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NOMENCLATURE 
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EXECUTIVE SUMMARY 

The 2010 emission standards for heavy-duty engines have established a limit for oxides 
of nitrogen (NOX) emissions of 0.20 g/hp-hr, a 90% reduction from the previous emission 
standards. However, it is projected that even when the entire on-road fleet of heavy-duty vehicles 
operating in California is compliant with the 2010 emission standards, the upcoming National 
Ambient Air Quality Standards (NAAQS) requirements for ambient particulate matter (PM) and 
ozone will not be achieved in California without further significant reductions in NOX emissions 
from the heavy-duty vehicle fleet [1][2]. The 2010 emission standards provided little incentive 
for manufacturers to pursue NOX emission reductions beyond 0.20 g/hp-hr at the outset of this 
work.  In 2013, California Air Resources Board (CARB) promulgated optional lower NOX 
standards (at 0.02, 0.05, and 0.1 g/hp-hr levels), and provided some incentive funding in an effort 
to encourage development towards lower NOX levels.  In September, 2015 CARB published 
technology assessments for both heavy-duty diesel and natural gas fueled engines, in an effort to 
evaluate the state of technology available to lower NOX emissions further [3][4]. 

However, although the literature reflects the potential for further significant NOX 
reductions, there is limited information available regarding the feasibility of achieving very low 
NOX emission levels below 0.20 g/hp-hr. To address this lack of information, CARB funded a 
research program to explore and investigate the feasibility of significantly reducing NOX 
emissions below today’s standard in Class 8 capable heavy-duty engines (HDE). 

Program Overview 

This project studied two different engine platforms; a compressed natural gas (CNG)-
based engine system and a diesel-based engine system.  The exhaust gas chemistries of these two 
systems are quite different (CNG is a near stoichiometric chemistry, whereas diesel exhaust is a 
lean environment).  The catalyst technologies utilized to achieve the heavy-duty 2010 NOX 
emissions standard on these two systems are also different and relatively new to the heavy-duty 
market.  As the technologies mature, there will be opportunities to reduce the NOX levels below 
the current 2010 standard levels. 

This study involved identifying advanced, production feasible emission control solutions 
for both of these platforms, screening and developing modified engine and emissions system 
control strategies on aged combinations of advanced aftertreatment systems, then selecting, 
refining, and demonstrating ultra-low NOX (ULN) emission levels with the selected systems. 

The goal was to demonstrate NOX emission levels significantly lower than the current 
heavy-duty standard of 0.20 g/hp-hr.  The project target for tailpipe NOX emission was 0.02 
g/hp-hr, which represented a 90% reduction from 2010 emission levels.  An additional goal of 
the project was that the demonstration be conducted with technologies feasible for production 
systems, as well as being consistent with a path toward meeting current and future heavy-duty 
greenhouse gas (GHG) and fuel economy standards.  Essentially, the program needed to balance 
NOX reduction efficiency with fuel consumption changes to achieve maximum NOX reduction 
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for the minimum increase in fuel consumption. Given the program goals, there were two 
primary areas of focus for the development effort: 

• Developing substantial improvements in cold-start emission control and 
aftertreatment system warm-up as compared to current production systems. 

• Achieving very high rates of NOX reduction, in excess of 99%, across the 
aftertreatment system during warmed up operation. 

Under Task 1 of this program, several test cycles representing various types of vocational 
engine operation were developed based on cycle information supplied by CARB.  Two heavy-
duty engine platforms were obtained for this study: 

• CNG: A 2012 Cummins ISX 12-G engine certified to 2010 emissions standards 
(supplied by SwRI). 

• Diesel:  A 2014 Volvo MD13TC engine certified to Euro VI standards, but 
capable of meeting 2010 emissions standards as well (supplied by Volvo). 

Task 1 also involved identification of advanced aftertreatment solutions that could be 
leveraged to meet ULN levels for both of these two platforms.  The aftertreatment systems 
selected for the CNG application were similar in function to three-way catalyst (TWC) used in 
stoichiometric gasoline applications.  For the diesel application, the selected systems were 
combinations of selective catalytic reduction (SCR) and diesel particulate filter (DPF) 
technologies with some planned means for accelerating catalyst warm-up and providing thermal 
management. The Manufacturers of Emission Controls Association (MECA) provided and 
conditioned all the emission control aftertreatment systems used in this study and supported 
aging of these systems for final demonstration testing. 

Under Task 2 of the program, baseline engine emissions for both platforms were 
measured, with the stock emission systems and controls, over the targeted test cycles (selected 
under Task 1), and updated engine calibrations were developed in order to enable the integrated 
systems to reach program targets.  During baseline testing, continuous modal emissions, 
temperature, exhaust flow, and integrated emissions were measured.  The engine emissions were 
characterized using modal raw and dilute gas analyzers, Fourier Transform Infrared 
Spectroscopy (FTIR), and integrated bag and particulate filter samples.  This work was 
conducted in a 40 CFR 1065 compliant test cell.  The engines were then relocated to 
development cells, wherein modified engine control strategies to lower NOX emissions were 
developed. 

Under Task 3 of the project, candidate aftertreatment systems underwent initial screening 
and early control development.  Because stoichiometric TWC technology is fairly mature due to 
experience gained from years of application on light-duty, there were not a large variety of 
technologies offered for the stoichiometric CNG system.  As a result, the off-engine screening 
phase of the program was bypassed on the CNG system, and the work proceeded directly to the 
engine integration under Task 4. 
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For the diesel system, it was anticipated that there would be many advanced technology 
options offered and that accelerating the light-off of the catalysts in this system would be more 
difficult and require increased development.  Therefore, Task 3 involved an extensive screening 
and calibration development effort for the diesel platform.  To maximize the number of options 
that were examined, Southwest Research Institute (SwRI) leveraged the capability of the burner-
based FOCAS® Hot Gas Transient Reactor (HGTR®) system to screen aftertreatment options. 
This off-engine screening allowed for higher efficiency in screening and selection of candidate 
systems for final optimization.  Task 2 (engine management strategy development) and Task 3, 
(aftertreatment component screening), were conducted simultaneously to develop stable, feasible 
strategies that simultaneously achieved high NOX reductions while attempting to minimize any 
negative impact on GHG emissions and fuel consumption.  

Through this parallel screening and calibration development process, many different 
aftertreatment systems and combinations of systems were tested and tuned. Task 3 concluded 
with a review of the performance and penalties and feasibility of all the components and 
combinations of components assembled into complete systems.  Based on the results, candidate 
technology systems were identified and ranked, with the highest ranked systems progressing to 
on-engine integration and final demonstration in Task 4.  

In Task 4, the engines were relocated to a 40 CFR 1065 compliant transient test cell. 
Candidate systems identified in Task 3 were integrated on the engine, along with engine NOX 
management strategies developed under Task 2.  The calibrations and controls were tuned to 
reduce NOX emission levels to meet the program target over the Federal Test Procedure (FTP) 
test cycle, RMC-SET, and WHTC cycles. Emissions were also examined over the other test 
cycles identified in Task 1.  For each platform, a set of aftertreatment components was aged over 
a Final Aging protocol that was designed to simulate full-useful life (FUL) to the degree possible 
within the scope of the program.  Final Aging efforts were supported by additional funds from 
MECA. 

At the conclusion of the program, final demonstration tests were conducted under Task 4 
on both engine platforms using the Final Aged parts.  Replicate tests were conducted on all 
cycles of interest in order to characterize the performance of the emission control system on both 
engines. 

Program developments and results are summarized for each of the two engine platforms 
separately below. 

Program Cycles 

As noted above, the primary test cycles for this program were the current regulatory 
cycles.  These include the U.S. Heavy-Duty FTP transient, the steady-state RMC-SET cycle, and 
the CARB extended idle test. In addition the European Worldwide Harmonized Test Cycle 
(WHTC) was also included as a primary cycle for the program. 

The program target was that these primary cycles would be used for both demonstration 
of emissions, with a development target of 0.02 g/hp-hr, and for the assessment of the GHG 
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impact of the technology solution used to meet that target.  The CARB idle test is not regulated 
in terms of brake-specific emissions, therefore no specific target was given for that cycle. The 
program target was to examine how much reduction was available over that cycle, and what the 
GHG impact of such reductions would be. 

Beyond these regulatory targets, however, it is also important to examine real-world 
emission control performance, especially in the case of low load vocational and urban cycle 
applications.  In order to examine this question, several Vocational cycles were developed in 
order to examine the performance of both the Baseline engines and the final Low NOX engine 
systems under these kinds of operation.  It should be noted that emissions controls and 
calibrations were not specifically developed to deal with these Vocational cycles.  Rather, the 
systems were developed to meet targets in the regulatory cycles, and then those systems would 
be run on the Vocational cycles to examine potential performance differences.  The results could 
then be used to inform future development and regulatory efforts, aimed at closing any observed 
performance gaps between the current regulatory cycles and this kind of low load field operation.  
A brief description of the three Vocational cycles and the kinds of operation they are intended to 
target is given in Table 1 below.  Detailed cycle profiles are given in the later in the body of this 
report. 

TABLE 1.  PROGRAM VOCATIONAL CYCLES 

Cycle Description ARB Intent 

  
    

 
 

    
 

  

 
 
 

   
   

  
   

 
 

 
 

 
  

 

  

 
   

 

   

 
 

• Highly transient 30min idle + • Low speed with severe demand spikes Idle + NYBC x 4 41 min urban • Sustained Low temperature with high operation transient 

Cruise+Creep x 10 

50mph cruise • Sustained light load for 20 min • Ability of system to maintain heat followed by 42 • Thermal management behavior min of “creep” • Cold-start versus extended low load operation 

Based on • Realistic vocational cycle for California 
OCTA Bus OCTA cycle • Transit bus data 

data ~ 32 min • Less aggressive transients than FTP 
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CNG Engine – Cummins ISX12-G 

The development of the CNG engine platform to meet ultra-low NOx (ULN) levels was 
generally more straightforward than the diesel platform.  Although a considerable amount of 
development effort was still required, the fact that the engine was a stoichiometric spark ignition 
(SI) unit allowed the use of the more mature TWC technology that is capable of very high NOX 
reduction, as long as the engine’s air-fuel ratio (AFR) can be appropriately controlled. 

