82]. Vehicle D in our study (no LNT catalyst, but with a DOC, SCR, and an ASC) produced N2O during the whole WLTC, with cycle emissions of the order of 8 mg/km. A review study reported emission levels between 3 and 37 mg/km for diesel vehicles and between 0.1 and 14 mg/km for gasoline vehicles [78].



Figure 4a plots the real-time NH3 concentrations of vehicle G1 over the cold-start TfL cycle at a 0 °C ambient temperature. The catalyst’s temperature, as given by the vehicle from the on-board diagnostics (OBD) port, is also plotted. At the beginning of the cycle, there was no NH3. It appeared at approximately 100 s and reached the maximum levels at around 180 s. The agreement between the two instruments was good, with the FTIR analyzer recording 12% higher measurements than the TDLAS analyzer over this 5 min period.



According to the literature, NH3 forms within TWCs through reactions involving NO, CO, H2O, and H2 as precursor molecules [84,85], particularly under rich conditions [86]. A wide temperature range between 250 °C and 550 °C where NH3 selectivity was the highest has been reported [87]. NH3 formation is minimized in a temperature range 150 °C to 250 °C [79]. During acceleration phases, spikes appear due to a reduction in engine lambda promoting TWC selectivity towards NH3 [84,88,89,90].



All tests with vehicle D had zero NH3 emissions, except during a regeneration event. In the case of diesel vehicles, NH3, produced by the hydrolysis of urea solution, is used to reduce NOX to N2 and H2O in the SCR process. Ammonia slip catalysts (ASCs) are used to convert excess NH3 to N2 and H2O. Possible side reactions involve the unselective oxidation of NH3 to NO or N2O, among others [82]. Figure 4b plots the real-time concentrations of NO, NO2, NH3, and N2O over a regeneration event at 80 km/h for vehicle D. The NH3 concentrations measured with the TDLAS analyzer (NH3 PEMS) are also plotted and were in very good agreement with those of the FTIR analyzer (max concentration of 14 ppm). The regeneration started at approximately 2650 s, as the sharp increase in the temperature at the DPF indicates. The increase in pollutants started at 2750 s, while at 2950 s, only NO and NO2 remained. The high N2O concentration is likely due to unselective ammonia oxidation (at temperatures >400 °C and low NO2) [91,92,93]. Then, NH3 decreased, while NO and NO2 further increased. It is likely that urea injection was minimized or stopped at 2950 s, as the NOX conversion efficiency at such high temperatures is low due to thermodynamic limitations [94,95].



Figure 5a summarizes the NH3 differences between FTIR and TDLAS instruments, with both being connected to the tailpipe. For concentration levels up to 20 mg/km (the proposed Euro 7 limit for light-duty vehicles), the differences were within 2 mg/km for the test cycles WLTC and NEDC. Such differences between FTIR and QCL instruments have also been reported by other studies [96,97]. At higher emission levels (TfL tests at 0 °C and particularly BAB tests), the TDLAS analyzer recorded approximately 10% lower values. The FTIR analyzer was checked before the measurement campaign with a 520 ppm NH3 gas cylinder (both bypassing and measuring with the sampling line) and recorded 2% higher values. The instrument manufacturer checked the TDLAS analyzer after the measurement campaign, and the concentration was <1% lower than the reference concentration of the cylinder (around 580 ppm). Thus, the difference could not have been due to the calibration of the NH3 detectors. For NH3, the humidity in the exhaust gas plays an important role, as it condensates on the tubing, sampling probes, and sampling lines of the instruments, where NH3 can be adsorbed and later released (see Appendix A, Figure A2). The 10% difference is acceptable and in agreement with the literature [32,69]. Even though the calibration of the instruments can be much more accurate, the dynamic phenomena described previously play an important role.



In the literature, the ammonia levels of gasoline light-duty vehicles span over a wide range, with average values of around 30–70 mg/km [98,99], but modern vehicles have, in general, lower emissions [89,98,99,100,101,102,103]. However, since NH3 emissions from TWC-equipped vehicles can increase with mileage [104,105], it is not clear whether this has to do with the lower mileage of the vehicles or different engine operation aftertreatment strategies. Vehicle D in our study, equipped with an ASC, had negligible NH3 emissions, in agreement with other studies [106]. However, non-zero emissions from diesel light-duty vehicles have been reported [100,107].



