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ABSTRACT

A prototype emissions control system consisting of a close-coupled lightoff catalyst, catalyzed diesel particle filter (CDPF), and a NOX adsorber was evaluated on a Mercedes A170 CDI.  This laboratory experiment aimed to determine whether the benefits of these technologies could be utilized simultaneously to allow a light-duty diesel vehicle to achieve levels called out by U.S. Tier 2 emissions legislation.  This research was carried out by driving the A170 through the U.S. Federal Test Procedure (FTP), US06, and highway fuel economy test (HFET) dynamometer driving schedules.  The vehicle was fueled with a 3-ppm ultra-low sulfur fuel.  Regeneration of the NOX adsorber/CDPF system was accomplished by using a laboratory in-pipe synthesis gas injection system to simulate the capabilities of advanced engine controls to produce suitable exhaust conditions.  The results show that these technologies can be combined to provide high pollutant reduction efficiencies in excess of 90% for NOX and PM.  

INTRODUCTION

Manufacturers have continued to improve the efficiency of the automobile throughout its history.  Since the 1970s, reducing harmful pollutant emissions has also become a priority.  Manufacturers continued to improve upon fuel efficiency while lowering emissions for a number of years.  Recently there has been renewed interest in producing passenger vehicles and light trucks equipped with diesel engines as a means of significantly improving fleet fuel economy.  Unfortunately, engines that operate fuel-lean (lean-burn) present difficulties in accomplishing effective catalytic emissions control when compared with engines that operate at stoichiometric air-fuel conditions.  Lean-burn engines include diesel engines and gasoline-direct injection engines.  Although these engine technologies can offer exhaust streams low in carbon monoxide (CO) and unburned hydrocarbons (UHC), the nitrogen oxides (NOX) and particulate matter (PM) emissions are not low enough to preclude the need for catalytic cleanup.  Lean-burn engines also exhibit characteristically low exhaust temperatures and high oxygen concentrations making treatment of these pollutants very difficult.

Accordingly, much research is ongoing with the goal of developing techniques and technologies for reducing PM and NOX emissions from these types of engines (1-9).  CDPFs offer the hope of very high PM trapping efficiencies, but need to be regenerated to periodically oxidize the trapped particulate (4,6). Similarly, NOX adsorber devices chemically “trap” NOX in the exhaust, but need to be regenerated by periodically causing a fuel-rich (oxygen-depleted) condition in the exhaust stream (1,7,8,9). 

Both technologies are, to a varying degree, sensitive to sulfur-containing compounds in the fuel being burned by the engine.  These compounds combust to form sulfur dioxide (SO2).  Catalyzed particle filters can, if conditions are favorable, further react SO2 to form stable sulfates that manifest themselves (problematically) as added particulate emissions (3,4,6). Because of its chemical similarity to NOX, SO2 is very effectively adsorbed by NOX adsorbers, forming a stable sulfate that resists regeneration.  Because the stable sulfates resist regeneration they increase in number on the surface of the catalyst and decrease the number of active sites available for NOX adsorption (1,7,9). This process can eventually render the catalyst ineffective.  In-situ removal of stored sulfur from a CDPF can be accomplished by burning a lower sulfur fuel and causing a sufficiently long period of high exhaust temperature.  Under these conditions, the stored sulfur will be oxidized to sulfate particulate and released.  Accomplishing sulfur removal from a NOX adsorber is much more difficult.  The process requires a period of both high temperature and fuel-rich exhaust conditions for several minutes while burning an ultra-low sulfur fuel.  Generating conditions necessary to remove sulfur from these devices is thought to be possible, but may have implications for the longevity of the engine and catalysts, as well as negative impacts on fuel consumption (7-13). 

Because of the sulfur sensitivity of several technologies believed to be of critical importance to reducing pollutant emissions from lean-burn engines, there is currently a great deal of research in the United States aimed at determining the impacts of fuel sulfur on these technologies (1-6,8,10). The U.S. Environmental Protection Agency (EPA) has issued a new rule that limits diesel fuel sulfur content to a cap of 15 ppm, significantly lower than the current cap of 500 ppm (14).  This change represents a monumental challenge to and monetary investment on the part of petroleum refiners.  Thus, an understanding of the potential benefit of these emissions control technologies, if ultra-low sulfur fuel were made widely available, is important.  If these technologies do not have the potential, when used together, to enable diesels and other lean-burn engines to meet the more stringent Tier 2 emissions standards, then lowering the fuel sulfur level to such a low level would be economically irresponsible.  