The primary development efforts on the CNG engine involved: 

• Selection of a three-way catalyst system from the options provided by MECA 
• Implementation of advanced AFR controls in the ISX 12G engine 
• Calibration of the AFR controls to achieve maximum performance 
• Development of a cold-start warm-up strategy to get the TWC system to light off 

temperature as quickly as possible 

The baseline engine was essentially a throttle body injected spark ignition (SI) engine. 
There was some discussion of moving to port-fuel injection (PFI) in the early phases of the 
program.  However, it ultimately proved unnecessary to take this step, and sufficient control was 
achieved with an advanced form of throttle body injection.  However, advanced injection 
hardware and controls were not available from the engine original equipment manufacturer 
(OEM) during the program.  Therefore an advanced third-party system produced by EControls 
was installed on the engine.  This system used a model-based control approach and employed 
proprietary injection and mixing hardware.  The ISX 12-G engine employed a high-pressure loop 
EGR system, which allowed for control of engine-out NOX levels. It was essential to ensure very 
good mixing between air-fuel-and EGR, and this was done via the proprietary mixing hardware 
that was part of the EControls system. 

The final catalyst system chosen was a combination of a close-coupled three way catalyst 
(ccTWC) and a conventional under-floor TWC (ufTWC), which is similar to configurations used 
on Tier 2 gasoline light-duty passenger vehicles.  A schematic of the system is show in Figure 1 
below. 
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FIGURE 1. SCHEMATIC OF FINAL LOW NOX CNG ENGINE AFTERTREATMENT 
SYSTEM 

The final aftertreatment system was aged using methods based on the EPA Standard 
Bench Cycle (SBC) methodology, which is the accepted approach for aging of TWC systems to 
reach full useful life.  The aging calculations were based on 435,000 miles of operation of the 
OCTA bus vocational cycle, which was representative of the urban transit bus application that 
would be typical for this engine.  Figure 2 below shows the temperature histogram of the cycle, 
which was run for 137 hours using a CNG-fired burner-based aging rig. 
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FIGURE 2. TEMPERATURE HISTOGRAM OF THE SBC CYCLE FOR FINAL AGING 
OF THE CNG ENGINE CATALYSTS 

Table 2 and Table 3 below summarize the final tailpipe test results on the CNG Low NOX 
demonstration engine using the Final Aged parts.  The results are shown in comparison to results 
for the Baseline engine before modifications.  In general the results show roughly an order of 
magnitude reduction in tailpipe NOX emissions for the Low NOX engine, as compared to the 
Baseline. For all regulatory test cycles, tailpipe NOX emissions were below the 0.02 g/hp-hr 
target.  In addition, the Low NOX engine generally showed significantly lower NH3 and methane 
emissions, as compared to the Baseline engine. This was generally the result of improved air-
fuel ratio control with the Low NOX engine. 

The CO2 emissions impact of varied by cycle, but in general there was an increase of 
about 1% on duty cycles which featured a cold-start, due to the impact of the rapid cold-start 
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warm-up strategy.  However, this was generally offset by lower methane emissions in terms of 
overall GHG impact.  It should be noted that NH3 did exceed the program target of 10 ppm cycle 
average.  However, this was due to a shortcoming of the AFR controller, which did not include 
an oxygen storage model for the catalysts at the time of development.  However, such controls 
technology is in production on Tier 2 gasoline engines, and could be added to a heavy-duty CNG 
engine given sufficient development time and resources.  The resulting improved AFR control 
would likely result in lower NH3 emissions. 

TABLE 2.  CNG ENGINE NOX EMISSIONS COMPARISON – LOW NOX ENGINE 
VERSUS BASELINE, G/HP-HR 

Engine FTP RMC-SET WHTC 
Cold Hot Composite Cold Hot Composite 

Baseline 0.247 0.093 0.115 0.012 0.310 0.308 0.308 
Low NOX 

Engine 0.065 0.001 0.010 0.001 0.043 0.006 0.011 

% Reduction 74% 99% 91% 92% 86% 98% 96% 

TABLE 3.  CNG ENGINE COMPARISON OF OTHER EMISSIONS – LOW NOX 
ENGINE VERSUS BASELINE 

Engine Pollutant FTP RMC-SET WHTC 
CH4, g/hp-hr 0.96 1.20 1.54 

Baseline NH3, avg ppm 76 162 100 
CO2, g/hp-hr 542 454 510 
CH4, g/hp-hr 0.15 0.93 0.10 

Low NOX Engine NH3, avg ppm 52 37 44 
CO2, g/hp-hr 547 445 513 

% Change from 
Baseline 

CH4 -84% -23% -94% 
NH3 -32% -77% -56% 
CO2 0.9% -2.0% 0.6% 

An example of the improved transient cycle NOX performance is given below in Figure 3 
for the cold-start FTP, and in Figure 4 for the hot-start FTP.  For the cold-start, it can be seen that 
the initial NOX peak is somewhat smaller, but also that full NOX control is achieved within about 
60 seconds on the Low NOX CNG engine, whereas the baseline saw significant breakthrough 
events up to 300-400 seconds into the cycle.  This improvement is due to the combination of 
faster catalyst light-off and improved air-fuel ratio control, which helps to reduce breakthrough 
later in the cycle.  For the hot-start the improvement can be seen in the removal of smaller NOX 
breakthrough events throughout the cycle, which is due to the improvement in air-fuel ratio 
control. 
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FIGURE 3. COMPARISON OF COLD START FTP NOX – LOW NOX ENGINE VERSUS 

BASELINE 
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FIGURE 4. COMPARISON OF HOT-START FTP NOX – LOW NOX ENGINE VERSUS 

BASELINE 
 

 Another important aspect of the CNG engine results can be observed in the Vocational 
cycle test results, which are given below in Table 4.  The Low NOX CNG engine is able to 
achieve sustained very low NOX levels, essentially near zero NOX, on all of the different 
vocational cycles, as well as generally lower methane and NH3 levels compared to the baseline.  
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This result implied that the CNG engine will be able to provide sustained low NOX levels even 
during lower load field duty cycles.  In addition, while the highly transient nature of some of 
these cycles proved problematic for the controls on the Baseline engine, the improved air-fuel 
ratio control on the Low NOX engine was more robust to this kind of operation.  That said, there 
is still room for improvement as evidenced by the NH3 emission levels observed on some of 
these cycles.  It should be noted that the same improvements discussed earlier, such as the 
inclusion of a robust oxygen storage model, would benefit these cycles as well. 

TABLE 4. CNG ENGINE VOCATIONAL CYCLE EMISSIONS – LOW NOX ENGINE 
VERSUS BASELINE 

Cycle Baseline Low NOX Engine 
NOX, g/hp-hr NH3, ppm CH4, g/hp-hr NOX, g/hp-hr NH3, ppm CH4, g/hp-hr 

NYBC 0.91 12 1.9 0.002 25 0.5 
Cruise Creep 0.07 124 1.6 0.002 85 1.0 

OCTA 0.11 92 1.1 0.0003 47 0.04 

Overall, the results indicate the feasibility of reaching NOX levels below 0.02 g/hp-hr on 
a CNG engine over the vocational cycles.  While the catalysts are somewhat larger than those 
used on current 2010 CNG engines, this can be improved over time.  The required improvements 
in air-fuel ratio control are achievable using available control technologies, and controls can be 
further improved via the incorporation of more control approaches already in use for light-duty 
gasoline engines.  In addition, further improvements in performance are likely available via the 
adoption of port fuel injection approaches, although this did not prove necessary to reach 0.02 
g/hp-hr on ISX 12-G engine.  Based on the data shown above and what is available in the public 
domain, it appears that some form of limit on NH3 emissions may be important in ensuring 
robust air-fuel ratio controls. 

It should be noted that the advent of heavy-duty OBD requirements for CNG engines in 
the 2018 timeframe will introduce additional work effort on the introduction of a low NOx CNG 
engine.  However, the oxygen-storage based approaches used for TWC catalyst monitoring on 
smaller gasoline catalysts should be applicable, although they will need to be calibrated and 
tested.  Misfire monitoring should also be noted as a challenge on engines of this size that will be 
installed in a variety of different larger applications. 

CNG Engine Recommendations and Next Steps 

The CNG engine demonstration effort was generally successful in showing the feasibility 
of meeting a 0.02 g/hp-hr level with a stoichiometric CNG engine. The demonstration was 
accomplished with technologies available in the marketplace, and with systems feasible for 
production.  Given that there is a production CNG engine now available that is certified to a level 
of 0.02 g/hp-hr under the CARB Voluntary Low NOX standard, it is unlikely that further 
development efforts are needed regarding demonstration. 

It is understood that there are some similarities between the current program engine and 
the now certified Cummins 9L CNG engine. Both engines are stoichiometric CNG engines 
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equipped with EGR, and both engine approaches did not require the use of port fuel injection. 
The engine for this program was a larger engine at a 12L displacement, with a relatively low 
power rating.  The catalyst strategy was different, in that the program 12L engine utilized a 
close-coupled light-off catalyst in addition to an under-floor main catalyst, whereas the 9L 
engine utilizes a single catalyst bed.  The information from both engines indicates that there are 
multiple ways to approach ULN NOx levels with a CNG engine, with regard to aftertreatment 
architecture and controls.  Manufacturers will determine which options are most efficient for 
each given engine. 

The results of the program, as well as information available about the certified 9L engine, 
do imply some areas that should be monitored in the event of a widespread deployment of CNG 
engines to meet a 0.02 g/hp-hr level, even under the voluntary program. 

• Tailpipe NH3 emissions – Tailpipe ammonia levels, while lower than the baseline engine, 
were still quite high in certain situations.  This was the case for both regulatory cycles 
and some of the vocational cycles.  It is understood that this is the case for production 
offerings as well at the moment.  This can generally be mitigated by improved air-fuel 
ratio controls, but the question remains whether such controls will be deployed in the 
absence of a regulatory driver.  Given that NH3 is itself an irritant, and can also be a 
precursor for secondary PM formation, it may be important to ensure that tailpipe NH3 
remains well controlled in the event of a large-scale adoption of CNG engines. 

• Methane emissions – While CH4 emissions were generally lower on the Low NOX engine 
than for the Baseline, methane was still above the 0.1 g/hp-hr cap for Phase 1 and Phase 2 
GHG standards, in some cases by a significant amount, including on some Vocational 
cycles.  While the total GHG emissions were below the 2017 Phase 1 targets, the 
methane emissions nevertheless offset some of the GHG benefit of the CNG fuel.  Given 
that the increased methane can also be mitigated at least in part by improved AFR 
controls, it may be important to ensure that such controls are deployed in the event of a 
large-scale adoption of CNG engines. 