Figure 5b gives an overview of the differences between the FTIR analyzer at the tailpipe and the QCL at the dilution tunnel (DIL) for N2O emissions. In general, the differences were <15% or within 3 mg/km. However, the main reason for these 2–3 mg/km differences is the 1–2 ppm offset (due to interferences) of the FTIR analyzer. It should be recalled that the N2O background (around 0.35 ppm, constant) was corrected for the instrument connected to the dilution tunnel. This correction, for the dilution tunnel flow rates (7.5–10 m3/min), was equivalent to 2–7 mg/km for the NEDC, WLTC, and BAB tests and to 11–24 for the TfL test and the cold-start part (5 min) of the NEDC and WLTC. Other studies have found even smaller differences (±1 mg/km) [97]. To put the results into perspective, the N2O limit of China 6 passenger cars is 20 mg/km. On-road and laboratory measurements have reported values in the 10–20 mg/km range for diesel vehicles [78,108,109].



Figure 6a plots the CO2 differences among the instruments. It should be recalled that the FTIR analyzer was used to measure “wet” exhaust, and the NDIR analyzer, “dry” exhaust, applying a dry-to-wet correction to convert this to the “wet” value (see Materials and Methods). This correction was around 0.85 for the gasoline vehicles, and 0.90 for the first 300 s of the cold-start tests. For the dilution tunnel, the diluted exhaust dry-to-wet correction for the NDIR analyzer was very small (<2%). In general, the CO2 differences between the NDIR instruments at the two locations were well within ±10 g/km or ±10%. The few exceptions with higher differences were found in the TfL cycle at 0 °C. The high condensation resulted in higher uncertainty in the dry-to-wet correction. Furthermore, the exhaust flow rate determined with air flows had higher uncertainty, as a comparison with the CO2 method showed higher differences in the low range (see Appendix A). A closer look at the data reveals that the two instruments at the tailpipe (FTIR and NDIR instruments) were within 5 g/km or 5%, further supporting that the remaining 5% differences from the dilution tunnel instrument were mainly due to uncertainties in the exhaust flow determination. Nevertheless, 5–10% differences in CO2 measurements are acceptable and of the same order of values in other studies with similar technologies [32,69,77,97,109,110,111,112,113].



Figure 6b plots the differences in CO instruments over a wide range of emission levels: from a few mg/km up to 30,000 mg/km. The highest levels were measured during the first 5 min of the cold-start cycles, in particular the TfL test at 0 °C. Both instruments at the tailpipe (FTIR “wet” and NDIR “dry” instruments) were within ±20% from the instrument at the dilution tunnel (NDIR) for the whole concentration range. The FTIR instrument differed from the NDIR instrument at the tailpipe by −10% to 20%. To put the results into perspective, the Euro 6 limits are 500 mg/km for diesel vehicles and 1000 mg/km for gasoline vehicles. Another study found 15% or 50 mg/km differences between a QCL and an NDIR instrument [97] for emissions up to 1085 mg/km, while PEMSs (NDIR instruments) typically show 15% differences [111] or less [114] from laboratory NDIR equipment.



Figure 7a plots the NOX differences among the instruments. The emission levels were from a few mg/km up to 1250 mg/km. With a few exceptions, the difference between the CLA at the tailpipe and the CLA at the dilution tunnel was within 10 g/km or 10%. The two exceptions were the TfL tests at 0 °C. The FTIR analyzer showed similar differences, reaching 15 mg/km in a few cases. Comparing the FTIR analyzer with the CLA at the tailpipe, the former recorded, on average, 8 mg/km higher values. CLAs have some uncertainties due to the use of NO2-to-NO converters with conversion efficiencies >95% (which need to be checked every month according to EU regulation), possible NO2 losses in their chiller, and influence exerted by quenching with water and CO2 [115]. FTIR instruments’ NO2 measurement is affected by water vapor interference. Differences of 5–15% have also been reported for instruments measuring light-duty vehicle and heavy-duty engine exhaust gas [69,77,111,112,113]. Studies with light-duty vehicles found differences in instruments of around 10 mg/km for up to 80 mg/km emission levels [97,116] and a 5 mg/km difference for levels of around 15–45 mg/km [114,116]. However, higher differences of the order of 20% [109] or higher [110,113] have also been reported in the past.



Figure 7b plots the CH4 differences among the instruments. The emission levels ranged from a few mg/km up to 500 mg/km. The differences between the FTIR instrument/the FID with a non-methane cutter at the tailpipe and the FID with a non-methane cutter at the dilution tunnel were within 2 g/km or 10%. The highest differences exceeding 10% were found in the cold-start TfL test at 0 °C and the WLTC. A previous study found a slope of 0.96 (R2 = 0.99) between FTIR measurements and CH4 from bags in the range 0–40 mg/km [109]. A recent study found 1–2 mg/km at levels up to 20 mg/km [97].