The study discussed in this paper was begun in an effort to determine the potential emissions benefits of NOX adsorbers and CDPFs on diesel vehicles and to examine the short-term implications of the fuel-sulfur content on these benefits.  The first phase of this study focused on evaluating the benefits of these emissions control technologies when used independently.  Results from phase 1 showed that these technologies could achieve single component emissions reductions greater than 90% (6,8).  This paper discusses results from phase 2 of the study, in which the NOX adsorber and CDPF were combined  to achieve simultaneous reduction of both NOX and PM emissions from a light-duty diesel vehicle.

Research Vehicle

The testbed for this research project was a 1999 Mercedes A170 CDI (see Figure 1). The vehicle’s curb weight was 1,095 kg, as equipped with a 5-speed manual transaxle and 1.7 liter diesel engine. The engine is a turbocharged, intercooled, 4-valve-per-cylinder, common-rail direct-injection design that produces 66 kW at 4,200 rpm.  This engine produces a maximum torque of 180 Nm from 1,600 rpm to 3,200 rpm.  The application utilizes exhaust gas recirculation (EGR) for NOx control, plus two oxidation catalysts to control carbon monoxide, hydrocarbons, and PM emissions.  The first of these catalysts is close-coupled directly to the outlet of the turbocharger, with the second catalyst mounted in an underfloor configuration. The vehicle was first sent to a nearby research facility for break-in mileage accumulation (6,500 km) on a closed-course.  The break-in mileage accumulation was conducted using ultra-low sulfur fuel.  Following this break-in period, the vehicle was thoroughly instrumented.  Relevant temperatures, pressures, accelerator pedal position, engine speed, and other measurements were collected using an in-vehicle data acquisition system.  This same data acquisition system also collected gas analysis and other data during transient chassis dynamometer tests.  The baseline emissions characteristics of this vehicle, both with and without its OEM catalysts, were established and reported during the first phase of this study (6,8).  These baseline emissions indicated that although this vehicle was not calibrated to or certified using the U.S. Federal Test Procedure, its emissions are similar to U.S.-legal diesel passenger cars.
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Figure 1. 1999 Mercedes A170 CDI Research Vehicle.

test Fuel

Phillips ultra-low sulfur diesel fuel was used for initial engine and catalyst break-in, and the same fuel doped to various sulfur levels was used in all of the evaluations for this project.  The fuel specifications were the same as those from the Diesel Emissions Control Sulfur Effects (DECSE) program (see Table 1).  The DECSE fuels utilized an ultra-low sulfur (3-ppm) base fuel that was doped with sulfur compounds to achieve the higher sulfur (30- and 150-ppm) blend fuels.  This was done so that fuel properties other than the sulfur level would be the same for all of the test fuels. The DECSE program presented a more in-depth discussion of fuel properties and their selection (1).  The experiments discussed in this paper utilized only the 3-ppm base fuel.

experimental facilities and test cycles

A full-flow constant volume dilution tunnel was used for collecting particulate and bag emissions.  Emissions benches with the standard heated chemiluminescence (HCLD) analyzers, heated flame ionization detectors (HFIDs), paramagnetic detectors (PMDs), and non-dispersive infrared (NDIR) analyzers were used to monitor raw and dilute exhaust gas during all evaluations.  PM samples were collected using 47-millimeter (mm) diameter Pall TX40HI120 filters. The dynamometer is a twin-roll eddy current type, which has been shown to emulate certification-type tests for research purposes (15).  This equivalency was re-verified for this project by conducting repetitive certification tests at an independent certification laboratory with the A170 test vehicle in OEM configuration (6).