• It is apparent from the results that even a small loss of air-fuel ratio control can result in 
large increases in NOX and other emissions (such as ammonia and methane).  Given the 
importance of air-fuel ratio control in maintaining low NOX levels, it will be important to 
that this control is maintained over time. It is understood that HD-OBD requirements 
will apply to CNG engines starting in 2018, and robust AFR monitoring will be important 
to insuring that the low NOX potential of stoichiometric CNG engines is realized in the 
field.  The level of effort associated with such robust OBD monitoring should not be 
underestimated, and this may be an area where future development or demonstration 
could be warranted.  It is assumed that the same methodology associated with light-duty 
gasoline will be applicable, but it may be important to validate this assumption. 
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Diesel Engine – 2014 Volvo MD13TC 

The diesel engine platform presented a much greater challenge to achieving ultra-low 
NOX emissions levels.  As with all diesel engines, the combination of lean exhaust and lower 
exhaust temperatures makes NOX control particularly difficult.  The 2014 Volvo MD13TC 
engine was chosen for this program based on discussions with the OEM partner for this program. 
Initially it had been planned to use a 2011 Volvo MD13 engine.  However, it was pointed out 
that this engine would not be representative of engines in the post-2017 timeframe.  The MD13 
engine had significantly lower engine-out NOX levels than were already available on engines, 
even in 2013. In addition, only a limited number of hardware levers were available on the MD13 
engine for recalibration.  Furthermore, the OEM indicated that the MD13TC engine was 
representative of the direction that they intended to pursue for meeting upcoming Phase 2 GHG 
targets, which were still under discussion at that time.  Because a US version of this engine did 
not exist at the start of the program, a Euro VI version of the engine was supplied.  Baseline 
testing indicated that this engine was able to meet the 2010 US emission limits. In addition, the 
engine-out NOX level of the baseline engine was on the order of 3 g/hp-hr, which was 
representative of engines on the U.S. market in the 2013-2016 timeframe. 

The drawback to this choice of engine was that it employed high temperature waste heat 
recover (WHR) in the form of a mechanical turbocompound system.  This technology did enable 
the engine to be capable of reaching the 2017 Phase 1 GHG targets for Class 8 engines. 
However, it also meant that engine-out exhaust temperatures on the MD13TC engine were 
significantly lower than what was anticipated for the original engine choice, as shown below in 
Figure 5.  It was understood that this would pose a significant challenge to the program, but it 
was felt that this was still a better choice than to proceed with the 2011 MD13 engine, which 
would have been open to significant criticism of being unrepresentative.  Initially, it was 
anticipated that the temperature issue could be mitigated in part using a bypass or similar 
approach that would allow the diversion of exhaust around the turbocompound during cold-start 
operation.  Following the start of development, however, it became apparent that such an 
approach was not feasible within the scope and budget limits of the program. 
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FIGURE 5. COMPARISON OF COLD-START EXHAUST TEMPERATURES – MD13TC 
ENGINE VERSUS NON-TURBO COMPOUND ENGINE (MD13 VGT) 

As a result of the engine architecture, this particular diesel engine was an even more 
significant challenge in terms of achieving ultra-low NOX levels.  Viewed from the current 
vantage point, at the end of the program, it is apparent that this engine probably represents more 
of a corner case with regard to potential approaches to meeting GHG Phase 2 targets.  As such, 
the resulting technology approach to achieving ultra-low NOX levels should likely be viewed as 
closer to a “worst-case” example of what is required to reach 0.02 g/hp-hr, rather than a typical 
application.  Nevertheless, an example of this type of engine is currently in production in the 
U.S., and therefore this case remains a useful one in illustrating the challenge that can be 
presented by adopting different approaches to meeting engine system efficiency targets. 

Diesel Engine Calibration Changes 

It was understood that the primary aftertreatment de-NOX technology that would be used 
for this program would be ammonia selective catalytic reduction (SCR).  Given the challenge 
presented by the low exhaust temperature, it was recognized that the engine calibration would 
need to be significantly modified in order to achieve two goals during cold-start operation: 

• Increased exhaust temperatures to promote more rapid catalyst light-off 
• Reduced engine-out NOX levels prior to catalyst light-off 

A modified engine calibration was developed which employed a number of different 
engine technologies including: 
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• Increased use of cooled EGR 
• Intake throttling 
• Multiple injections via the common rail fuel injection system available on the engine 
• Elevated idle speed during cold-start warm-up 

The net effect of the modified calibrations on engine-out temperature and NOX is 
illustrated in Figure 6 and Figure 7, respectively. 

FIGURE 6. ENGINE-OUT TEMPERATURE COMPARISON – MODIFIED 
CALIBRATION VERSUS BASELINE 

FIGURE 7. ENGINE-OUT NOX COMPARISON - MODIFIED CALIBRATION VERSUS 
BASELINE 

As shown in the figures, the strategy approach that was taken was to modify engine 
behavior when the aftertreatment was not yet warm, and then to release the calibration back to 
the baseline high efficiency mode once the aftertreatment was sufficiently warm to achieve very 
high efficiency NOX reduction.  The dashed blue vertical line indicates that point in this example 
where the engine calibration reverted from the cold-start mode to the high-efficiency mode.  The 
figures show that the modified calibration achieves both increased temperature and reduce NOX 
emissions during the early cold-start.  This approach is not without cost, however, and the 
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modifications resulted in a composite increase of 0.4% in CO2 emissions over the FTP cycle 
(2.5% on the cold-start itself).  After catalyst light-off is achieved, it is possible to actually 
increase NOX emissions somewhat in an effort to offset some of the increase.  Nevertheless, a net 
increase in CO2 and fuel consumption was observed as indicated. 

Diesel Engine Aftertreatment Screening and Development 

With this modified engine calibration as a starting point, an extensive technology 
screening effort was conducted to identify promising candidate aftertreatment technologies, and 
to determine the GHG impact of those technologies.  This effort was conducted in parallel with 
continuing on-engine work by utilizing the novel approach of simulating the transient engine 
exhaust with SwRI’s HGTR system.  The HGTR is depicted in Figure 8, along with an example 
of the fidelity of the NOX simulation it was able to produce on the cold-start FTP, as compared to 
the engine.  The use of this approach allowed for the rapid screening of many technologies in a 
shorter period of time. 

FIGURE 8. SWRI HOT-GAS TRANSIENT REACTOR (HGTR) 

A wide variety of technology approaches were evaluated for this program.  It should be 
noted that all of the catalysts evaluated in the screening process were hydrothermally aged to 
approximate full useful life based on the baseline engine characteristics. These parts are termed 
Development Aged parts, and these were produced by aging catalysts for 100 hours at 
temperatures ranging from 625°C to 650°C, depending on the component.  It should be noted 
that a more rigorous Final aging process was only run on the final technologies down-selected 
for demonstration.  Technology approaches evaluated for this program for the diesel engine are 
summarized in the listing below: 

Low Thermal Loss/Mass Components 
• Air gap exhaust manifolds 
• Air gap transfer pipes 
• Catalyst packaging 
• Catalyst positioning 
• Thin wall substrates 
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Advanced Technology Components 
• SCR on Filter (SCRF) 
• Passive NOX Adsorber (PNA) 
• Light-Off SCR (LO SCR) 
• Advanced technology washcoats 

Traditional Technology Components 
• Diesel Oxidation Catalyst (DOC) 
• Diesel Particulate Filter (DPF) 
• Selective Catalytic Reduction(SCR) 
• Ammonia Slip Catalyst (ASC) 

Dosing Options 
• Compact mixer/doser 
• Full flow heated dosing 
• Partial flow heated dosing 
• Gaseous NH3 injection 

Supplemental Energy Options 
• Electrically Heated Catalyst (EHC) (2-6 kW) 
• Diesel fueled mini-burner (5-20 kW) 
• EHC assisted catalytic oxidation 

The various technologies evaluated were grouped into two broad categories in terms of 
strategy.  The first group was labeled as Traditional approaches, which involved the continued 
use of a DPF upstream of the SCR.  This approach was complicated by the large thermal inertia 
of the DPF itself, which made it more difficult to heat the downstream SCR components.  The 
second group was labeled as Advanced approaches, and these involved the use of SCR-on-Filter 
(SCRF) as a core technology.  The SCRF approach is a way to mitigate the problem of the 
thermal inertia of the DPF, by bringing some SCR onto the filter itself. It should be noted that 
the Passive NOX Adsorber catalysts evaluated in this program are different from more traditional 
NOX adsorber catalysts in that they release NOX thermally at lower temperatures, and they do not 
require a deliberate rich regeneration event to remove stored NOX. 
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FIGURE 9. COMPOSITE ULTRA-LOW NOX POTENTIAL OF VARIOUS 
TECHNOLOGY CONFIGURATIONS 

The final result of the screening process is depicted in Figure 9.  The data in the figure 
are based on the HGTR screening results for the various technology options.  The Traditional 
approaches were able to approach NOX levels of roughly 0.05 g/hp-hr. Lower levels (near 0.03 
g/hp-hr) were achievable with the Traditional approach, but only through the application of 
significant amounts of supplemental heat addition, using either electrical heat or a mini-burner.  
The Advanced approaches were able to reach levels on the order of 0.03 g/hp-hr by leveraging 
the capability of the SCRF in combination with smaller technology changes such as heated 
dosing systems.  The use of a PNA enabled several configurations to get reliably below the target 
level of 0.02 g/hp-hr, at varying margins depending on the amount of supplemental heat that was 
used. 

Overall, the screening effort indicated that there were multiple potential technology 
pathways to reach 0.02 g/hp-hr on the MD13TC engine.  However, it should be pointed out that 
more of these technology options would likely be viable given a more favorable exhaust 
temperature environment without the turbocompound architecture.  A limited set of screening 
tests were conducted to simulate such an environment, and these indicated a reduced need for 
supplemental heat, possibly permitting a simpler system configuration.  However, given that 
such a change was not possible for the MD13TC engine, this possibility was not pursued further. 

Figure 10 below shows a summary of both NOX potential and fuel consumption impact of 
various technology options.  In general, the Advanced technology options with SCRF were able 
to reach a lower composite NOX level for a given fuel consumption increase. 
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 potential at or below
 0.02 g/hp-hr 

appeared to cause an increase of roughly 1%
 in com

posite FTP fuel consum
ption.  It should be 

noted that these projections from
 screening are based prim

arily on w
eighted cold-start fuel 

consum
ption im

pact, and they assum
e a negligible penalty under hot-start conditions. 

