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Abstract

:

The European Union’s ambition to reach climate neutrality and a toxic-free environment by 2050 entails, among other things, cleaner road vehicles. The European Commission’s proposal for the next regulatory emissions standard, Euro 7, requires the measurement of pollutants currently not regulated on the road. In this study we compared a prototype portable emissions measurement system (PEMS) measuring CO2, CO, NO, NO2, N2O, NH3, CH4, and HCHO based on infrared laser absorption modulation (IRLAM), and two Fourier transform infrared (FTIR) spectrometers with laboratory grade analyzers. To this end, one Euro 6d Diesel, one Euro 6d gasoline, and one Euro 4 gasoline vehicle were tested at −7 °C and 23 °C with various driving cycles covering traffic conditions to highway dynamic driving. The results demonstrated that the differences among the instruments were small: ±1 mg/km for HCHO, N2O, and CH4, ±2.5 mg/km for NH3, ±10–15 mg/km for NOx, ±50 mg/km or ±15% for CO (whichever was larger), and ±10–15 g/km for CO2. These values corresponded to <10–15% of the proposed Euro 7 limits or the emission levels of the tested vehicles. Our results confirm the feasibility of on-board systems to measure the conventional components including CO2 and the aforementioned additional pollutants.
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1. Introduction


In the European Union (EU), the human exposure to concentrations of fine particulate matter (PM) and nitrogen dioxide (NO2) above the World Health Organization (WHO) guideline levels caused respectively 238,000 and 49,000 premature deaths, in 2020 [1]. Considering that the number of deaths for all causes in the EU in 2020 was 5.18 million [2], fine PM and NO2 air pollution was responsible for circa 4.6% and 1% of all deaths, respectively. In the same period, road transport contributed to 9% of fine PM and 37% of nitrogen oxides (NOx) emissions in the EU [1]. Vehicle emission standards have been developed to limit the emissions of a number of pollutants found in the vehicles’ exhaust as result of combustion of fossil fuels. They were first introduced in the EU in 1977 for light-duty (LD) vehicles with Directive 77/102/EEC and in 1988 for heavy-duty (HD) engines with Directive 88/77/EEC [3,4]. Since then, the emission standards have constantly evolved towards more restrictive limits and using more representative test procedures that cover more realistic conditions. As a consequence of the enforcement of emissions regulations in the EU, in 2020 fine PM and NOx emissions from road transport were 60.8% and 65.7% lower than in 1990, respectively [5]. In order to strengthen the vehicle emissions regulations, To this end, the latest LD and HD standards (Euro 6 and Euro VI, respectively) introduced the use of portable emissions measurement systems (PEMS) that allowed moving from the laboratory environment to more representative on-road conditions (Regulation 2017/1151 for LD, Regulation 582/2011 for HD). These on-road tests are known as real-driving emissions (RDE) tests for LD and PEMS tests for the HD counter parts. The tests are driven on public roads under real traffic and meteorological conditions without a predefined speed profile (additional details on the PEMS tests for LD and HD can be checked elsewhere [6,7]). Euro 6 RDE test procedures prescribe the measurement of NOx, solid particle number with a cut-off size of 23 nm, carbon monoxide (CO) and carbon dioxide (CO2), although emission limits are applicable only for NOx and particles (particles are not applicable for port-fuel injected light-duty spark ignition vehicles). On the other hand, Euro VI HD PEMS testing requires the measurement of particles, CO, total hydrocarbons (THC), methane (CH4), NOx, and CO2. The measurement of these pollutants in a real world operation needs to addressed the intrinsic differences between the laboratory and the on-road procedures. Differences include, but are not limited to: static measurement from a bag in the laboratory vs. dynamic measurement from the tailpipe during the on-road test, or the much longer measurement periods of the on-road tests (~3 times) when compared to the laboratory tests that could lead to instrumental drifts. To cope with these measurement principle methodological differences, the so-called conformity factors were introduced for both LD and HD in Euro 6/VI. The conformity factors reflect the additional PEMS uncertainty as compared to the laboratory measurement [8].



The EU has set a high ambition level to reach climate neutrality by 2050, as well as a zero-pollution ambition for a toxic-free environment, that require cleaner road vehicles entering the market. Some of the pollutants, currently not regulated, have adverse health and environmental impacts. For example, formaldehyde (HCHO) is classified as a human carcinogen (Group 1) by the International Agency for Research on Cancer (IARC), and is a reactive contributing to atmospheric photochemistry [9]. Non-methane organic gases (NMOG) contribute to the formation of the ground-level ozone, which causes adverse health effects, damages plants and infrastructures, and increases global warming [10]. Based on the Intergovernmental Panel on Climate Change (IPCC), N2O is a strong greenhouse gas with a Global Warming Potential (GWP) of 265 on a 100-year basis, and it also depletes stratospheric ozone. Ammonia (NH3) is a toxic and corrosive gas, and it is a precursor of secondary aerosols and smog causing adverse health, climate, and visibility impairment effects [11].



The European Commission recently proposed the latest vehicle emissions Regulation, Euro 7 [12]. This new standard reexamined the emission limits for LD and HD and requires the measurement of additional pollutants on-road and in laboratory conditions over a wide range of ambient conditions. For LD vehicles, in addition to the currently Euro 6 regulated NOx, the following gaseous pollutants have to be measured on the road: CO, THC, non-methane hydrocarbons (NMHC), and NH3. NMHC are determined from THC and CH4 measurements. For HD vehicles, in addition to NOx, CO, and CH4, which are currently regulated with Euro VI, NMOG, HCHO, N2O, and NH3 have to be measured. Note that NH3 was required for laboratory Euro VI measurements but not for on-road testing. According to the proposal, the Euro 7 emission limits have been set taking into account the measurement uncertainty of the instruments, and hence no conformity factors are foreseen in Euro 7 (i.e., PEMS measurement uncertainty is included in the emission limits). The new Euro 7 standard has been proposed to enter into force in 2025 for LD vehicles and 2027 for HD vehicles. The Euro 7 emission standard is meant to secure low pollutants emissions from new vehicles in Europe in the transition period until full adoption of a zero-tailpipe emissions fleet.