Table 1. DECSE Program Fuel Properties

19-Apr-99

As

Property
ASTM
Measured

Density
D1298/D4052
826.1

Viscosity@40C,mm2/s
D445
2.42

Distillation           IBP, C
D86
185

5% recovery, C
D86
198

10% recovery, C
D86
207

20% recovery, C
D86
222

30% recovery, C
D86
238

40% recovery, C
D86
251

50% recovery, C
D86
259

60% recovery, C
D86
266

70% recovery, C
D86
274

80% recovery, C
D86
287

90% recovery, C
D86
314

95% recovery, C
D86
338

FBP
D86
350

Carbon, mass %
D5291
86.3

Hydrogen, mass %
D5291
13.4

Sulfur, ppm
D4045
3.1

Average molecular weight


Saturates, vol. %
D1319
70.7

Olefins, vol %
D1319
2.3

Aromatics, vol. %
D1319
27.0

Aromatics, wt. %
D5186
28.5

Polyaromatics, wt. %
D5186
9.6

Heat Comb, net, MJ/kg
D240
43.1

Cetane number
D613
44.8

Cetane index
D976
53.6

Cloud point, C
D2500
-21.0

HFRR lubricity, (m

(without lubricity additive)
D6079
635

HFRR lubricity, (m

(with lubricity additive)
D6079
355

A modified federal test procedure (FTP) was used to enhance particulate sample collection.  The FTP calls for 3 phases, or bags.  Bag 1 is the first 505 seconds of the cycle, which includes a cold start. Bag 2 is the next 867 seconds of the cycle.  The vehicle is soaked for 10 minutes, and the bag 1 drive cycle is repeated for bag 3.  The calculation of the composite emissions from the 3 bags assumes that a 4th bag identical to bag 2 is collected.  The modified FTP consists of only 2 bags (2 LA-4 cycles):  bag 1 includes the entirety of phases 1 and 2 from the FTP, while bag 2 includes phase 3 from the FTP plus an actual test of phase 4 that is normally assumed to be identical to phase 2.  In this way, both methods of conducting the FTP produce the same emissions results.  However, given that each phase of the modified FTP is 1,372 seconds long, a larger particulate sample can be collected, allowing greater accuracy in measuring and analyzing the particulate sample.  The high-speed, high-load US06 cycle was conducted following the second phase of the modified FTP.  The highway fuel economy test (HFET) cycle was run following an FTP bag 1 (“hot 505”) preconditioning.  

Emissions Control Devices

The Manufacturers of Emissions Controls Association (MECA) provided prototype CDPF and NOX adsorber catalysts.  A close-coupled lightoff catalyst was also provided by MECA and utilized in place of the OEM lightoff catalyst for this study.  With the exception of the general size and shape of the devices, the specifics of the devices were held confidential by MECA.  As of the writing of this paper, the devices represent a level of catalyst technology that is 1-2 years old.

The lightoff catalyst volume was approximately 1.5 liters.  This catalyst monolith was of the same size and shape as the OEM lightoff catalyst. The lightoff catalyst was packaged in the OEM catalyst can so that it could be coupled directly to the turbocharger outlet.  The lightoff catalyst was degreened during phase 1 of the study.  This catalyst was used in this configuration for each experiment discussed in this paper.

The prototype CDPF volume was approximately 2.5 liters.  Its size was selected by MECA as appropriate for this vehicle.  The device was a 200 cells-per-square-inch (cpsi) (31 cells per square centimeter), 15.25 cm diameter cordierite wall-flow monolith washcoated with a blend of catalytic agents.  The CPDF was also degreened during phase 1 of the study.  The CDPF was placed in an underfloor position (approximately 1.5 meters from the turbocharger outlet) because the layout of the vehicle did not permit mounting the device closer to the engine without vehicle modifications.  The exhaust pipe was insulated from the outlet of the close-coupled catalyst to the outlet of the CDPF to reduce heat loss.