To reach U
LN

 com
posite em

issions levels below
 0.02 g/hp-hr, significant cold-start FTP 

em
ission reductions (on the order of current technology hot-start em

issions) m
ust be achieved as 

w
ell as very high conversion efficiencies for the entire hot-start cycle.  A

 key part of obtaining 
the necessary cold-start em

ission reductions w
as reducing the tim

e to achieve SC
R

 light-off. 
Increased exhaust energy w

as needed to obtained rapid SC
R

 light-off and w
as provided by 

engine m
easures and direct in-exhaust heat addition in the form

 of electric heaters or burners. 
Each approach had a fuel consum

ption increase versus energy increase trade-off. 

To reduce the fuel penalty realized by in-exhaust therm
al m
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ent, m

any aspects 
w

ere considered.  The elem
ents that affected total energy addition and potential fuel from

 an in-
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ent strategy included: catalyst positioning, positioning of supplem
ental 

heat, leveraging of low
 tem

perature dosing enablers, and devices designed to reduce SC
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 inlet 
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ass during catalyst w
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-up period 
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ere able to achieve low
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O

X
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ance.  These characteristics, and som
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of the technologies that enabled these perform
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bility to begin dosing w
ithin 60-150 seconds 
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– Lower temperature dosing ability 
• Heated dosing or gaseous NH3 injection 
• Light-off SCR 

– Reduced time to dosing by addition of high levels of supplemental heat 
• Mini-burner or catalytic fuel combustion 

 Low temperature NOX suppression until the first SCR catalyst reached light-off 
temperature 

– Passive NOX adsorber (PNA) technology 
– Engine calibration 

Based on the screening results, several promising approaches were identified and ranked 
in terms of NOX reduction potential, GHG impact, complexity, robustness, and cost.  The final 
rankings, which are based in part on stakeholder feedback, are shown in Table 5.  The options 
shaded in green were considered to have the potential to meet 0.02 g/hp-hr on the MD13TC 
engine.  The options shaded in yellow were not considered viable to reach 0.02 g/hp-hr on this 
engine, but could potentially be usable on a non-turbocompound engine. 
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Composite Potential Ourabihty Complexity Cost 

System NOa Composite 
Potential FTP 

Penalty,% 
PNA + HD1 + SCRF + SCR/ASC 002 0.9 8113 3 5110 419 8 

NHJ + LO SCR + PNA + HDI + SCRF + SCR/ASC fHD1l 0 OUI 0.95 12120.7 11120.7 11112 5 

EHC/DOC + DEF + SCRF + SCR + SCR/ASC • (undmvaAJ1bonl Ill 1.05 7/9 ' 7/9 462 

PNA + MB + DEF + SCRF + SCR/ASC 001 1.04 13/ 16 2 10113 I s ,12.s 

MB + DOC + DEF + SCR + SCRF + SCR/ASC 0019 1.04 9/10 .7 81/10 817 7 

MB+ DOC + DEF + SCRF + SCR + SCR/ASC 0018 1.04 9'10.7 81110 817 7 

DOC+ MB + SCRF + SCR + SCR/ASC -rnotevall1ttt11 /l/llllf/11/IIII. 1.04 9/10 .7 8110 7n7 

MB+ DOC + DPF + SCR + SCR/ASC 0 025 0.62 616.4 617 716 3 

EHC/DOC + DPF + HD1+ SCR + SCR/ASC - tno1evwAJ,ta<1J 0.98 518 6 619 584 

PNA + HD1 + SCRF + SCR/ASC 0 029 0,9 8113 3 5113 419 8 

PNA + NH3 + DEF + SCRF + SCR/ASC 0 031 0.72 8113 4 8113 7112 3 

NH3 + LO SCR + DOC + DPF + HD1 + SCR+SCRF + 
SCR/ASC I 0.65 4'15 2 9/16 10/12,4 

I (not 1vaAJ1tad/ 
DOC+ DPF + EHC + HD1 + SCR + SCR/ASC 0 033 1.2 2/7 2 217 6'7.7 

tu1se engine stock ~oamro; 40:u g 
Baseenome cc1 ·4973o 

TABLE 5. FINAL TECHNOLOGY RANKINGS BASED ON SCREENING RESULTS 

These approaches were integrated onto the engine, and were evaluated in combination 
with further modifications to the engine calibration and thermal strategy.  Evaluations were 
conducted in the ranked order, which generally indicated the desirability of the system from the 
standpoint of complexity and cost.  Given the low temperature exhaust environment of the 
MD13TC engine, even after modification, most of these approaches involved the use of both 
SCRF and an upstream PNA.  Nevertheless, it was felt that a wider variety of options would be 
available with a more favorable engine architecture. 

It was hoped that through further engine calibration, the amount the supplemental heat 
input to the system could be reduced, while still reaching a level below 0.02 g/hp-hr.  However, 
it was found that the combination of the MD13TC engine architecture, the use of the PNA, and 
the requirement to maintain good torque response, limited the flexibility available to reduce 
engine-out NOX further during early cold-start.  As a result, although a number of technology 
options produced emission levels on the order of 0.025 g/hp-hr, significant supplemental heat 
input was still required to reach levels below 0.02 g/hp-hr on this engine.  Therefore, the mini-
burner was adopted as the most efficient means of generating the levels of heat required. 

The final diesel ULN aftertreatment system configuration for the MD13TC engine is 
shown below in Figure 11: 
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FIGURE 11. DIESEL ENGINE FINAL ULTRA-LOW NOX CONFIGURATION 

The key components of this system are: 

• A passive NOX Adsorber (PNA) for low temperature NOX storage.  The PNA also 
serves the functions of a traditional DOC in this system, including generation of the 
exotherm needed for regeneration of the filter (via supplemental fuel injection using in 
the exhaust). 
• Supplemental Heat for additional thermal management in the form of a Mini-
burner (MB).  It should be noted that the mini-burner is not sized for regeneration of the 
filter, and is intended only for thermal management events such as cold start and low 
temperature operation. 
• A multi-bed SCR system consisting of an SCR-on-Filter (SCRF) followed by a 
flow-thru SCR catalyst 
• A dual-layer Ammonia Slip Catalyst (ASC) 

This aftertreatment system was controlled using an advanced, model-based DEF dosing 
controller, and a state-based thermal management controller that was flexible enough to achieve 
robust control on a wide variety of duty cycles. Production NOX and temperature sensors were 
used for the controls.  The dosing controller also incorporated a production ammonia sensor at 
the outlet of the SCRF to provide a real-time feedback signal for the system.  The controls were 
calibrated in terms of SCR catalyst ammonia storage targets, temperature triggers, and thermal 
management heat rates.  It should be noted that the controls were not custom calibrated to every 
individual duty cycle, but rather a single controls calibration was developed for FTP and RMC 
cycles, and that calibration was used for all other cycles.  The exception to this was the WHTC 
which did feature a small adjustment to storage and thermal targets. 

Much of the initial development and controls calibration on the system was conducted 
using the same Development Aged parts that were used for screening.  This was necessary 
because the development was conducted in parallel with the Final Aging. Using the 
Development Aged parts, this system was able to reliably demonstrate emission levels below 
0.02 g/hp-hr. 

Diesel Engine Aftertreatment Final Aging 

The Final Aging protocol for the diesel engine parts was developed based on 
methodology that was developed by SwRI as part of the Diesel Aftertreatment Accelerated 
Aging Consortium (DAAAC) program [5], which was an industry consortium run at SwRI that 
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was aimed at development of diesel aftertreatment aging protocols.  This is similar in principal to 
the SBC approach, and it provides means to accelerate both hydrothermal and chemical aging (to 
a lesser degree) in a representative fashion.  The Final Aging was conducted on a mule engine 
which was a 2009 Cummins ISX engine that had been modified to increase oil consumption in 
accordance with the DAAAC methodology. 

Using the DAAAC protocol and field cycle data from the OEM, an approach was 
developed to approximate full useful life aging of the aftertreatment to 435,000 miles.  The final 
methodology was based on the fact that the vast majority of hydrothermal aging exposure in the 
diesel catalysts happens during active regeneration of the filter, in this case the SCRF.  Therefore 
the Final Aging approach involved performing a full lifetime of actual active regenerations. It 
should be noted that the SCR function on the SCRF does result in increased need for active 
regeneration as compared to a DPF.  In this case the full useful life amount of regeneration was 
194 hours with the SCRF, as compared to 113 hours with the baseline DPF.  Both of these values 
would be over a full useful life of 435,000 miles (roughly 11,000 hours).  These regenerations 
were conducted at an SCRF inlet temperature of 600°C. In between regenerations, the 
aftertreatment system was exposed to temperatures equivalent to FTP and RMC average values, 
and at higher speed to promote more oil consumption.  A small amount of higher temperature 
operation accurate to the field data was later added to manage an issue of coke and soot buildup 
on the PNA inlet.  The active regenerations were performed using in-exhaust diesel fuel injection 
in front of the PNA to generate heat, as would be done in the real application.  The Final Aging 
cycle is shown in Figure 12. 
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FIGURE 12. DIESEL ENGINE FINAL AGING CYCLE (4-HOUR DURATION PER 
CYCLE) 

The Final Aging protocol resulted in the exposure of the diesel aftertreatment system to 
the equivalent of 100% full useful life in terms of hydrothermal aging, and roughly 23% full 
useful life in terms of chemical poisoning and ash accumulation, over the course of 850 hours of 

xlv 
SwRI 03.19503 Final Report 



    
  

 
 

 
   

   
 

  
 

 
    

    
 

   
   

 
   
    

     
   

  
  

  

 
 

Cata 
origi 

PNA Init ial Inspection 

PNAAfter Recovery 
and Re-Can 

operation.  Larger chemical exposure could have been problematic due to the need for ash 
cleaning of the SCRF, which is not yet a well developed process.  This accelerated process was 
as close to true full useful life aging as was practical within the time and scope limits of the 
program. 

It should be noted that there was an unusual incident which happened during the final 
aging which may have resulted in some abnormally large degradation of the catalysts. At the 
710 hour mark, a canning failure occurred with the PNA as shown in the pictures below in 
Figure 13. 