As a consequence of the enforcement of regulatory requirements, aftertreatment devices have improved [13,14,15,16]. The measurement technologies are also evolving and new technologies are being suggested to measure the new pollutants during real world operation [17,18,19,20]. HORIBA has developed a prototype PEMS in view of the upcoming Euro 7 emission standard using the quantum cascade laser infrared (QCL-IR) principle and measures eight components that will be regulated under the Euro 7 standard. Previous studies with previous versions of the instrument, but with fewer components, were promising [21,22]. In Euro 6/VI regulation specific measurement principles are prescribed for the measurement of the gaseous compounds (i.e., these are considered to be the “standard” analyzers). For example, only non-dispersive infrared detectors is permitted for CO. QCL-IR and Fourier-transform infrared (FTIR) technologies are not included. Equivalence for “alternative” techniques can be demonstrated by laboratory and on-road testing comparing with the “standard” techniques. The documentation supporting such demonstration needs a description of the theoretical basis, testing covering vibrations, ambient and altitude boundaries of the RDE conditions, and comparisons with “standard” and/or laboratory grade analyzers for both gasoline and diesel engines.



The aim of the campaign organized by the European Commission Joint Research Center (JRC) in collaboration with HORIBA was to investigate the performance of the prototype QCL-IR-based PEMS and two FTIRs in laboratory conditions on different vehicles under a wide range of testing conditions. Based on the comparisons of “standard” and “alternative” techniques quantitative differences between the instruments is provided for conventional pollutants and the pollutants now included in the Euro 7. Particular attention is given to the lower range, where future vehicle technologies are expected to emit. The findings of this study will provide support in defining the permissible principles for the measurement of various pollutants in the upcoming Euro 7 regulation.




2. Materials and Methods


This section describes the experimental setup, the characteristics of the prototype PEMS and the laboratory-grade instruments used, the tested vehicles, as well as the test cycles that were driven.



2.1. Setup


The experimental campaign was carried out in the JRC’s vehicle emissions laboratory (VELA 2) in the second half of October 2022. No on-road tests were performed with the prototype PEMS, because the scope of the campaign was to assess the performance of the instrument on a wide range of ambient conditions, and on a number of vehicles with different exhaust characteristics. VELA 2 consists of a two-axle chassis dynamometer in a climatic chamber with controlled ambient temperature and humidity. The laboratory is equipped with a full dilution tunnel with constant volume sampling (CVS) and critical flow Venturi to measure total air flow and a smooth-approach orifice (SAO) to measure dilution air flow. The exhaust gas emissions were measured directly at the tailpipe by four different instruments (Figure 1), and in the dilution tunnel by the laboratory gas analyzers. Part of the diluted gas was also collected in Tedlar bags and analyzed following the regulatory requirements for the type 1 test as described in Regulation (EU) 2017/1151. The technical details of all instruments are provided in the following sections.




2.2. Instrumentation


Table 1 gives an overview of the instruments that were available in this measurement campaign. Their exact sampling position was given in Figure 1.



IRLAM, that stands for infrared laser absorption modulation, is the prototype PEMS based on quantum cascade laser infrared (QCL-IR) technology [23]. The analyzers unit weighed 33 kg, and the 6 m heated line another 6 kg, which made it suitable for on-road testing for both LD and HD applications. IRLAM measured CO, CO2, NO, NO2, N2O, NH3, CH4, and HCHO [21,22]. For CO and CH4 the instrument measured on a low and a high range (Appendix A, Table A1), and then it allocated the value from one or the other analyzer based on the actual concentration. The instrument was factory calibrated. Span gases for all the measured species were used only to verify the span on a daily basis, but no adjustments were made, except when the test temperature changed from 23 °C to −7 °C. A bottle of N2 was used for zero calibration of each analyzer prior to each test. IRLAM was located downstream of the PEMS exhaust flowmeter (EFM) and it was the first instrument sampling from the exhaust. The sampling rate of IRLAM was 3.3 L/min. A six-meter length heated line (113 °C) was used to connect the sampling point and the PEMS. The acquisition frequency was 10 Hz. The instrument was placed inside the climatic chamber, and thus is was operated at 23 °C or −7 °C depending on the test settings.



Downstream of the IRLAM, a FTX-ONE-CS (HORIBA, Kyoto, Japan) was placed [24]. This is a laboratory grade instrument that uses the Fourier-transform infrared (FTIR) spectrometer to measure the raw exhaust (abbreviated as FTIR #2) [20]. This instrument was factory calibrated and the same gas bottles used for IRLAM were used to check zero and span prior to the start of the campaign. The sampling rate was 3.5 L/min and the acquisition frequency was 5 Hz. FTIR #2 was connected to the sampling location with a heated line (191 °C) equipped with a heated pre-filter.



A second laboratory grade FTIR spectrometer was also used (Sesam i60 from AVL, Graz, Austria), abbreviated as FTIR #1. The sampling point of this instrument was immediately after the one of FTIR #2. A heated (191 °C) polytetrafluoroethylene sampling line was used to avoid water condensation. The sampling rate was 6.5 L/min and the acquisition rate was 1 Hz. The distances between three instruments (IRLAM, FTIR #1, FTIR #2) were short (around 5 cm between each other).



In VELA 2, the instruments measuring from the dilution tunnel (abbreviated as DIL) and from the bags (abbreviated as BAG) were MEXA-7400 benches from HORIBA that used non-dispersive infrared detection for CO and CO2, chemiluminescence detection for NOx, and flame ionization detection for total hydrocarbons (THC) and CH4. An additional gas bench from HORIBA (MEXA-7100) was used to measure the exhaust at the tailpipe (abbreviated as TLP) [25]. CO and CO2 were measured after removing the water content and a dry-to-wet correction was applied based on CO2, CO, and THC concentrations [26]. DIL and TLP measurements were performed at a rate of 10 Hz. HORIBA STARS VETS was used as automation and reporting software for the BAG, DIL, and TLP data, whereas all the other instruments (IRLAM, FTIR #1, FTIR #2) were used as standalone.