The prototype NOX adsorber volume was approximately 2.5 liters.  This device was a 400 cpsi (62 cell per square cm), 15.25 cm diameter cordierite monolith.  This adsorber was a duplicate of the adsorber used during phase 1 of this study (8).  This NOX adsorber was degreened for several hours at various conditions including temperatures typical of regeneration prior to use.  The NOX adsorber was placed immediately downstream of the CDPF and was insulated to reduce heat loss.

regeneration system

Because the NOX adsorber requires both a hot and a fuel-rich exhaust condition to regenerate, it was necessary to engineer a system to periodically create exhaust conditions appropriate for regeneration.  This system was created during phase 1 of this study (8).  The system was designed to approximate the effects of late-cycle, in-cylinder fuel injection by metering synthesis gas composed of approximately 64-66% CO, 31-32% H2, and 2-5% C2H2 into the exhaust upstream of the lightoff catalyst.  The flow of synthesis gas was controlled by an aftermarket fuel injection controller and activated at specific points in each of the test cycles by the driver’s aid computer.  The flow of synthesis gas was tuned to be roughly proportional to the oxygen mass flow rate in the exhaust.  During a regeneration event the lightoff catalyst consumed most of the synthesis gas and exhaust oxygen to create a reducing environment at the inlet to the CDPF and NOX adsorber.  This regeneration system was pursued because it would not have been possible to implement late-cycle, in-cylinder fuel injection in the short time frame required for this study.

[image: image1.jpg]


Regeneration Schedules  Specific regeneration schedules were developed experimentally for each drive cycle (8).  Engine-out emissions and temperature data for each cycle were used to determine appropriate regeneration points for each of the cycles.  This information was then used to conduct cycles with regeneration events and the results were used iteratively to refine the regeneration scheme.  The resulting regeneration schedules were used to conduct the evaluations for this study.  However, these schedules are not considered to be well-refined, nor are they allowable for manufacturers as they are cycle-specific and not applicable to general driving behavior, as they would need to be in a well-developed vehicle.  The schedules for the FTP and US06 cycle were developed in phase 1.  The HFET cycle was added for phase 2; hence, a new regeneration schedule was developed for this cycle during the phase 2 study.  

The regeneration (rich) period was 2 seconds for all regeneration events.  The lean period varied from 45 seconds to 90 seconds, but was nominally 60 seconds for all cycles.  In an effort to both maximize performance and to reduce the impact of regeneration on fuel economy, the regeneration points were generally at or near engine-idle conditions.  This was accomplished by regenerating both at zero-speed idle and during clutch-in decelerations following cruise and acceleration conditions.  The results of engine-out baseline evaluations showed that the exhaust oxygen mass flow rate was minimized under these conditions.  Although the oxygen concentration in the exhaust is lower during high-power events, increasing engine speed and boost pressure (and thus exhaust mass flow rate) quickly overwhelms the benefit of the lower concentration.  If it is possible to utilize the engine control functions to reduce oxygen mass flow rate when a regeneration is necessary, it should be possible to further reduce the fuel economy penalty imposed by regeneration and to allow regenerations at conditions other than idle.

The regeneration events caused significant exotherms in the lightoff catalyst consistent with oxidation of the synthesis gas.  However, comparison of the turbocharger exit gas temperature from engine-out evaluations with the CDPF inlet gas temperature from the phase-2 research shows that the exotherms had largely dissipated by the time the gas reached the CDPF (Figure 2), as the increased thermal mass of the exhaust system effectively damps out short-duration temperature excursions present in the engine-out profile.  The cycle-average temperatures were 190 C and 296 C for the engine-out exhaust gas during the LA4 and US06 cycles, respectively.  The cycle-average temperatures for the CDPF inlet gas were 194 C and 310 C respectively, for the same cycles.

Figure 2.  Comparison of exhaust gas temperatures during the combined LA4 / US06 cycle.

Emissions Control System Evaluations

Evaluations of the complete emissions control system were conducted in triplicate for each cycle.  The resulting emissions data are tabulated in Table 2.  The combined system demonstrates very high reductions in both NOX and PM emissions.  As expected, CO and UHC were higher than in the OEM configuration (6), but lower than the engine out emissions from this vehicle.

Table 2.  A170 CDI emissions as evaluated with a CDPF / NOX Adsorber emissions control system.  Engine out results are in parentheses.