FIGURE 13. AFTERTREATMENT COMPONENTS FOLLOWING CANNING 
FAILURE DURING FINAL AGING 

As a result of this failure there was abnormally large buildup of soot and hydrocarbon on 
the PNA, which may have caused additional degradation beyond normal. In addition, some of 
the matting was ingested by the SCRF downstream, which likely caused flow distribution issues 
and localized soot buildup and high exotherms (temperature exposure).  New parts were not 
available at the time, therefore a restart of Final Aging would have delayed the program by at 
least 6 months, as well as requiring additional funding.  As a result, the parts were recovered in a 
manner that did not further disturb aging, and Final Aging was completed.  However, this 
incident needs to be noted because it may have had an influence on the Final Aged 
demonstration results, as discussed below. 
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Diesel Engine Emission Results and Discussion 

Following the completion of Final Aging, the parts were installed on the engine and 
demonstration tests were run.  It should be noted that the dosing controller used in this program 
did not incorporate a long-term adaptive algorithm (as is typical for many production SCR 
controllers), because the calibration of such an algorithm was beyond the scope and budget of the 
program.  Therefore, a small global adjustment was made in the storage targets in order to 
manually simulate the action of such an algorithm. 

The final results for the diesel Low NOX engine are summarized in Table 6 and Table 7 
below, along with the Baseline engine results for comparison.  Results are given for the final 
demonstration parts in both the Fresh and Final Aged states.  Results for the Development Aged 
parts are also shown for comparison.  The results are presented in Table 6 as tailpipe values, and 
then in Table 7 in terms of aftertreatment NOX conversion performance as a percentage of 
engine-out emissions. 

TABLE 6. DIESEL ENGINE NOX EMISSIONS COMPARISON – LOW NOX ENGINE 
VERSUS BASELINE, G/HP-HR 

Engine FTP RMC-
SET 

WHTC 
Cold Hot Composite Cold Hot Composite 

Baseline 0.710 0.047 0.140 0.084 0.492 0.049 0.115 

Low NOX 

Engine 

Devel 
Aged 0.0621 0.008 0.0161 0.015 0.0891 0.008 0.019 

Final Parts 
Fresh 0.027 0.005 0.008 0.010 n/a n/a n/a 

Final Parts 
Aged 0.114 0.021 0.034 0.038 0.149 0.018 0.036 

% 
Reduction 

from 
Baseline 

Devel 
Aged 91% 83% 89% 82% 82% 84% 83% 

Final Aged 84% 55% 76% 55% 70% 63% 69% 
1 Note:  Development PNA was slightly compromised by raw fuel exposure due to a cold-start engine 
malfunction that occurred during development. 

It should be noted that the numbers given in Table 6 do not include the upward 
adjustment factor (UAF) for infrequent regeneration.  This value is unknown for the Baseline 
engine.  Based on the conversion capability of the catalysts at regeneration temperatures, and the 
final regeneration frequency that is estimated for the Low NOX configuration, a UAF of 0.004 
g/hp-hr is estimated for both the FTP and the RMC-SET cycle.  This factor would be added to 
both FTP and RMC-SET results for any of the Low NOX configuration values.  Therefore, the 
adjusted tailpipe NOX for the Final Aged parts would be 0.038 g/hp-hr for the FTP, and 0.042 
g/hp-hr for the RMC-SET.  Sufficient data was not available to properly estimate the UAF for 
the WHTC, but it would likely be similar to the FTP value. It should be noted that this value can 
likely be reduced via reformulation of the SCRF, or possibly through the use of multipoint DEF 
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dosing that would allow reduced DEF dosing before the SCRF on a periodic basis in order to 
promote passive regeneration. 

TABLE 7. DIESEL ENGINE NOX AFTERTREATMENT PERFORMANCE – LOW NOX 
ENGINE VERSUS BASELINE 

Engine FTP RMC-SET WHTC 
Cold Hot Composite Cold Hot Composite 

Baseline 
Engine-Out, 

g/hp-hr 2.8 3.0 3.0 2.6 3.1 3.5 3.4 

% Conversion 75% 98.4% 95.2% 96.7% 84% 98.6% 96.7% 

Low NOX 

Engine 

Engine-Out, 
g/hp-hr 2.8 3.0 3.0 2.0 3.0 3.4 3.4 

Devel Aged, % 
Conversion 97.7% 99.7% 99.5% 99.3% 97.5% 99.8 99.4% 

Final Parts 
Fresh, % 

Conversion 
99.0% 99.8% 99.7% 99.5% n/a n/a n/a 

Final Parts 
Aged, % 

Conversion 
95.8% 99.3% 98.8% 98.2% 95.1% 99.5% 98.8% 

% Conversion calculated as [Engine-Out – Tailpipe] / Engine-Out, based on TP results from table above 

As can be seen in the tables, the Development Aged parts were able to demonstrate 
emission levels below the 0.02 g/hp-hr target.  Although the Final parts demonstrated levels at 
half the target when Fresh, the Final Aged parts were not below the target, and generally 
demonstrated a tailpipe level on the order of 0.034 to 0.038 g/hp-hr, depending on the cycle. 
This represented a loss of roughly 0.9% conversion over the FTP cycle in NOX conversion.  The 
change observed on the WHTC was very similar, while the RMC-SET showed a 1.3% loss of 
conversion. Nevertheless, the Final Aged system still produced a tailpipe NOX reduction of 70 
to 75% from the Baseline on transient cycles, and 55% on the RMC, despite the difficulties 
encountered in the final aging process. 

About half of the change in the composite FTP can be attributed to a 3% loss of cold-start 
FTP conversion efficiency, which was due primarily to a loss of storage capacity on the PNA. It 
is not known how much of this change was the result of normal aging, and how much could be 
the result of the large soot and HC exposure that occurred during the canning failure.  The results 
for the Development parts in comparison to the Fresh results indicate that it is possible to lose 
some storage capacity on the PNA and still produce results under 0.02 g/hp-hr, if hot-start 
performance remains stable. 

The other half of the change can be attributed to at 0.5% loss of hot-start FTP conversion 
performance, primarily due a combination of degradation on the SCRF, and a small increase in 
the tendency of the system to oxidize ammonia into NO.  It is not clear how much of this 
degradation was the result of normal aging, and how much could have resulted from high soot 
loadings and localized exotherm due to the matting material from the canning failure.  The 
change in hot performance could also be related to migration of precious metal from the PNA to 
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the SCRF, however this cannot be verified without a destructive post-mortem analysis of the 
parts.  The RMC-SET results indicate similar mechanisms of degradation to the hot-start FTP, 
but to a slightly larger degree due to the higher cycle temperatures. 

Overall, the Low NOX Engine was able to achieve substantial reductions in tailpipe NOX 
levels, on the order of 60 to 75%, from the Baseline engine, generally demonstrating a level of 
0.035 g/hp-hr with Final Aged parts.  This level was demonstrated on a test article with 
unusually low exhaust temperatures (due to the mechanical turbocompound system), and with 
parts that may have been compromised in part by an unusual canning failure during the aging 
process.  The results with the Development Aged parts indicate that more performance is 
potentially available if the robustness of some of the aftertreatment components can be improved 
somewhat. 

It should be further noted that the robustness of these aftertreatment components remains 
an area for further development.  The improvement of the PNA formulation to make the 
technology more robust during exposure to rich conditions is an active development area. 
Furthermore, the incorporation of a small precious metal layer upstream of the PNA could be an 
effective countermeasure to prevent degradation due to localized exposure to higher molecular 
weight hydrocarbons, which occurred during the early aging process due to coke and soot 
buildup.  In a similar fashion, the durability of SCRF is another very active current area of 
development, given the interest in that technology for a number of applications beyond the Low 
NOX application explored in this program.  Therefore it is reasonable to assume that these 
systems can be made more durable in the future. Whether such developments will be sufficient 
to ensure durable performance at tailpipe levels below 0.02 g/hp-hr is a valid question, but the 
performance of the Final Aged parts even in the face of an abnormal failure is a source of some 
encouragement. 

Given the results shown for the Final Aged parts, it is clear that the development of a 
robust system for this low temperature engine platform at a tailpipe NOX level below 0.02 g/hp-
hr is a significant challenge.  The margin for loss of performance due to degradation on this 
engine is small, only about 0.3% composite conversion.  Even with more flexibility on a 
different engine platform that margin is unlikely to be greater than 0.5%.  However, due to the 
unusual failure that occurred during the Final Aging process, it is not clear exactly what the level 
of conversion performance loss would have been if Final Aging had run without incident. 
Discussions with the catalyst supplier have indicated that the change in hot-start and RMC-SET 
performance appeared unusual based on the aging conditions that were seen outside of the failure 
itself. If time and budget were available for a repeat of the Final Aging experiment and 
demonstration tests, it would be possible to resolve some of the questions related to the final 
performance level. 

The final aftertreatment configuration was highly influenced by the low engine-out 
exhaust temperatures due to the presence of the mechanical turbocompound WHR system on the 
MD13TC engine.  With regard to the key system components described earlier, it is likely that 
the SCRF would remain a key component for reaching ULN levels, even on a different engine 
platform.  However, it is likely that the requirement for both low temperature NOX storage (in 
the form of a PNA) and a large amount of supplemental heat addition (in the form of the mini-
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burner) would not be as great on a different engine platform. A higher engine-out exhaust 
temperature, or greater flexibility to increase exhaust temperature could reduce the need for 
supplemental heat addition, and thus allow the use of a less complicated heat system than the 
mini-burner.  Alternatively, more flexibility on the engine platform in terms of both temperature 
and NOX could permit the removal of the PNA, or at least could allow for reduced reliance on 
the NOX storage function.  Lessons learned, and information gained from this program could be 
leveraged to allow the examination of ULN solutions for other engine platforms, if time and 
funding are available to do so.  The results of the extensive screening effort conducted on this 
program indicate a number of potential directions for future development of ULN technologies. 

Diesel Engine GHG Results and Discussion 

A comparison of GHG emissions between the Low NOX engine and the Baseline engine 
are also given in Table 8 below.  These results summarize CO2 and N2O emissions over various 
cycles. In the case of CO2 emissions the reported values are those measured during the actual 
demonstration testing.  It should be noted that due to both a location change and the time 
between baseline and final demonstration testing (more than two years), it was necessary to 
correct these values for small measurement discrepancies in order to provide a valid comparison 
between the Baseline and Low NOX engine values. 

The N2O emissions show an increased tendency towards N2O generation with the final 
Low NOX configuration, and the Final Aged parts indicated N2O levels just at the 0.1 g/hp-hr cap 
standard specified for GHG Phases 1 and 2.  However, this increase for the Final Aged parts may 
be due in part to precious metal migration, and it is not clear how much of that may have resulted 
from the canning failure incident during Final Aging.  It is clear, however, that the Low NOX 
Engine would have been well over the 0.05 g/hp-hr limit that was originally proposed for the 
GHG Phase 2 program, even without this possible noise factor. 