4. Conclusions


In this study, we compared instruments sampling at the tailpipe and the dilution tunnel. The benches at the dilution tunnel and at the tailpipe consisted of “standard” analyzers following the principles of operation described in the respective regulation: a non-dispersive infrared (NDIR) instrument for CO and CO2, a flame ionization detector (FID) with a non-methane cutter for CH4, and chemiluminescence analyzer (CLA) for NOX. Furthermore, the bench at the dilution tunnel included laser absorption with a quantum cascade laser (QCL) analyzer for N2O. A Fourier transform infrared (FTIR) spectrometer was also connected at the tailpipe for measuring all components. Finally, a portable instrument based on tunable diode laser absorption spectroscopy (TDLAS) for NH3 was connected to the tailpipe. One diesel and two gasoline vehicles running in different test cycles at ambient temperatures of 23 °C and 0 °C provided a wide range of emission levels. For the regulated pollutants, the differences between FTIR and “standard” analyzers were better than 10% for CO2, 20% for CO, and 10% for NOX and CH4. For CO and CO2, the wet or dry measurement with subsequent correction plays a role in the differences, especially in cold-start cycles. For NOX, water interference can impact the FTIR measurements. In all cases, the exhaust flow rate measurement accuracy had an impact on the results. For N2O, the difference between the FTIR and QCL analyzers was 3 mg/km or 15% (whichever was larger) due to the 1–2 ppm “offset” of the FTIR analyzer caused by the interference from other gases. Calibration of the FTIR instrument with “wet” (i.e., humidified) calibration gas by the instrument manufacturer is recommended. Wrong correction of the N2O background in the dilution air can also lead to significant errors in the N2O emissions from the dilution tunnel. The differences between FTIR and TDLAS instruments for NH3 were 2 mg/km or 10% (whichever was larger). This was mainly attributed to the adsorption and release of NH3 from the tubing, sampling probes, and sampling lines of the instruments. The results of this study support the use of “non-standard” techniques for the measurement of regulated (and non-regulated) pollutants without significant increases in measurement uncertainty over a wide range of emission levels. Special attention must be paid to NH3 measurement.
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Appendix A


This appendix gives details for a speed ramp test, as an example, in order to better clarify some concepts mentioned in the main text. The vehicle drove at 50 km/h, 90 km/h, 130 km/h, and then back to 90 km/h and 50 km/h (Figure A1b). Figure A1a plots the CO2 concentration as measured by the FTIR instrument at the tailpipe (TP), the NDIR instrument at the tailpipe, and the NDIR instrument at the dilution tunnel (DIL). The H2O concentration, as measured by the FTIR instrument at the tailpipe, is also plotted. The CO2 difference between FTIR (“wet” measurement, i.e., with H2O) and NDIR (“dry” measurement, i.e., after removal of H2O) instruments at the tailpipe is evident for most of the cycle. Only at the beginning of the test, the two concentrations are close to each other due to condensation taking place on the vehicle’s exhaust tubing and aftertreatment devices; thus, exhaust gas with low H2O content arrives at both instruments. The “dry” measurements of the NDIR instrument can be converted to “wet” measurements by applying a dry-to-wet factor. This factor, according to Regulation (EU) 2017/1151 [75] is calculated based on the CO2, CO, and HC concentrations. The equation in the regulation assumes that no condensation or evaporation takes place. kCO2,CO,HC is plotted in Figure A1b. The same plot also gives the correction based on the H2O measurement of the FTIR instrument. The two curves are quite close for most of the cycle, except at the beginning, when condensation takes place. Note also that some evaporation takes place (around 300 s) before the two curves reach a constant small difference. The under-correction at the beginning of the cycle can result in differences when short cycles with cold start are compared. Detailed discussion on the topic can be found elsewhere [76].