Pollutant
FTP 

grams/mile
US06

grams/mile
HFET

grams/mile

CO


1.04

(2.21)


0.05

(0.95)
0.52

(0.90)

UHC


0.17

(0.30)


0.229

(0.158)
0.06

(0.20)

NOX

0.02

(0.60)


0.07

(1.29)
0.004

(0.42)

PM


0.010

(0.131)


0.013

(0.176)
0.004

(0.115)

Particulate Emissions  The PM results show that the CDPF / NOX adsorber system reduced the PM emissions by more than 92% on all three driving cycles as compared with engine-out results.  However, the PM emissions are not as low as were measured using only the CDPF in phase 1.  PM samples were fractionated to examine the soluble organic fraction of the PM and sulfate contributions to the PM emissions (see Figure 3).  The fractionations show that the majority of the emitted PM is made up of insolubles reported as soot, but with significant fractions made up of soluble organics and sulfates.  In an effort to further understand the source of the increased PM emissions, a single set of test cycles was run with the NOX adsorber placed upstream of the CDPF.  These tests exhibited lower PM emissions more consistent with the results from phase 1.  However, the fractions of the PM made up of SOF and sulfate were not significantly different from the original phase 2 PM results.  Rather, the PM difference was largely caused by insolubles.

Subsequently, two LA4 / US06 cycles were conducted with the NOX adsorber removed.  These cycles were intended to both confirm that the CDPF was still operating as it was in phase 1 (by turning off the regeneration system) and to examine any differences in PM fractionation caused by the regeneration system.  The first LA4 / US06 demonstrated PM emissions consistent with those from the CDPF results in phase 1.  This finding verified that any PM differences were not the result of a small leak path through the CDPF.  In the second LA4 / US06 cycle, the active regeneration system produced PM emissions that were nearly identical to the original phase 2 results with the CDPF upstream of the NOX adsorber.  The PM fractionations again showed that the principle difference in the results was due to insolubles.  

The precise nature of the increase in insoluble PM emissions remains unexplained; however, it is possible to arrive at one possible cause.  Since the insoluble PM emissions decreased with the CDPF downstream of the NOX adsorber, it seems unlikely that the emissions were due to degradation of the CDPF monolith, as was initially suspected. Because the increase in insoluble PM emissions manifested itself both with and without the NOX adsorber in the exhaust system, it seems unlikely that the increased PM was due to any effect by the NOX adsorber.  Had the additional insoluble PM formed upstream of the CDPF, it should have been trapped.  It seems most likely that fuel-rich combustion of the synthesis gas and unburned hydrocarbons (UHC) in the downstream channels of the CDPF may have caused increased soot formation that was not captured by the CDPF.  Further experiments to clarify and confirm the source of this increased PM are certainly warranted.  This finding, if confirmed, could have implications for other regeneration systems using fuel as a reductant because of the possibility for volatilized soluble organics to combust in the outlet channels of the CDPF, possibly forming PM in a similar fashion.

The increase in soluble organics and sulfates in the phase 2 PM emissions results is interesting because those compounds were only significant during CDPF regeneration in the phase 1 experiments (6).  There was little regeneration of the CDPF during phase 1 drive cycle evaluations, but possibly more complete CDPF regeneration during the phase 2 drive cycle tests due to the active regeneration system employed for the NOX adsorber.  Examination of the temperature and differential pressure data from the phase 2 evaluations seems to support this possibility.
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Figure 3.  PM fractionations for the CDPF / NOX adsorber emissions control system.

CDPF Regeneration  One might expect that the CDPF would experience some regeneration during the phase 2 drive cycle tests because of the addition of the active NOX adsorber regeneration system.  The periodic regeneration of the NOX adsorber results in a significant exotherm in the lightoff catalyst upstream of the CDPF and NOX adsorber.  If the CDPF was heated sufficiently, regeneration could occur during the drive cycle tests.  Figure 4 shows a comparison of the CDPF monolith temperature for the combined LA4 and US06 drive cycles conducted during the phase 1 and phase 2 evaluations.  This temperature was measured by inserting a thermocouple into one of the open channels on the upstream side of the CDPF monolith.  The phase 2 temperature profile is hotter than the phase 1 profile, but the temperature remains below 300 Celcius (C) for the majority of the LA4 cycle.  The temperature climbs to between 300 C and 400 C for most of the US06 cycle. The phase 1 regenerations were conducted at 400 C, but regenerative activity was noted at temperatures between 350 C and 400 C as well (6).  Furthermore, it is possible that the CDPF experienced thermal gradients that could result in other areas of the monolith being at temperatures significantly different from the measured temperature.  Although the bulk exhaust gas temperature at the CDPF inlet for the phase 2 experiments was not significantly hotter on a cycle-average basis than the engine-out exhaust gas, the CPDF monolith is considerably hotter during the system tests than during Phase 1 (passive) evaluations of the same device.  It appears that there was combustion of either the synthesis gas or the stored soot, or both, in the CDPF during the phase 2 system evaluations.
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Figure 4.  Phase 1 and phase 2 CDPF temperature profiles for the combined LA4 / US06 cycle.