TABLE 8. DIESEL ENGINE COMPARISON OF GHG EMISSIONS – LOW NOX 
ENGINE VERSUS BASELINE 

Engine Pollutant FTP RMC-SET WHTC 
Composite Cold Hot Composite 

Baseline CO2, g/hp-hr 574 543 547 458 485 
N2O, g/hp-hr 0.024 0.047 0.044 0.05 0.06 

Low NOX 

Engine 

Devel Aged CO2, g/hp-hr 600 547 555 462 491 
N2O, g/hp-hr 0.075 0.087 0.085 0.033 0.085 

Final Aged CO2, g/hp-hr 604 549 558 464 494 
N2O, g/hp-hr 0.101 0.108 0.107 0.055 0.086 

For the FTP cycle, which is used to assess Vocational applications, the Final Aged values 
indicate an increase of in GHG emissions over the baseline of 5.3% on the cold-start FTP and 
1.1% on the hot-start FTP, resulting in a composite increase of 2%. The cold-start increase is 
due to a combination of 2.5% from engine calibration changes and 2 to 2.5 % from fuel 
consumption by the mini-burner.  A small amount is also likely due to increase backpressure. 
The hot-start increase is due to a combination of about 0.5% to 0.7% fuel consumed by the mini-
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burner for thermal management, with the remainder attributed to increased backpressure. 
However, these values should be adjusted upwards by a further 0.6% to account for the impact of 
increased SCRF regeneration and the fuel consumption required to drive the air for the mini-
burner.  Therefore the final composite FTP impact on GHG is on the order of a 2.5% increase on 
the FTP.  The WHTC is very similar at 2.4%. 

The RMC-SET, which is the cycle relevant for Tractor application, showed an increase of 
1.3% for the Final Aged parts, likely due primarily to the increased backpressure of the final 
system.  This should again be adjusted to account for increased SCRF regeneration, which would 
result in a final GHG impact of 1.6% on the RMC-SET cycle.  It should be noted that the mini-
burner did not activate on the RMC-SET due to the elevated temperature of that cycle. 

These values represent a substantial increase in GHG emissions and fuel consumption 
compared to the baseline engine, especially in light of the upcoming Phase 2 GHG limits.  It is 
likely that a portion of this could be mitigated by improved thermal packaging of the 
aftertreatment system to reduce the need for supplemental heat, and from an improved mixing 
design that helps to lower overall system backpressure. 

However, it should be noted that a significant portion of the GHG increase observed was 
due to the need to add substantial amounts of heat to the exhaust in order to counteract the loss of 
exhaust heat due to the presence of the mechanical turbocompound system on the MD13TC 
engine.  Given that the system could not be bypassed or modified, the presence of the 
turbocompound likely increased the GHG impact of the final Low NOX approach for this engine. 
In the case of the FTP cycle, the need for supplemental heat addition essentially eliminated the 
likely benefit of the turbocompound system.  For the RMC-SET there is still likely a net gain 
from the turbocompound, but its presence still results in a more complicated aftertreatment 
system.  Given that this engine architecture does not appear to represent the mainstream of 
approaches to meeting upcoming GHG limits, it is likely that the GHG impact observed on this 
engine is at the high end of the spectrum as compared to other engines. 

Nevertheless, it does appear that some level of impact in GHG emissions should be 
anticipated as a consequence of adopting a Low NOx standard on the order of 0.02 g/hp-hr.  This 
would result in the likely need to expend more effort to meet GHG Phase 2 standards than would 
otherwise be the case. However, the magnitude of this impact is also likely to be smaller than 
what was observed during this program, on this particular engine. 

Further development efforts to apply ULN technologies to other platforms would be 
beneficial in determining the impact of a given Low NOX standard on the overall industry effort 
required to meet Phase 2 GHG targets.  Such information will be important in determining where 
an eventual regulatory standard should be set. 

Diesel Engine Vocational Cycle Results 

The results for the three Vocational cycles are shown in Table 9 below.  Different 
behaviors were observed for each of the three cycles, as can be seen from the results in the table, 
but certain consistent trends were still apparent in all three cycles. First, the Low NOX engine 
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had consistently lower tailpipe emissions than the Baseline engine for all three cycles, though the 
amount of reduction varied.  Second, on two of the three cycles, the NYBC and the Cruise 
Creep, while performance on the Low NOX engine was better, aftertreatment conversion was still 
not as high as the levels observed on the FTP and RMC cycles. NOX conversion for the Low 
NOX engine on these two cycles was 90% and 82% respectively.  While better than the baseline, 
this is not nearly as good as the 98 to 99% conversion observed on the regulatory cycles, 
indicating room for further improvement. It should be noted that the performance of both 
engines on these cycles could likely be improved with further calibration effort, although it 
appears that the Low NOX engine likely has more flexibility to reach lower levels. Interestingly, 
on these cycles, little impact on fuel consumption and CO2 was observed when comparing the 
Low NOX engine to the Baseline. 

TABLE 9. DIESEL ENGINE VOCATIONAL CYCLE EMISSIONS – LOW NOX 
ENGINE VERSUS BASELINE 

Cycle 

Baseline Low NOX Engine 
% TP NOX 

Reduction EO NOX, 
g/hp-hr 

TP NOX, 
g/hp-hr 

Fuel 
Rate, 
kg/hr 

CO2, 
g/hp-hr 

EO NOX, 
g/hp-hr 

TP NOX, 
g/hp-hr 

Fuel 
Rate, 
kg/hr 

CO2, 
g/hp-hr 

NYBC 6.1 2.3 5.3 3.9 0.4 5.3 83% 
OCTA 3.8 0.023 529 2.7 0.006 534 74% 

NOX, 
g/hr 

Fuel 
Rate, 
kg/hr 

NOX, 
g/hr 

Fuel 
Rate, 
kg/hr 

Cruise 
Creep - 10 

cycles 
72 13.3 

2.8 

41 7.5 

2.8 

44% 

Cruise 
Creep - last 71 27 40 11.3 58% 

3 cycles 

On the NYBC cycle, the Low NOX engine performed very well, and demonstrated an 
83% reduction in tailpipe emission from the Baseline, relatively similar to what was observed for 
the reduction observed on the regulatory cycles, albeit starting from a much higher baseline 
emission rate.  It appeared that the updated engine calibration was slightly more efficient under 
these operating conditions, which likely offset the relatively minor use of the thermal 
management system on the NYBC cycle. In the case of both engines, the fact that average 
engine power is only 5% of maximum on this cycle makes the brake-specific NOX values seem 
quite large. 

The Cruise Creep cycle was less favorable for the Low NOX engine with its current 
calibration, and the engine was much more reliant on the thermal management system calibration 
to maintain improved NOX performance.  Still, the Low NOX engine was able to achieve roughly 
a 50% reduction in tailpipe NOX, without a measureable penalty on fuel consumption.  It should 
be noted that the Cruise Creep NOX is reported as mass rate because the work is so low that the 
brake-specific NOX becomes arbitrarily large. 
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The OCTA bus cycle, while being highly transient in nature had a significantly higher 
load factor than the other two vocational cycles.  Both the Baseline and Low NOX engines were 
well within their operating range for these cycles, and both had tailpipe emissions well below the 
levels observed on the Regulatory cycles. Nevertheless, the Low NOX engine still demonstrated 
a 74% reduction in NOX as compared to the Baseline. The Low NOx engine was well below 
0.02 g/hp-hr, but there was a 1% increase in CO2 emissions on this cycle, likely the result of a 
combination of engine calibration and backpressure.  Thermal management was not active on 
this cycle, as temperatures were well above the range where it was needed. 

Overall these results indicate that there is much that can be done to reduce the emission 
performance gap between regulatory cycle operation and low load field cycle operation. The 
Stage 2 program effort will examine the effect of further optimization of the Low NOX engine 
for low load cycles.  However, these results do provide some very encouraging indications with 
respect to the potential for further emission reductions on low load cycles. 

Diesel Engine Recommendations and Next Steps 

Overall, the diesel program results indicate that there is technology available to achieve 
ULN NOX levels substantially lower than current tailpipe NOX levels, with a 0.035 g/hp-hr 
demonstrated using aged parts, despite a challenging low temperature platform and unusual 
failure during aging.  The results indicate that there is available technology to reach levels at or 
near 0.02 g/hp-hr, but there are some significant challenges with respect to system robustness 
and complexity.  The Final Aged system was not below the target level of 0.02 g/hp-hr, however 
it did still demonstrate significant NOX reduction from the Baseline, especially over some of the 
low temperature Vocational cycles. 

More effort could also be directed at reducing the GHG impact observed in the program, 
which was on the order of 1.5% to 2.5% depending on the regulatory cycle, although it should be 
noted that the Vocational cycles indicated either no impact on GHG or a much smaller impact 
than the regulatory cycles.  Several important questions are left open at the conclusion of the 
program, and these suggest direction for further efforts. 

• Final Aging issues and the NOX potential of the final configuration for the MD13TC 
engine – as detailed earlier, the abnormal issues that were encountered during Final 
Aging, and especially the canning failure, leave some question as to whether at least 
some of the observed degradation in the aftertreatment system was not representative. In 
order to answer these questions, if time and budget were available it would be desirable 
to repeat the Final Aging and testing experiment on another set of parts.  This would 
answer questions regarding abnormal versus normal degradation and provide a more 
definitive answer regarding the robustness of the system. 

• Performance potential of ULN technology – The low temperature presented by the 
MD13TC platform, and the limited options for addressing that on engine, likely resulted 
in a more complicated aftertreatment system technology package being needed to reach 
ULN levels.  As discussed earlier, this package is likely to represent more of a worst case 
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of the level of effort required to reach ULN levels.  In order to make a more broadly 
applicable assessment, it would be useful to look at a second engine platform that is more 
representative of the broader industry approach to GHG Phase 2 targets.  Such an effort 
could leverage the information and lessons learned from the current program in order to 
generate another valuable data point for determining the technical feasibility for ULN 
levels. 

• GHG Impact of ULN technology – the MD13TC platform represents a particular 
challenging case due to the use of the turbocompound technology.  This drove the 
development of a system with a significant GHG impact due to the need for large 
amounts of supplemental heat addition.  While this is useful for looking at a worst case 
example, it would be preferable to look at another more representative platform in order 
to make a more broadly applicable determination of the impact of a given Low NOX 
standard on the overall industry effort required to meet Phase 2 GHG targets.  The 
knowledge gained and lessons learned from the current effort could be leveraged to apply 
ULN technology on a more flexible and representative engine platform. 