For the instruments at the tailpipe, the exhaust flow rate is needed to convert the concentration (in ppm) to mass (in mg). The exhaust flow is calculated as the difference between the total diluted flow and the dilution air flow in the dilution tunnel (see Materials and Methods in the main text). Another possibility is to divide the total diluted flow rate with the dilution factor. The dilution factor can be calculated by using the ratio of CO2 concentration at the tailpipe and at the dilution tunnel corrected with the CO2 background of the dilution air. The exhaust flow rates calculated with the two methods are plotted in Figure A1b. The difference between the two exhaust flow rates is 18% in an idle position and at a speed of 50 km/h, but it is 1% at high speeds (130 km/h) resulting in a 6% difference for the whole speed ramp test (the -flows difference method results in lower values). The difference between the two flows at the same speed is similar in the ramp-up and -down phases (1% at 50 km/h and 5% at 90 km/h).
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Figure A1. Steady-speed ramp test with vehicle G2: (a) CO2 and H2O concentrations; (b) Speed profile, calculated exhaust flow rates based on flows at the dilution tunnel and dilution tunnel (Qexh,flows) or CO2 measurements at the tailpipe and dilution tunnel (Qexh,CO2). The dry-to-wet correction based on CO2, CO and HC (kCO2,CO,HC) measurements or H2O measurements is also plotted (kH2O). 
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Figure A2a plots the NH3 emissions of the speed ramp tests with the FTIR and the TDLAS instruments (NH3 PEMSs), both connected to the tailpipe. In general, there is good agreement between the two instruments at the beginning of the test, with the FTIR instrument measuring higher values as the speed and concentration increase; then, at 130 km/h, the concentration drops, but the FTIR measurements are lower than the TDLAS ones. Note also some small spikes at 850 s and 950 s recorded by the TDLAS instrument (or lack of response of the FTIR instrument). At the end of the test, at the low speed of 50 km/h, as the concentration further increases, the two instruments get closer to each other, and at the end of the test, the FTIR instrument exceeds the TDLAS instrument.
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Figure A2. Steady-speed ramp test with vehicle G2: (a) Speed profile and NH3 concentration. (b) Correlation of the two NH3 instruments at the tailpipe (FTIR and TDLAS instruments). Note that the 90 km/h and 130 km/h points are shifted upwards by 30 ppm and 60 ppm, respectively, for better visualization. 
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Figure A2b plots the correlation between the two instruments at various speeds (the transition points are not included). At 50 km/h, the slope is around 0.83 both when ramping up or down. The slope of the 90 km/h ramp-up from 50 km/h is also similar (0.84), while that of the ramp-down is lower (0.78), but the concentrations are low (<15 ppm). The 130 km/h phase has a slope of 1.2, indicating some desorption of stored NH3 for the TDLAS instrument or adsorption for the FTIR instrument.



More correlations with more cycles for G2 (Figure A3b) and the other vehicles, D and G1 (Figure A3a), confirm the previous discussion. The highest scatter is observed in the dynamic BAB cycles. There is no indication of non-linearity at high concentrations. The slopes are around 0.85, and R2 > 0.96. For all vehicles and cycles, the slopes are 0.73–0.93 (0.85 to 0.95 when forcing through zero), and R2 > 0.9, with lower values for the dynamic BAB cycles. Even lower values are calculated for the BAB cycles at 0 °C (slope of 0.65 or 0.7 when forcing through zero). This indicates an ambient temperature impact on NH3 adsorption and release from the tubing, sampling probes, and sampling lines of the instruments.
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Figure A3. Correlation of TDLAS and FTIR instruments for measuring NH3 at the tailpipe for various test cycles: (a) vehicles D and G1; (b) vehicle G2. Note that some cycles are shifted upwards for better visualization. 
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Figure 2. Experimental setup. Thick continuous black lines are sampling lines. Dotted lines show the exhaust and air flow. Dashed lines are used for explanations. More details about the instruments in Table 2. CVS = constant-volume sampling; DIL = analyzer bench at the dilution tunnel; FTIR = Fourier transform infrared; TDLAS = tunable diode laser absorption spectroscopy instrument; TP = analyzer bench at the tailpipe. 
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Figure 3. Comparison of instruments measuring N2O: FTIR instrument at the tailpipe (TP) vs. QCL at the dilution tunnel (DIL). (a) Example of real-time concentrations (G2, speed ramp with cold start at 23 °C). (b) Real-time example (G2, cold-start TfL cycle at 0 °C). 
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Figure 4. Examples of real-time NH3 concentrations. FTIR and TDLAS analyzers are both at the tailpipe. (a) G1, cold-start TfL cycle at 0 °C; (b) D, 80 km/h regeneration at 23 °C. All measurements performed with FTIR analyzer, except the curve indicating NH3 (TDLAS analyzer). 
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Figure 5. Comparison of instruments measuring NH3 and N2O: (a) NH3: TDLAS vs. FTIR both at the tailpipe; (b) N2O: FTIR at the tailpipe vs. QCL at the dilution tunnel (DIL). Dotted lines are only meant to aid the eye. 
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Figure 6. Comparison of instruments. Reference NDIR instrument at the dilution tunnel (DIL) vs. FTIR instrument at tailpipe and NDIR instrument at the tailpipe (TP): (a) CO2; (b) CO. Dotted lines are only meant to aid the eye. 
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Figure 7. Comparison of instruments measuring the following: (a) NOX: reference CLA at the dilution tunnel (DIL) vs. FTIR instrument at the tailpipe and CLA at the tailpipe (TP); (b) CH4: reference FID with non-methane cutter at the dilution tunnel (DIL) vs. FTIR instrument at the tailpipe and FID with non-methane cutter at the tailpipe (TP). Dotted lines are only meant to aid the eye. 
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Table 1. Characteristics of test vehicles. The roadloads refer to F0 (N)/F1 (N/(km/h))/F2 (N/(km/h)2), as taken from the certificate of conformity (CoC) of the vehicles.
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	Parameter
	G1
	G2
	D