Examination of the differential pressure (DP) across the CDPF shows that the average DP for each cycle actually declined from the first replicate test to the second replicate test for each cycle.  Comparing the first replicate of each cycle to the last replicate of each cycle shows that most cycles had a net decrease in the average DP, while only one cycle, the HFET, showed an increase in DP (3.6%).  While some portion of the differences in average DP during these tests is due to cycle-to-cycle differences in driving behavior,  the phase 1 results showed double-digit percentage increases in the average DP for each cycle from one replicate test to the next.  Thus, the phase 2 data seem to indicate that there was regeneration of the CDPF during the drive cycles as a result of the actions taken to regenerate the NOX adsorber.   It is unclear whether this result would be found if late-cycle, in-cylinder fuel injection were used to regenerate the NOX adsorber because of the potential for changes in the engine PM emissions and exhaust thermal characteristics under those conditions.  Nonetheless, these results are encouraging, implying that it may be possible for a CDPF to be inherently passive when used in conjunction with an actively controlled device such as a NOX adsorber.
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Regeneration Event Indicator

NOx Emissions  The combined CDPF / NOX adsorber emissions control system research results show that the system reduced NOX emissions by more than 94% on all three cycles compared with engine-out results.  These data indicate that the NOX adsorber was slightly more efficient during these evaluations than during the first phase of the project when it was used without the CDPF upstream.  The effectiveness of the NOX adsorber is strongly coupled to the regeneration schedule and exhaust conditions during regeneration.  Assuming that these performance differences are statistically significant, and because the same schedule and nominally the same synthesis gas was used for the system evaluations as was used for the individual evaluations of phase 1, there are apparently other effects worthy of investigation and discussion.

The NOX adsorber monolith temperature profiles from the phase 2 system tests and the NOX adsorber phase 1 tests are shown in Figure 5.  Both temperature profiles demonstrate large temperature increases coincident with regeneration events.  Some regeneration events seem to cause only minor temperature fluctuations, while others case much larger fluctuations.  Although both temperature profiles are, on average, very similar, the phase 2 profile exhibits temperature peaks that have a smaller duration in time compared with the phase 1 profile.  Close examination of the NOX adsorber gas inlet temperature profiles for both the phase 1 and phase 2 cases (Figure 6) showed that the phase 2 monolith temperature agrees much more closely with its inlet gas temperature than does the phase 1 monolith temperature. 

Figure 5. NOX adsorber temperature profiles for the combined LA4 / US06 cycle.

The phase 1 data seem to indicate considerable exothermic reactions taking place in the NOX adsorber, while the phase 2 data suggest less of this behavior and a higher dependence on inlet gas temperature.  Both data sets show a tendency towards increasing dependence on the inlet gas temperature during the US06 cycle, where space velocities are much higher.  

Experiments conducted with the NOX adsorber removed, but its regeneration system active, were conducted on a combined LA4 / US06 cycle, as mentioned previously.  These experiments were conducted primarily to answer questions about PM emissions, but the gas data are useful to the NOX efficiency question as well.  The gas 

Figure 6.  NOX adsorber inlet gas temperature profiles for the combined LA4 / US06 cycle.

data from these tests showed that the NOX emissions were approximately 30% NO2, regardless of whether the regeneration system was active.  This suggests that the NOX species concentrations were similar at the inlet of the NOX adsorber, regardless of whether the CDPF was used.  It was not possible to measure both the NO and NO2 concentrations upstream of the adsorber continuously because it would have required an additional HCLD, which was not available.  However, such a measurement was made during Phase 1 engine-out evaluations, yielding results that again showed the NO2 levels to be approximately 30-50% of the NOX levels.  The bag results together with these other data would seem to indicate that high levels of conversion of NO to NO2 upstream of the adsorber are probably not responsible for the marginally increased performance of the device in the phase 2 evaluations. 