The exhaust flowrate was measured with the HORIBA PEMS using a dedicated exhaust flowmeter (EFM), based on a Pitot tube using the differential pressure measurement principle. The exhaust temperature was measured with a dedicated probe and it was used to correct the measured flowrate by the PEMS. The exhaust flowrate was also calculated using the differential air flow method (i.e., CVS—SAO) and the CO2 tracer method, i.e., CVS flow divided by the dilution factor CO2,TLP/(CO2,DIL—CO2,air). Details can be found elsewhere [27] and at the Appendix B. IRLAM and FTIR #2 were shipped to JRC before the beginning of the campaign, while the rest of the equipment were owned by JRC.




2.3. Vehicles and Fuels


Three vehicles were used in the test campaign (Table 2).



Two of them met the Euro 6d emissions standard and were selected as representative of Diesel (D6) and gasoline (G6) state-of-the-art technologies. D6 was a mild-hybrid combining a 2 L 150 kW internal combustion engine (ICE) and a 48 V battery system with a 13.3 kW e-motor. D6 was equipped with an exhaust-gas recirculation (EGR) system, a Diesel oxidation catalyst (DOC), a selective-catalytic reduction (SCR) system, a lean NOx trap (LNT), and a Diesel particulate filter (DPF). G6 was a mild-hybrid with a 1.6 L ICE with a 51 kW e-motor. As emission control systems it featured a three-way catalyst (TWC) and a gasoline particulate filter (GPF). The third vehicle was a Euro 4 gasoline vehicle equipped with a TWC only. Despite being sixteen years old it had relatively low mileage, featuring only 25,700 km on the odometer at the time of the campaign. Table 2 displays additional details of the tested vehicles.



A number of standard on-board diagnostics (OBD) channels were acquired through the vehicles’ OBD ports, when available. G4 did not have an OBD port and thus no OBD data could be logged. The OBD communication with D6 had frequent glitches and most of the data were lost after 300–400 s of the tests.



All three vehicles used commercial fuels: Diesel B7 (D6) and gasoline E5 (G6 and G4). No other fuels were available for testing at the time the experimental campaign was performed.




2.4. Protocol


The test campaign started with G6. This vehicle was tested over the worldwide harmonized light-vehicles test cycle (WLTC) with cold engine start, at ambient temperatures of 23 °C and −7 °C. In addition, a dynamic motorway test (BAB), characterized by sharp accelerations from 110 km/h to 130 km/h, and 80 km/h to 130 km/h, was driven in hot operating conditions (engine coolant temperature above 70 °C). The low speed, low load Transport for London (TfL) cycle was also driven at 23 °C and −7 °C. Finally, a 1.5 h long test simulating an aggressive driving but compliant with the real-driving emissions (RDE) driving dynamic regulation requirements was also driven on by G6 (RDE_D). This test was driven to assess potential drift of analyzers over a relative longer drive than the other cycles.



D6 was driven on cold-started WLTC at 23 °C and −7 °C ambient temperature. The BAB and TfL cycles were driven at 23 °C. A DPF regeneration occurred at the end of one WLTC 23 °C and a constant speed 130 km/h test for 30 min was subsequently driven to allow for a complete regeneration. Finally, a 30-min, 28 km long, RDE on dyno cycle was driven combining urban, rural, and motorway drive (RDE_S).



With G4, just two repetitions of cold-started WLTC 23 °C were performed. The main characteristics of the cycles can be found in Table 3, and more details elsewhere [28].




2.5. Calculations


After each test, the uncorrected data results from each instrument were checked for consistency. When obvious communication problems or implausible values were identified, the data of the instrument were voided. For example, for some tests, data were lost due to communication errors (three times FTIR #1, four times FTIR #2, two times BAG). All data were then down-sampled to 1 Hz frequency and synchronized using the CO concentration values as a reference. OBD data were synchronized with the dyno using the vehicle speed signal.



Mass emission rates in g/s were calculated for all the tailpipe instruments (IRLAM, FTIR #1, FTIR #2, TLP) using the exhaust flowrate as measured with EFM, as well as using the CO2 tracer and the air flow difference methods. For consistency reasons the instruments were compared using the same exhaust flow rate (air flow differences); however, the differences between the exhaust flow methods will also be discussed. The dyno speed trace was used as source of driven distance to calculate the distance-specific emissions.



No corrections (e.g., for drift, or negatives) have been applied to the concentration measured of any of the instruments.





3. Results


Initially, real-time examples are given in order to better understand the integrated results. Then a summary of the differences among the instruments is given.



3.1. Real Time Examples


Figure 2 plots examples of CO2 concentrations. Figure 2a plots the CO2 signals of the gasoline Euro 4 vehicle (G4) for a cold start WLTC. All instruments measured “wet” exhaust, except TLP which measured “dry” and then corrected with the dry-to-wet correction, as described in the light-duty Regulation (EU) 2017/1151. The IRLAM and FTIR #1 were very close to each other (1% relative difference, e.g., 13.8% vs. 13.9% at time 120 s). The TLP was 8% lower, but after 400 s reached the same level as the other two instruments. The differences between “wet” and “dry” measuring instruments during cold start is well-know, and has to do with water condensation taking place at the surfaces of the vehicle’s tailpipe, which is not taken into account by the dry-to-wet equation, since the condensed amount is unknown. FTIR #2 was 7% higher (13.7% vs. 12.8%). This difference remained until the end of the test (not shown in the figure), thus it had to do with the instrument and not with the sampling position and possible differences in water condensation. The overestimation was also confirmed by comparing the integrated emissions with the bags and diluted concentrations (no figure shown; results will be summarized in the next section). Differences of the instruments compared to TLP of 4–6% during cold start were also found with the gasoline vehicles, which were 0% at the hot operation. FTIR #2 was 7% higher at both parts of the cycle (no figure shown).



Figure 2b plots the CO2 emissions of the Euro 6 Diesel vehicle (D6) during constant speed driving where a DPF regeneration took place. FTIR #2 was not available due to a technical problem. The agreement of the other instruments was very good (differences <1% from the mean).