• Low load and vocational field cycles – The current program was focused primarily on 
regulatory cycles, given that these are the primary current targets for any emissions 
development.  The Vocational cycle tests give some insight into the potential for low load 
cycle emission controls, and there are some promising initial signs, but much more work 
can be done in this area.  A significant amount of information is needed with regard to the 
potential for low load cycle emissions controls, and the associated GHG impact of those 
controls.  The Stage 2 effort which is just getting under way will provide some of this 
information, but more effort in this area is recommended. Any other efforts on a 
different engine platform should incorporate low load cycle NOX control as a target, 
rather as a relatively small demonstration test.  A robust regulatory scheme to insure the 
real world NOX reductions are achieved even on low-load duty cycles will hopefully be 
an important feature of any upcoming NOX regulation. 

• Measurement and testing variation – The current program has produced a test article that 
can generate emissions at ULN levels, with hot-start emissions in the area of 0.01 g/hp-hr 
in some cases.  The program provided an initial data set regarding the repeatability the 
test and measurement process at these levels, but this remains a limited data set that 
leaves several questions open with regard to the test process.  These include questions 
regarding the influence of different preconditioning approaches, test cell environment, 
and other factors.  In addition, other portions of the regulatory process, such as in-use 
measurement and PEMS, will need to be examined at these much lower levels.  A robust 
effort to examine these issues would be recommended, and this is an area where a 
cooperative program could prove valuable.  The current test article could be used to 
examine such issues, and the data set from the current program could be analyzed in 
detail to look at measurement related questions. It should be noted that these issues apply 
not only to NOX measurement, but also to the accurate determination of small changes in 
CO2 that are critical for assessing the GHG impact, wherein even changes less than 0.5% 
are considered very important. 
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While this program has provided much valuable information regarding the potential for 
ultra-low NOX levels, additional investigation in the recommended areas would be valuable to 
help fully inform future low NOX regulatory efforts. 

lv 
SwRI 03.19503 Final Report 



 
 
    

 
 
 

    
 

  
 
   

  
    

  
 

   
  

 
   

    
    

 
   

   
  

 
  

   
 

 
       

   
 

 

  
  

 
  

  
    

    
    

    

 

I 

I I I I I 

1.0 INTRODUCTION 

The 2010 emission standards for heavy-duty engines established a limit for oxides of 
nitrogen (NOX) emissions of 0.20 grams per brake-horsepower-hour (g/hp-hr).  However, it is 
projected that even when the entire on-road fleet of heavy-duty vehicles operating in California 
is compliant with the 2010 emission standards, the upcoming National Ambient Air Quality 
Standards (NAAQS) requirements for ambient particulate matter (PM) and ozone will not be 
achieved in California without further significant reductions in NOX emissions from the heavy-
duty vehicle fleet [1][2]. 

The California Air Resources Board (CARB) contracted Southwest Research Institute 
(SwRI) to demonstrate the feasibility of achieving NOX emissions lower than the current engine 
standard. This was researched by evaluating enhanced aftertreatment technology choices, 
aftertreatment configurations, catalyst optimizations, urea dosing strategies, engine tuning, and 
engine management practices for two heavy-duty engines: one natural gas engine with three-way 
catalyst (TWC), and one diesel engine with selective catalytic reduction (SCR).  The target NOX 
ultra-low NOx (ULN) emission rate for this project was 0.02 g/hp-hr, which is a 90 percent 
reduction from the current standard. 

ULN is defined as a composite of the HD engine Federal Test Procedure (FTP) NOX 
mass emission of less than 0.02 g/hp-hr.  This is a 90% reduction from the current 2010 heavy-
duty composite NOX emission standard of 0.20 g/hp-hr.  The composite emission is a weighted 
sum comprised of 1/7 from the cold-start FTP and 6/7 from the hot-start FTP.  Under the current 
emission regulations, it is possible to achieve the composite emission target of 0.20 g/hp-hr by 
primarily focusing on controlling emissions during high space velocity events and improved 
catalytic conversion efficiency of NOX from the beginning of the hot start portion of the test 
cycle.  Over time since 2010, diesel engine-out NOX levels have been increasing slowly as 
aftertreatment performance has improved, and this has enabled engine manufacturers to re-
calibrate engines to improve fuel economy.  Some low-temperature thermal management has 
been utilized as part of this change, but more potential remains to lower tailpipe NOX levels, 
especially during cold-start and low-load operating cycles. 

As an example, the baseline diesel engine uses a typical post-2010 aftertreatment 
emissions control configuration, consisting of a diesel oxidation catalyst-diesel particulate filter-
selective catalyst reduction (DOC-DPF-SCR).  The baseline diesel engine NOX emissions and 
catalyst conversion efficiencies over the FTP cycle are provided in Table 10.  

TABLE 10. BASELINE NOX DIESEL ENGINE EMISSIONS AND CONVERSION 
EFFICIENCIES OVER THE FTP 

Test BSNOX 

[g/hp-hr] 
NOX Conversion Efficiencies 

[%] 
Engine-out Tailpipe 

Cold 2.82 0.715 74.7 
Hot 2.98 0.047 98.4 

Composite 2.96 0.140 95.2 
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Under a ULN emissions control strategy, one must aggressively reduce the cold-start 
emissions, as well as provide superior hot start and high space velocity NOX control. 

To achieve composite emissions levels below 0.02 g/hp-hr, the cold-start FTP emissions 
must be very low; on the order of current technology hot-start emissions, and the hot-start 
emissions must be near zero for the entire cycle.  Both cycles will require some degree of 
thermal management to heat the catalyst system to levels required to obtain high conversion 
efficiency quickly.  The elements of a ULN application included: 

1. Reduce time to light-off 
2. Modified catalyst configurations 
3. Supplemental heat and/or distributed heat 
4. Engine calibration for increased exhaust temperature 
5. Reduce SCR system inlet NOX until light-off achieved 
6. More aggressive engine out NOX reduction at low coolant temperature  
7. Low temperature NOX storage catalysts 
8. Consideration to Phase II GHG approaches 

An example of the cycle specific emissions that could meet a ULN level is shown in 
Table 11. This example shows the development targets that were used for this program.  It was 
understood 

TABLE 11. EXAMPLE OF CYCLE SPECIFIC NOX EMISSIONS IN AN ULTRA-
LOW NOX APPLICATION 

Test BSNOX 
[g/hp-hr] 

NOX Conversion Efficiencies 
[%] 

Engine-
out Tailpipe 

Program Targets 

FTP Composite n/a 0.02 n/a 
Example ULN Emissions Requirements (Diesel) 

Cold 2.82 0.06 97.9 
Hot 2.98 0.01 99.7 

Composite 2.96 0.017 99.4 

This program was conducted by SwRI under the direction of CARB staff, but there were 
several other program partners whose input was also vital to the conduct of the program. 
Program partners included Volvo who supplied the diesel engine and engineering support to the 
program. The Manufacturers of Emission Controls Association (MECA) was also a key program 
partner in several ways.  Various MECA member companies supplied aftertreatment technology 
in-kind to the program (on an anonymous basis), and MECA also provided funding to support 
several key tasks including Final Aging, a portion of Technology Screening, and supplemental 
efforts to assess filter regeneration for various configurations.  The initial CNG engine was 
supplied by Doosan, although ultimately that engine could not be utilized, and the program had 
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to shift to a Cummins engine that was available at SwRI.  Gas engine controls and control 
hardware were provided by EControls. 

The program was also guided in part by input from an advisory group consisting of 
various other key stakeholders.  This group was designated as the Program Advisory Group 
(PAG), and it consisting of stakeholders from various groups including the U.S. EPA, the U.S. 
DOE, the South Coast Air Quality Management District (SCAQMD), the California Energy 
Commission (CEC), the Truck and Engine Manufacturer’s Association (EMA), MECA, and 
various individual heavy-duty engine manufacturer’s.  Program progress was presented to this 
group at several meetings early in the program and at the conclusion of key program tasks.  This 
group provided important feedback and input on program direction and conduct. 

The remainder of the report describes in detail conduct of the demonstration program, as 
well as providing technical details of the technologies examined and the results of the program. 
Section 2 details the CNG engine program, while Section 3 presents the details of the Diesel 
engine program.  Section 4 of the report provides a final discussion and concluding results for 
both engines. 
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2.0 CNG ENGINE PROGRAM 

2.1 TASK 1:  Engine, Test Cycles and Aftertreatment Technologies 

2.1.1 Test Cycles Selection 

2.1.1.1 Primary Cycles 

The primary cycles for this program were cycles that were established as certification 
procedures, and these primary cycles were used for calibration development and for 
demonstration of the final system in comparison to the 0.02 g/hp-hr target. 

In accordance with the program proposal and with established emission certification 
procedures, the primary cycle of focus for this effort was the heavy-duty transient Federal Test 
Procedure (FTP).  This cycle served as the primary development screening tool, and was also the 
primary metric for determining the emission level achieved by the final emission system 
configuration.  For this cycle, the development target was to reach a level below 0.02 g/hp-hr on 
the composite emission value. It was anticipated that achieving the required emission levels on 
the cold-start portion of the cycle would be representative of the primary technical challenge 
during this program.  Table 12 summarizes projected cold-start and hot-start emission levels that 
were required to demonstrate the desired composite level.  The target emission value was below 
0.02 g/hp-hr, so as to provide some margin for measurement. The intent was to meet this target 
with an aged aftertreatment system, therefore, the development targets for a fresh system were 
somewhat lower, to provide an aging margin. 

TABLE 12. INITIAL DEVELOPMENT TARGETS 
Initial Target, g/hp-hr 

Cold-FTP (1/7th of composite) 0.06 
Hot-FTP (6/7th of composite) 0.009 

Composite FTP 0.016 

In addition, the cycles requested by CARB in the initial Request for Proposal (RFP), 
SwRI also determined that it would be necessary to demonstrate emission levels less than 0.02 
g/hp-hr on the steady-state Ramped Modal Cycle Supplemental Emissions Test (RMC-SET) 
cycle.  This was because the RMC-SET cycle is the primary cycle that was used to demonstrate 
compliance with GHG emission regulations for Tractor engines.  Given that this application was 
a key target for the heavy-duty engines evaluated in this program, an assessment of GHG 
emissions over the RMC-SET was critical for determining the impact of the final system.  The 
assessment would not be meaningful if the system did not also meet the 0.02 g/hp-hr level on the 
cycle, and therefore this cycle was added as a target to the program. 