The CO concentrations at the inlet of the NOX adsorber during regeneration events were not uniform because of the relatively unrefined synthesis gas control afforded by the external, open-loop control system.  However, the CO levels (averaging just over 3% during regenerations, but with concentration peaks up to 7%) should have been high enough to convert whatever stored NOX was in the adsorber during either phase 1 or phase 2 tests.  That the CO levels were sufficient is also evidenced by the elevated tailpipe CO emissions for the system evaluations.  Phase 1 CO emissions were higher than the phase 2 CO emissions.  This lends confidence that the increased performance during phase 2 was probably not due to higher CO levels during regeneration.  As no instrument was available to measure the H2 levels during either phase of the project, the authors can only speculate what these levels were based upon the CO levels and the synthesis gas makeup. 
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Regeneration Event Indicator

There are no clear reasons for the improved NOX reduction performance during the phase 2 system evaluations.  Although the differences in NOX emissions from these various cases are within the error bars of measurements at these levels, if we assume that the differences are significant, there are several possible explanations.  First, it is possible that more complete combustion of the synthesis gas was accomplished by placing the CDPF upstream of the NOX adsorber, causing a more efficient reducing environment for the adsorber.  While the syngas delivered was nominally the same in either case (developing the same air:fuel ratio in the exhaust) more complete combustion in the CDPF could have eliminated more or all of the available oxygen, leaving CO, hydrogen, and HC for NOX desorption and reduction in the NOX adsorber.  This possibility is supported by the temperature profiles from the NOX adsorber in the two sets of experiments that suggest that there was less exothermic activity in the NOX adsorber when used together with the CDPF than when used without the CPDF (Figures 5 and 6).  Second, it is possible that some NOX was reduced by oxidation of PM in the CDPF during lean operation.  This is a known path for soot oxidation that cannot be completely discounted.  Finally, the NOx adsorber used in the Phase 2 evaluations had only a few hours degreening, whereas the catalyst used in Phase 1 was subjected to all of the regeneration strategy development, resulting in many more hours of aging.  Any or all of these scenarios might contribute to a small overall improvement in NOX reduction.

Fuel Economy Penalty  The regeneration system used for these experiments necessarily expended “fuel” to deplete oxygen remaining in the exhaust after primary combustion.  While not a fuel-efficient means of regeneration, it was the most time-efficient means of completing this study.  Although some efforts were made to regenerate in a fuel-efficient manner, these efforts cannot be considered to be exhaustive in their scope or effectiveness.  In practice, other means including increased EGR and control of fuel injection parameters or fuel reformers would almost certainly be used to accomplish oxygen depletion and catalyst regeneration.  Full integration of these techniques into a vehicle would allow the fuel economy penalty for an emissions control system to be greatly reduced.

The phase 1 fuel economy penalty for use of the NOX adsorber regeneration system was 11% for the FTP cycle and 3.7% for the US06 cycle (8).  The phase 2 fuel economy penalty for the CDPF/ NOX adsorber system was 12.9% for the FTP, 4.5% for the US06, and 2.9% for the HFET.  Again, these penalties are dominated by the NOX adsorber regeneration system, with only a small relative contribution from the CDPF.  Based on the NOX emissions and theoretical CO needed to release and reduce the stored NOX, the theoretical minimum achievable fuel economy penalty for the FTP cycle is estimated to be ~2.5%.  Minimization of the fuel economy penalty, while an important concern, was not a goal of this study.  The fuel economy penalties resulting from experiments during this study should be regarded as very high and not indicative of penalties necessary to accomplish a similar level of performance in a well-integrated system.

Conclusions

· It is possible to utilize a CPDF and NOX adsorber together in an emissions control system to accomplish simultaneous reduction of both PM and NOX in diesel exhaust.  

· Achieving greater than 90% reductions in both pollutants does appear possible, but many challenges remain before this can be accomplished in commercially viable vehicles, including catalyst durability, regeneration, desulfurization, and their effects on engine durability, driveability, and packaging.

· Effects that may remain hidden during experiments with individual devices can be significant in a system environment.  Hence, performing evaluations with systems is important in understanding the tradeoffs and potential benefits of individual technologies.
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