Figure 3a plots CO concentrations of the D6 vehicle during the DPF regeneration at 130 km/h. The emissions ranged from 0 ppm up to 3000 ppm. The agreement of the instruments was very good. Figure 3b plots CO concentrations of the G6 during the first two minutes of a cold start WLTC. The agreement is very good with differences of 4–8% compared to the TLP in the first two minutes. Interestingly, this difference remained at the end of the test (within experimental uncertainty 2%), indicating that water contribution did not play a role as with CO2. Similarly, with the other gasoline vehicle the differences of the instruments to TLP during cold start and hot operation were similar.



Figure 4a plots the NOx (NO+NO2) concentrations at the tailpipe of the G4 vehicle for a cold start WLTC. The agreement of the four instruments was excellent over a wide range of concentrations (0–2000 ppm). Figure 4b plots the NO concentrations at low levels (note that the spikes have been cut due to the reduced y-axis scale), during the last 300 s of the same cycle. The agreement remained very good even at low levels.



Figure 5a plots HCHO concentrations for the Euro 4 gasoline vehicle (G4) over the cold start of a WLTC. The agreement of the instruments during the first peak was very good. When the concentrations dropped to 5 ppm, FTIR #2 remained higher compared to the other two instruments, which were close to each other. After the first two minutes, the difference was around 2 ppm.



Figure 5b plots HCHO concentrations for the Euro 6 Diesel vehicle (D6). The IRLAM started with zero emissions (−0.01 ± 0.02), at approximately 85 s there was an increase, and then the emissions remained slightly elevated at 0.14 (±0.04) ppm, which could be true vehicle emissions. The two FTIRs were noisier. For example, FTIR #1 measured on average 0 ppm with one standard deviation of 0.45 ppm. FTIR #2 measured on average −0.5 ppm with one standard deviation of 1 ppm.



Figure 6a plots CH4 concentrations of the gasoline Euro 6 (G6) vehicle over the cold start of a WLTC. There was a good agreement between the instruments, with FTIR #2 higher (12%) compared to the other two instruments, which were close to each other. At low concentrations IRLAM and FTIR #1 remained within 1 ppm, while FTIR #2 was 1–2 ppm higher.



Figure 6b plots N2O concentrations of the three instruments. The agreement was excellent (within ±6% of their mean) over a wide range of concentrations (0–800 ppm).



Figure 7 plots the NH3 concentrations of the gasoline Euro 4 (G4) vehicle over the cold start (Figure 7a) and the last high speed part of the WLTC (Figure 7b). The average concentration of the complete cycle, estimated by IRLAM, was 40 ppm, corresponding to 17 mg/km. FTIR #2 and IRLAM correlated well to each other, with IRLAM measuring slightly higher (5%). FTIR #1 had in general lower and broader peaks. The slower response had to do with the higher t10-90 rise time of the analyzer (Table 1). Furthermore, during cold start some NH3 was “lost”: at the first 5 min FTIR #1 was 6% lower, while at the last 5 min of the test only 2% lower. It was not investigated where the losses could have taken place, but it is known that cold spots, for instance on the connection point, or the filter of FTIRs, can result in some NH3 losses.



Figure 8 plots the exhaust flow rate of the Euro 4 gasoline (G4) vehicle (Figure 8a) and the Euro 6 Diesel (D6) vehicle (Figure 8b). The measured flow with the exhaust flow meter (“EFM”) was close or higher than the flow calculated by flow differences (total tunnel flow CVS minus dilution air SAO) (“Flows”) or the CO2 tracer method (“Tracer”). For these graphs the tailpipe extracted flow from the instruments was taken into account. The percentage of extracted flow was on average (for the WLTC) 7% for G4, 4% for G6, and 8% for D6. The highest variability was for D6: from 2% (highway) to 15% (urban). The EFM was close to the exhaust flow rate from the OBD that was available for D6. On average the differences were 4–9% (EFM higher). The tracer method had spikes during decelerations. This is known due to the fuel cut-offs and the differences in delays of the CO2 lines (at tailpipe and dilution tunnel). The D6 had many such spikes in Figure 8b due to the dynamic behavior of the specific cycle.




3.2. Integrated Results


This section summarizes the differences among the instruments (FTIR #1, FTIR #2, IRLAM, BAG, DIL, TLP) for the three vehicles (D6, G6, G4). The differences are given in absolute values (g/km or mg/km); however, the mean emission levels of each vehicle on the driven cycles are also given in the legend. The averages are from 8 tests (D6), 11 tests (G6), and 2 tests (G4). As reference, TLP was taken, and the same exhaust flow (flows difference method) was used for all tailpipe instruments (FTIR #1, FTIR #2, IRLAM, TLP) to calculate the emissions. This way the impact of the exhaust flow on the results was minimized. TLP to BAG and DIL differences are also plotted in order to understand the difference of TLP from the current regulated method BAG. However, since BAG and DIL were not available for all pollutants, for consistency, it was decided to use TLP as reference. Furthermore, due to the high extracted flow from the tailpipe, the absolute levels (both at tailpipe and dilution tunnel) had some uncertainty that could impact the differences compared to BAG and DIL. For species that TLP was not measuring, the mean of the three tailpipe instruments (FTIR #1, FTIR #2, IRLAM) was considered as reference.



Figure 9a plots the CO2 results. The mean differences ranged from −4 g/km to 9 g/km, while taking into account one standard deviation from -10 g/km to 15 g/km. Figure 9b plots the NOx results. The differences including one standard deviation were within ±15 mg/km. The higher difference of FTIR #2 (−20 mg/km in some cases) was due to the “offset” during the cycle due to interferences from other gases. It should be noted that the differences were of the same magnitude as the absolute levels for G6 (5 mg/km) or up to 40% of the emissions for the other two vehicles (emissions around 35 mg/km).



Figure 10a summarizes the NH3 results. The differences including one standard deviation were within ±3.5 mg/km, with typical mean differences within ±1.5 mg/km. Figure 10b summarizes the N2O results. The differences were in most cases within ±1 mg/km.