	Emission standard
	Euro 6b
	Euro 6b
	Euro 6d-Temp



	Fuel type (market)
	Gasoline E10
	Gasoline E10
	Diesel B7



	Combustion type
	Positive ignition
	Positive ignition
	Compression ignition



	Injection type
	Direct
	Direct
	Direct



	ICE power (kW)
	77
	85
	85



	Engine displacement (L)
	1.0
	1.2
	1.6



	Emission control technology
	TWC
	TWC
	DOC, DPF SCR, ASC



	Mileage (km)
	65,100
	80,300
	14,400



	Test mass (kg)
	1380
	1500
	1450



	Roadloads
	121.9/0.27/0.0337
	130.5/0.01/0.0416
	90.7/0.66/0.0311







ASC = ammonia slip catalyst; DOC = diesel oxidation catalyst; DPF = diesel particulate filter; ICE = internal combustion engine; SCR = selective catalytic reduction for NOX; TWC = three-way catalyst.













 





Table 2. Analyzers used in this study. See Figure 2 for sampling points.
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	Gas
	DIL and BAG

(Dilution Tunnel)
	TP

(Tailpipe)
	FTIR

(Tailpipe)
	TDLAS

(Tailpipe)
	GTR 15 Light-Duty Regulation Requirements





	CO2 and CO
	NDIR 1
	NDIR 1
	FTIR
	-
	NDIR (bags) 2,3



	CH4
	FID + NMC
	FID + NMC
	FTIR
	-
	FID + NMC or GC (bags) 2



	NOX
	CLA
	CLA
	FTIR
	-
	CLA or NDUV (bags) 2,3



	N2O
	QCL
	-
	FTIR
	-
	GC with ECD, QCL, NDIR, FTIR (bags or dil.)



	NH3
	-
	-
	FTIR
	TDLAS
	LDS or QCL or FTIR (tailpipe)







1 Dry measurement. 2 Also in EU regulation. 3 For on-road tests with PEMSs, measurements were performed at the tailpipe. CLA = chemiluminescence analyzer; ECD = electron-capture detection; FID = flame ionization detector; FTIR = Fourier transform infrared spectrometry; GC = gas chromatography; LDS = laser diode spectrometry; NDIR = non-dispersive infrared; NDUV = non-dispersive ultraviolet; NMC = non-methane cutter; PEMSs = portable emission measurement systems; QCL = quantum cascade laser.













 





Table 3. Characteristics of test cycles. For cycles in which cold-start tests were carried out, the first 300 s and the rest of the cycle are given separately (separated with |).
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	Parameter
	EUDC
	NEDC
	WLTC
	BAB
	TfL





	Duration (s)
	400
	300|880
	300|1500
	800
	300|2010



	Distance (km)
	7.0
	1.4|9.6
	2.0|21.2
	25.2
	1.0|8.0



	Mean speed (km/h)
	62.6
	16.6|39.4
	24.5|50.9
	113.3
	11.7|14.2



	Max speed (km/h)
	120
	50|120
	57|131
	130
	42|52



	Mean accel. (m/s2)
	0.37
	0.80|0.54
	0.49|0.39
	0.3 *
	0.68|0.51



	Max accel. (m/s2)
	0.83
	1.04|1.04
	1.47|1.58
	2.0 *
	2.67|2.46







* Typically measured values, because the theoretical values are too high and not appliable.
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