Figure 11a plots the results for CO. The tailpipe instruments had differences <75 mg/km from the TLP, while BAG and DIL up to 200 mg/km. For D6 and G6, which had relatively low CO emissions, the differences of the instruments were <50 mg/km. In general, the differences of the instruments were <15%. The higher difference from the tunnel analyzers indicates additional sources of uncertainty such as time alignment, exhaust flow uncertainty and dry-to-wet correction due to cold start condensation. Figure 11b plots the differences of the exhaust flow determination methods. In general, the differences were within 10%, with the exception of the Diesel vehicle that reached up to 20%.



To put the results into perspective, Table 4 gives an overview of the distance-specific emission differences and compares them with the emission levels of the examined vehicles and the European Commission proposal for LD vehicles in Euro 7. The Euro 7 limits include the measurement uncertainty of the instruments, thus the calibration and optimization of the vehicle emissions should consider the values of Table 4. Under Euro 7, a vehicle can be tested in the laboratory with laboratory grade equipment or on the road with portable emissions measurement systems (PEMS), or combinations (e.g., in the laboratory with a random cycle using PEMS).





4. Discussion


PEMS are not new; already in the ‘90s the first on-board measurement systems appeared [29,30]. For regulatory purposes, PEMS on-road testing was introduced in the United States of America (USA) in 2005 for heavy-duty vehicles in-use testing, avoiding the high costs of removing the engine from an in-use vehicle and testing it in the laboratory (see overview in [31]). In Europe, PEMS testing for heavy-duty vehicles was regulated in 2014. Shortly later, in 2017, PEMS testing was also added for light-duty vehicles in Europe, but the main reason was the differences between laboratory and on-road emissions [31,32].



Many studies have assessed the performance of PEMS. Some of the first studies used Monte Carlo simulations to randomly combine the various sources of PEMS measurement errors and determine the additive measurement allowance for the United States of America USA regulations [33]. In Europe a theoretical framework was set combining sources of uncertainty (e.g. analyzer, exhaust flow meter, drift) using the error propagation rule [8]. Experimental studies found differences with reference instruments on the order of 10–20 mg/km (or mg/kWh) for PEMS analyzers measuring NOx [34,35], or ±10% for FTIRs [20,36,37,38,39,40,41,42,43]; in line with our results. Regarding CO2, laboratory validations (i.e. comparison of PEMS with laboratory grade analyzers) in the literature reported differences well within 10% [44,45,46,47]. For FTIRs differences on the order of 5–10% (including one standard deviation) have been reported for CO2 [38,40,42,43] and CO [40,42,43,47,48]. Our results were also on the order of 10–15% for the two gases. For NH3 the reported differences of FTIRs were in general <5% [49,50], but with some cases reaching 20% [18,35,43]. Reported differences of FTIRs and QCLs (such as the IRLAM of our study) were also on the 5% range [51,52,53], sometimes reaching 20% [54]. We also noticed differences of the same magnitude. One of the FTIRs had lower levels and slower response. NH3 can be easily “lost” when water condensation takes place (e.g., in the tubes until the sampling point), so the position of the instruments plays an important role [49]. However, in our case all instruments were very close to each other, so we believe its lower response had to do with the slower rise time of the analyzer and possibly some losses in the heated sampling line of the specific FTIR. For CH4 the studies have indicated differences of ±5% [43,47,55]. Our results were on the 10% range. For formaldehyde the reported differences vary: from very small differences [40,56] up to 30% [57]. Few studies on N2O found differences of <10% [17,18,43]; in our case the differences were much smaller (1 mg/km up to 40 mg/km of N2O emissions).



The second-by-second plots revealed a few points that need attention. During cold start, condensation takes place in the aftertreatment devices and the tailpipe, thus the dry-to-wet equations of the regulation do not apply. This leads to differences between instruments measuring with and without drying of the exhaust gas. For these first minutes the CO2 differences can be up to 10%, but the overall impact over a test cycle is typically <2% [26,44]. In our results the impact on CO2 was up to 4% for the first 5 min (or 2 km), but for CO the impact was negligible. These difference for gases measured after drying (CO2 and CO) should be considered when measuring very short cold-start trips, which are allowed under Euro 7.



Of particular interest was the low zero levels of IRLAM’s HCHO. It was possible to measure vehicle emissions of 0.15 ppm, while the FTIRs were at their background levels: their standard deviation was 0.5 to 1 ppm vs. <0.05 ppm for the IRLAM. Zero levels of the instruments of our study are presented in Table A2. HCHO concentration levels above 2 ppm could be identified by all instruments. Another study from our laboratory noted this with heavy-duty vehicles: concentrations of <0.5 ppm could be detected only by the QCL, while at >1 ppm levels FTIRs and QCL were comparable [19]. The “noise” issue was of no importance for the rest pollutants because the cycles concentration levels were much higher.



Another important issue is the interference of various species (such as H2O and CO2) to the response of FTIRs. In our study we did not notice a particular issue. The differences of the NOx concentrations were at acceptable levels for the gasoline vehicle even at low levels. We noticed however that “offsets” can appear when there is condensation and the sampling needs special attention. “Offsets” of a few ppm have also been reported in other studies for compressed natural gas (CNG) heavy duty engines [35] due to H2O interferences.



No specific differences in terms of measurement performance of IRLAM were observed between tests performed at 23 °C and –7 °C. It should also be also mentioned that no drift was seen for all instruments for any test (max duration 90 min), at least for the laboratory conditions (no vibrations, changes of pressure or temperature) of our study.



The exhaust flow measurements had differences on the order of 10%. None of the methods could be considered as reference and their uncertainties were at the same levels. The CO2 tracer method had high spikes during fuel cut-offs resulting in unreliable values. Interestingly, the EFM was very close to the OBD exhaust flow signal and in between the tracer and flow difference methods.



In general, the “alternative” techniques (i.e., IRLAM and FTIR) demonstrated equivalent performance with the standard techniques of the laboratory grade analyzers. In particular, the IRLAM, even though a portable system, had small differences from the means of the rest instrument and in some cases an even better limit of detection.




5. Conclusions


In this study we compared NH3, N2O, CH4, and HCHO emissions between a prototype infrared laser absorption modulation (IRLAM) portable system, and two Fourier transform infrared (FTIR) spectrometers measuring at the tailpipe of one diesel and two gasoline fueled vehicles. Furthermore, CO2, CO, and NOx were also compared between IRLAM, FTIRs (i.e., “alternative” techniques) and laboratory grade analyzers measuring from the tailpipe, the dilution tunnel, and the bags (i.e., “standard” techniques). The tests covered a wide range of driving conditions and ambient temperatures of 23 °C and −7 °C.



The real time graphs did not reveal any particular issues, however attention should be paid to interferences for FTIRs when measuring NOx. One FTIR had slower response for NH3 and the other FTIR overestimated the CO2. “Wet” and “dry” measurements had differences at cold start due to condensation of water taking place (4% for the first five minutes, but only for CO2). Low ambient temperature (−7 °C), dynamic driving, and DPF regeneration did not influence the performance of the instruments. The instruments did not drift during this measurement campaign at the laboratory conditions.



The differences were on the order of ±1 mg/km for HCHO, N2O, and CH4, and around ±2.5 mg/km for NH3. For NOx the differences were ±10–15 mg/km, for CO ±50 mg/km or ±15% (whichever was larger), and for CO2 ±10–15 g/km. The exhaust flow meter (EFM) was within ±10% of the flows or tracer methods, and close to the OBD exhaust flow. The main conclusion is that the uncertainties, for both “standard” and “alternative” techniques are quite similar, and even for currently non regulated pollutants, are at still an acceptable level when considering the upcoming Euro 7 light-duty emission limits.
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	BAB
	Bundesautobahn (federal highway);



	BAG
	bags



	C
	concentration



	CH4
	methane



	CLD
	chemiluminescence detection



	CNG
	compressed natural gas



	CO
	carbon monoxide



	CO2
	carbon dioxide



	CVS
	constant volume sampling



	DA
	dilution air



	DIL
	diluted



	DOC
	Diesel oxidation catalyst



	DPF
	Diesel particulate filter



	EFM
	exhaust flow meter



	EGR
	exhaust-gas recirculation



	EU
	European Union



	FCM
	fuel consumption monitoring



	FID
	flame ionization detection



	FTIR
	Fourier-transform infrared



	GC
	gas chromatography



	GPF
	gasoline particulate filter



	GWP
	global warming potential



	HCHO
	formaldehyde



	HD
	heavy-duty



	IARC
	International Agency for Research on Cancer



	ICE
	internal combustion engine



	IPCC
	Intergovernmental Panel on Climate Change



	IRLAM
	infrared laser absorption modulation



	ISC
	in-service conformity



	JRC
	Joint Research Center



	LD
	light-duty



	LNT
	lean NOx trap



	m
	mass rate



	N2O
	nitrous oxide



	NDIR
	non-dispersive infrared



	NH3
	ammonia



	NMHC
	non-methane hydrocarbons



	NMOG
	non-methane organic gases



	NO2
	nitrogen dioxide



	NOx
	nitrogen oxides



	OBD
	on-board diagnostics



	PEMS
	portable emissions measurement system



	PM
	particulate matter



	Q
	flow rate



	QCL-IR
	quantum cascade laser infrared



	RDE
	real-driving emissions



	RDE_D
	real-driving emissions dynamic



	RDE_S
	real-driving emissions short



	SAO
	smooth-approach orifice



	SCR
	selective-catalytic reduction



	TfL
	Transport for London



	THC
	total hydrocarbons



	TLP
	tailpipe



	TWC
	three-way catalyst



	VELA
	vehicle emissions laboratory



	WHO
	World Health Organization



	WLTC
	worldwide harmonized light-vehicles test cycle








Appendix A


Measurement ranges (Table A1) and zero levels (Table A2) of instruments used in this study. For some instruments and species more ranges are available (distinguished by “/”). In this case the zero level was determined with the lowest range. The zero level was defined as two standard deviations of “zero” gas (N2) measurement from the sampling line over 30 s with the frequency of the actual tests. For FTIR #2, typical values are reported because the instrument was not available during the zero tests.
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Table A1. Indicative measurement ranges.






Table A1. Indicative measurement ranges.





	Analyzer
	BAG
	DIL
	TLP
	FTIR #1
	FTIR #2
	IRLAM





	Manufacturer
	HORIBA
	HORIBA
	HORIBA
	AVL
	HORIBA
	HORIBA



	Model
	MEXA-7400
	MEXA-7400
	MEXA-7100
	Sesam i60
	FTX-ONE
	IRLAM PEMS



	CO2
	1%/5%
	3%
	20%
	1%/20%
	1%/5%/20%
	20%



	CO
	10/200/500
	1000
	12%
	50/8000/10%
	200/5000/10%
	1%/12%



	NO
	-
	-
	-
	50/1000/1%
	200/1000/5000
	2000



	NO2
	-
	-
	-
	25/1000
	200
	800



	NOx
	20/50
	500
	500/1%
	-
	-
	-



	N2O
	-
	-
	-
	25/1000
	200
	1000



	NH3
	-
	-
	-
	50/1000
	100/1000
	1500



	HCHO
	-
	-
	-
	20/1000
	500
	500



	CH4
	5/10
	-
	-
	50/1000
	500/1%
	2000/1%







DIL = diluted; FTIR = Fourier-transform infrared; IRLAM = infrared laser absorption modulation; TLP = tailpipe.












Appendix B


In laboratories, the exhaust flow of a vehicle (QTLP) is mixed with dilution air (QDA) in a dilution tunnel. The total flow rate is constant and determined by a constant volume sampler (CVS) (QDIL). Note that here DIL would corresponds to CVS and dilution air (DA) corresponds to SAO from in Figure 1. The concentration of a pollutant at the tailpipe (CTLP) will decrease in the dilution tunnel (CDIL) depending on the dilution and the background contribution from the dilution air. Figure A1 presents two cases: in one case there was no extraction from the tailpipe, while in the second some flow was extracted.



For the case without any extraction (Figure A1a), neglecting the contribution from the dilution air (i.e., CDA = 0) and the unit conversions, the mass rate of the pollutant (mTLP) can be calculated:
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Table A2. Zero levels defined as two standard deviations of 30 s measurement of zero gas (N2) at the inlet of the sampling lines (except IRLAM at the inlet of the calibration line). The values were obtained at the lowest range. Not products specifications.






Table A2. Zero levels defined as two standard deviations of 30 s measurement of zero gas (N2) at the inlet of the sampling lines (except IRLAM at the inlet of the calibration line). The values were obtained at the lowest range. Not products specifications.





	Analyzer
	BAG
	DIL 1
	TLP 1
	FTIR #1 2
	FTIR #2 3
	IRLAM 4





	Manufacturer
	HORIBA
	HORIBA
	HORIBA
	AVL
	HORIBA
	HORIBA



	Model
	MEXA-7400
	MEXA-7400
	MEXA-7100
	Sesam i60
	FTX-ONE
	IRLAM PEMS



	CO2
	n.a.
	2.40
	2.60
	130
	0.64
	39.00



	CO
	n.a.
	0.04
	2.70
	1.2
	0.09
	0.84



	NO
	-
	-
	-
	1.0
	0.35
	0.19



	NO2
	-
	-
	-
	0.4
	0.05
	0.09



	NOx
	n.a.
	0.03
	0.03
	-
	-
	-



	N2O
	-
	-
	-
	0.4
	0.06
	0.07



	NH3
	-
	-
	-
	0.5
	0.05
	0.07



	HCHO
	-
	-
	-
	0.6
	0.20
	0.04



	CH4
	n.a.
	-
	-
	0.5
	0.06
	0.16







1 Measurement with 10 Hz sampling frequency with the unit used in this study. 2 Measurement with 1 Hz sampling frequency with the unit used in this study. 3 Typical values with 5 Hz sampling frequency. 4 Measurement with 10 Hz sampling frequency with the unit used in this study. DIL = diluted; FTIR = Fourier-transform infrared; IRLAM = infrared laser absorption modulation; n.a. = not available; TLP = tailpipe.
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Figure A1. Impact of extracted flow Qs on concentrations and flows: (a) no extracted flow; (b) with extracted flow from the tailpipe. 






Figure A1. Impact of extracted flow Qs on concentrations and flows: (a) no extracted flow; (b) with extracted flow from the tailpipe.



[image: Energies 16 02561 g0a1]






mTLP = CTLP × QTLP



(A1)





The concentration of the pollutant at the tailpipe CTLP is measured by an analyzer. The exhaust flow of the vehicle QTLP can be found as:


QTLP = QDIL − QDA



(A2)







The same result can be found by using the dilution tunnel measurements:


mDIL = CDIL × QDIL



(A3)







The dilution tunnel flow QDIL is known and the CDIL is measured by an analyzer. The two masses should be equal (mTLP = mDIL). Furthermore, the dilution factor (DF) is:


DF = QDIL/QTLP = CTLP/CDIL



(A4)







For the case with a flow extraction (Qs) (Figure A1b):


QTLP = QDIL−QDA’ + Qs



(A5)







However, if the extracted flow Qs is not considered, then the calculated exhaust flow (QTLP,unc) will be lower:


QTLP,unc = QDIL−QDA’ = QTLP − Qs



(A6)







Consequently, the calculated mass of the pollutant will be underestimated if the uncorrected exhaust flow is used:


mTLP,unc = CTLP × QTLP,unc



(A7)







Similarly, the mass calculated from the dilution tunnel data will also be underestimated if the extracted mass is not considered:


mDIL,unc = CDIL’ × QDIL



(A8)






ms = CTLP × Qs



(A9)






mDIL = mDIL,unc + ms



(A10)







Interestingly, not correcting for the extracted mass results in equivalent results when using tailpipe or dilution tunnel data: From Equation (A7), using Equation (A6):


mTLP,unc = CTLP × (QTLP − Qs) = CTLP × QTLP−CTLP × Qs = mTLP − ms



(A11)







The key conclusion is that the extracted flow has to be taken into account when the absolute levels are of importance. When comparing tailpipe with dilution tunnel emissions, in order to have comparable results, it is important to either take into account the extracted flow in both positions or ignore it in both positions. Additional extractions from the dilution tunnel or combination of methods to calculate the emissions (both flow and tracer) will result in deviations.
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Figure 1. Experimental setup. BAG = bags; CVS = constant volume sampler; DIL = diluted; EFM = exhaust flow meter; FTIR = Fourier-transform infrared; IRLAM = infrared laser absorption modulation; SAO = smooth-approach orifice; TLP = tailpipe. 
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Figure 2. Real time CO2 tailpipe concentrations during: (a) a cold start WLTC of the gasoline Euro 4 (G4) vehicle; (b) steady 130 km/h test with regeneration of the Diesel Euro 6 (D6) vehicle. 
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Figure 3. Real time tailpipe concentrations: (a) CO over a steady 130 km/h test with regeneration with the Diesel Euro 6 (D6) vehicle; (b) Cold start WLTC with the gasoline Euro 6 (G6) vehicle. 
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Figure 4. Real time tailpipe NOx concentrations during a cold start WLTC of the gasoline Euro 4 (G4) vehicle: (a) cold start; (b) last 300 s. 
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Figure 5. Real time tailpipe concentrations (a) CH4 over a cold start WLTC of the gasoline Euro 4 (G4) vehicle; (b) HCHO during a cold start RDE_D of the Diesel Euro 6 (D6) vehicle. 
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Figure 6. Real time tailpipe concentrations (a) CH4 over a cold start WLTC of the gasoline Euro 6 (G6) vehicle; (b) N2O over a cold start WLTC at −7 °C of the Diesel Euro 6 (D6) vehicle. 
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Figure 7. Real time tailpipe NH3 concentrations during a cold start WLTC of the gasoline Euro 4 (G4) vehicle: (a) cold start; (b) last 300 s. 
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Figure 8. Exhaust flow rate measurements: (a) part of a WLTC with the Gasoline Euro 4 (G4) vehicle; (b) part of RDE_D with the Diesel Euro 6 (D6) vehicle. 
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Figure 9. Absolute differences of the instruments from tailpipe analyzers (TLP): (a) CO2; (b) NOx. Each colored bar is a vehicle: Diesel Euro 6 (D6), gasoline Euro 6 (G6); gasoline Euro 4 (G4). Numbers in brackets are the average absolute emission levels over the driven cycles for each vehicle. Error bars give one standard deviation or max-min the G4. 
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Figure 10. Absolute differences of the instruments from their mean: (a) NH3; (b) N2O. Each colored bar is a vehicle: Diesel Euro 6 (D6), gasoline Euro 6 (G6); gasoline Euro 4 (G4). Numbers in brackets are the average absolute emission levels. Error bars give one standard deviation or max-min in the case of the G4. 
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Figure 11. Absolute differences of the instruments from their mean: (a) CO; (b) exhaust flow. 
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Table 1. Characteristics of instruments and principles of measurement.
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	Analyzer
	BAG
	DIL
	TLP
	FTIR #1
	FTIR #2
	IRLAM





	Manufacturer
	HORIBA
	HORIBA
	HORIBA
	AVL
	HORIBA
	HORIBA



	Model
	MEXA-7400
	MEXA-7400
	MEXA-7100
	Sesam i60
	FTX-ONE
	IRLAM PEMS



	CO2
	NDIR
	NDIR
	NDIR
	FTIR
	FTIR
	QCL-IR



	CO
	NDIR
	NDIR
	NDIR
	FTIR
	FTIR
	QCL-IR



	NOx (NO + NO2)
	CLD
	CLD
	CLD
	FTIR
	FTIR
	QCL-IR



	N2O
	-
	-
	-
	FTIR
	FTIR
	QCL-IR



	NH3
	-
	-
	-
	FTIR
	FTIR
	QCL-IR



	HCHO
	-
	-
	-
	FTIR
	FTIR
	QCL-IR



	CH4
	GC-FID
	-
	-
	FTIR
	FTIR
	QCL-IR



	Sampling line T (°C)
	-
	191
	191
	191
	191
	113



	Analyser t10-90 (s)
	-
	2.5
	2.5
	2.0
	1.5 1
	1.0 2



	Qs (L/min)
	-
	11
	11
	6.5
	3.5
	3.3







1 For NH3 <3 s; 2 for NH3 <1.5 s. CLD = chemiluminescence detection; DIL = diluted; FID = flame ionization detection; FTIR = Fourier-transform infrared; GC = gas chromatography; IRLAM = infrared laser absorption modulation; NDIR = non-dispersive infrared; QCL-IR = quantum cascade laser infrared; Qs = sample flow rate; TLP = tailpipe.
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Table 2. Characteristics of vehicles.
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	Characteristics
	D6
	G6
	G4





	Vehicle category
	M1
	M1
	M1



	Cylinders/arrangement
	4-inline
	4-inline
	4-inline



	Combustion type
	Compression ignition
	Positive ignition
	Positive ignition



	Fuel type
	Diesel
	Gasoline
	Gasoline



	Injection type
	Direct
	Port-fuel
	Port-fuel



	Aspiration type
	Turbocharged
	Turbocharged
	Natural aspiration



	Engine displacement (cm3)
	1998
	1598
	1108



	ICE engine power (kW)
	150
	69
	40



	Electric engine V/power (kW)
	48 V/13.3 kW
	245 V/51 kW
	-



	Emission control technology
	DOC, DPF, EGR, SCR, LNT
	TWC, GPF
	TWC



	Transmission/gearbox
	Automatic
	Automatic
	Manual



	Test mass (kg)
	1903
	1635
	1020



	Registration date
	July 2021
	September 2022
	August 2006



	Mileage (km)
	21,000
	9000
	25,700



	Emission standard
	Euro 6d-ISC-FCM
	Euro 6d-ISC-FCM
	Euro 4







DOC = Diesel oxidation catalyst; DPF = Diesel particulate filter; EGR = exhaust-gas recirculation; FCM = fuel consumption monitoring; GPF = gasoline particulate filter; ICE = internal combustion engine; ISC = in-service conformity; LNT = lean NOx trap; SCR = selective-catalytic reduction; TWC = three-way catalyst.
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Table 3. Characteristics of the test cycles.
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	Cycle
	WLTC
	BAB
	TfL
	RDE_S
	RDE_D





	Distance (km)
	23.2
	24.9
	8.8
	28.3
	91.7



	Duration (s)
	1800
	800
	2320
	1830
	5400



	Mean speed (km/h)
	46.2
	111.5
	13.7
	54.9
	61.0



	Max speed (km/h)
	131.3
	131.1
	51.8
	130.7
	143.6







BAB = Bundesautobahn (federal highway); D = dynamic; S = short; TfL = Transport for London; RDE = real-driving emissions; WLTC = worldwide harmonized light-vehicles test cycle.
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Table 4. Measured absolute uncertainty with the reference (BAG, DIL) and new techniques (IRLAM, FTIR), in comparison with the proposed Euro 7 limits. The values were based on the comparisons with the TLP.
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	Component
	Proposed Limit

(Euro 7)
	Examined Range

(All Vehicles)
	Uncertainty 1





	CO2
	–
	90–210 g/km
	10–15 g/km



	CO
	500 mg/km
	5–1085 mg/km
	50 mg/km or 15% 2



	NOx
	60 mg/km
	1–72 mg/km
	10–15 mg/km



	CH4 3
	(32 mg/km)–
	1–20 mg/km
	1–2 mg/km



	HCHO
	–
	0–1.7 mg/km
	1 mg/km



	NH3
	20 mg/km
	1–23 mg/km
	1.5–3.5 mg/km



	N2O
	–
	0–42 mg/km
	1 mg/km



	Exhaust flow 4
	–
	0.1–2.3 m3/min
	10–20%







1 Mean difference plus one standard deviation; 2 Whichever is larger; 3 CH4 has no limit, but the value is based on subtraction of THC and NMHC limits; 4 Mean over each cycle.
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