A secondary target cycle for this program was the World Harmonized Heavy-Duty 
Transient Cycle (WHTC), which is one of the primary tools used for emission certification in 
Europe.  This cycle was requested by CARB as well, and it was chosen to represent a cycle in 
which the exhaust temperature remained at a lower average level than the FTP for a longer 
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period.  The desire was to demonstrate an emission level below 0.02 g/hp-hr for the WHTC as 
well.  The WHTC includes a cold-start and hot-start phase, similar to the FTP, and the same 
cold-hot weight factors are specified.  Figure 14 provides a comparison of cold-start exhaust 
temperatures for both cycles.  As can be seen in the chart, FTP exhaust temperatures are similar 
to those of the WHTC during the first 400 seconds, but are significantly hotter from 600 seconds 
onward. However, it should be noted that the WHTC duration is 1800 seconds, as compared to 
1200 seconds for the FTP, and similar temperatures are achieved by the end of the cycle, prior to 
the ensuing hot-start cycle.  In addition, the WHTC used only a 10-minute engine-off soak, as 
opposed to the 20-minute engine-off soak used for the FTP. 

FIGURE 14. COLD-START EXHAUST TEMPERATURE COMPARISON FOR WHTC 
VS. FTP – CNG PROGRAM ENGINE 

Another secondary target cycle for this program was the CARB Idle Test.  This is a 
California-specific test designed to ensure a level of NOX control during a sustained idle period. 
It consists of an FTP cycle warm-up, followed by two 30-minute idle periods.  The first idle 
period was at the designated low idle speed (i.e., “curb idle), while the second 30-minute period 
was at an elevated idle (no-load) speed of 1100 rpm.  The current limit for this cycle is 30 g/hr 
average NOX rate, integrated separately of each of the two 30-minute idle periods.  While this 
was a cycle of interest, no specific limit was proposed as a target for the program.  Therefore, the 
intent under the program was to examine the performance of the final system, which was 
calibrated for the FTP and WHTC cycles on this CARB idle cycle.  It was anticipated that 
significantly lower levels (relative to the baseline application) would be observed. 
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2.1.1.2 Additional Cycles 

In addition to the primary cycles described above, several additional cycles were desired 
for use on a demonstration-only basis.  These cycles were selected to be more representative of 
different kinds of in-field operation, with a particular focus on vocational applications that would 
be characterized by lower temperatures and/or more transient operation than the primary 
(certification) cycles that were the primary program targets.  The intent behind these cycles was 
to examine how well the reduction of emissions to 0.02 g/hp-hr on the certification cycles might 
translate to operation on other, potentially more challenging duty cycles from the field. 

These “Vocational” cycles were developed as part of the program, based on input from 
CARB.  Much of the initial down-selection and cycle screening was performed by CARB staff. 
They selected from among a wide variety of available vehicle duty cycles to target particular 
types of operation that might be challenging to the aftertreatment and control systems.  Table 13 
provides a brief description of the final cycles that were chosen, and the intent behind the 
selection each cycle. 

TABLE 13. SUMMARY OF VOCATIONAL CYCLES CHOSEN FOR ARB LOW NOX 
DEMONSTRATION 

Cycle Description ARB Intent 

 
  

 
   

  

 
   

 
 

 
  

   
 
 

  
 

 
  

 

 
 
   

    
 

  
    

   

 

  

 
   

 

   

 
 

• Highly transient 30min idle + • Low speed with severe demand spikes Idle + NYBC x 4 41 min urban • Sustained Low temperature with high operation transient 

50mph cruise • Sustained light load for 20 min • Ability of system to maintain heat Cruise+Creep x 10 followed by 42 • Thermal management behavior min of “creep” • Cold-start versus extended low load operation 

Based on • Realistic vocational cycle for California 
OCTA Bus OCTA cycle • Transit bus data 

data ~ 32 min • Less aggressive transients than FTP 

In the case of the New York Bus Cycle (NYBC) and Orange County Transit Authority 
(OCTA) bus cycles, the profiles were available only on a vehicle speed basis.  Therefore, it was 
necessary to transform these cycles to an equivalent engine-based profile, so that they could be 
executed on an engine dynamometer for demonstration purposes.  CARB provided the data for 
these translations by executing the cycles on a chassis dynamometer and monitoring the engine 
speed and load via ECU broadcast channels. 
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After some initial processing and averaging, CARB provided the cycle information to 
SwRI at 10 Hz schedules of speed and torque, along with engine torque curve data.  SwRI then 
translated these data into a set of normalized 1 Hz schedules that were available in a format 
identical to the one used for certification cycles, like the FTP.  This allowed the schedules to be 
executed on any engine and in any engine test cell, following the same cycle de-normalization 
procedures that are normally applied for the FTP in 40 CFR Part 1065.  In the case of the Cruise-
Creep cycle, the cycle was already available as a normalized 1 Hz schedule, so very little effort 
was required to finalize the profile once it was decided. 

The finalized cycle profiles are depicted in Figure 15, Figure 16 and Figure 17, for the 
NYBC, Cruise-Creep, and OCTA bus cycles, respectively.  The actual profiles are available 
from CARB in a second-by-second format for anyone who wishes to run these cycles for 
themselves.  Note that the NYBC cycle is actual four successive repeats of the NYBC cycle 
profile, but they vary slightly due to variations in the actual driving when the cycle data were 
developed. 

The Cruise-Creep cycle, shown in Figure 16, is a combination of two different CARB 
cycle profiles.  The first portion, which is the “Cruise” is based on vehicle data from a 45 mph 
average speed trip to a work location.  This portion is essentially a conditioning phase.  The 
second portion of the cycle consists of 10 repeats of the CARB Creep Cycle.  This short cycle 
was intended to represent a light load, transient application that might be characterized by a truck 
working in a freight yard, or something similar. 

Final NYBCx4 Cycle Note:  Normalized torque < 0 
indicates closed-throttle motoring torque speed 

0 

20 

40 

60 

80 

100 

-

-

-

-

-

0 

20 

40 

60 

80 

100 

No
rm

al
ize

d 
Sp

ee
d,

 %
 

No
rm

al
ize

d 
To

rq
ue

, %
 

0 400 800 1200 1600 2000 2400 
Time, sec 

FIGURE 15. NORMALIZED NYBC(X4) CYCLE 

7 
SwRI 03.19503 Final Report 



 
  

 

 
  

 
     

 
 

 

100 

* oj' 80 
:::, 

E" 
~ 60 
"D 

-~ 
"iii 

40 

E 
5 20 
z 

0 

100 

'it!. 
.;- 80 
:::, 
cr 

~ 60 
"Cl ., 
.l:il 
"iii 

40 

E 
0 20 
z 

D 

Note: Normalized t orque <O Final Cruis.e + Creep X 10 Cycle 
indicat esclosed-throttle motoring 

0 400 800 

NoE: Hormaliz~dbrque < 0 
inr1ic.r1t P<;r.lnc;? ,1-thronlP mntorine: 

0 400 

- torque - speed 

Creep x 10 

1200 1600 2000 
Time, sec 

Final OCTA Bus Cycle 

- torque - speed 

8 00 1200 

Time, sec 

2400 

100 

* 80 ..,· ., ., 
60 a. 

V, 

"D 

40 -~ 
"iii 
E 

20 !5 
z 

0 
2800 3200 

10 0 

~ 
80 -o· ., ., 
60 "' Vl 

40 

-0 

~ 
~ 
E 

20 !'i 
z 

D 

1600 2000 

FIGURE 16. NORMALIZED CRUISE-CREEP (X10) 

FIGURE 17. NORMALIZED OCTA BUS CYCLE 

The OCTA bus cycle was developed based on transit bus data collected on a bus in 
Orange County, and therefore is considered representative of urban field operation on California. 
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Each of the final cycles was executed using the diesel engine in the test cell to ensure the 
final cycles were useable. An important part of the development of the cycles involved the 
choice of pre-conditioning procedure for each cycle.  It is well understood that previous 
operation can have a significant effect on the performance of an SCR-based aftertreatment 
system over any given cycle.  Therefore, appropriate pre-conditioning procedures were necessary 
to generate consistent and meaningful results. 

The general approach to pre-conditioning was similar to the approach and intent outlined 
in the procedures in 40 CFR Part 1065.  The desire was for the emission system to achieve 
equilibrium with the cycle being tested, on the assumption that the test cycle would theoretically 
represent a small window or “snapshot” of normal operation on that same duty cycle.  In some 
cases, such as the NYBC or Cruise-Creep, the cycle incorporates some kind of conditioning step, 
but operation even prior to that test is still influential.  Therefore, the general approach was to 
execute the test cycle portion prior to the start of operation for record.  In the case of the NYBC 
cycle, there was intent to target low temperature operation, and therefore a 30-minute idle was 
incorporated prior to the beginning of the cycle-for-record.  In the case of the OCTA Bus cycle, 
there was zero dwell between the end of the preconditioning cycle and the start of the test for 
record. 

The one exception to this was the Cruise-Creep cycle, because the high temperature 
cruise portion was already intended as the pre-scribed preconditioning.  In that case, the 
preconditioning consisted only of a warm-up as described in 40 CFR Part 1065, which was 
completed by a test at NTE Speed C and 75 percent load.  The final pre-conditioning approach 
for each cycle is described in Table 14. 

TABLE 14. PRE-CONDITIONING PROCEDURES FOR THE VOCATIONAL 
CYCLES 

Cycle No. Cycle Name Pre conditioning Start Notes 

1 NYBCx4 

1.  Warm-up 
2.  Run prep NYBCx4 cycle 
3.  Idle for 30-min 
4.  Run test for record 

Start at idle 
Hot running start at end of 30-
min idle segment 

2 Cruise + Creep x 10 1.  Warm-up (C75 10 min) 
2.  Run test for record 

Start at idle < 1 min after 
coming down from warm-up 

3 OCTA Bus 
1.  Warm-up 
2.  Run prep OCTA Bus cycle 
3.  Run test for record 

Start at idle immediately 
following end of prep cycle (< 
1 min dwell at idle allowed)                                                           

As noted earlier, these vocational cycles were intended for demonstration purposes only. 
There was no effort made to calibrate the performance of the emission system to improve 
performance on these cycles.  Rather, the systems were taken as calibrated for the primary 
cycles, and the vocational cycles were executed to demonstrate performance.  This allowed 
comparison of the performance on these duty cycles with performance on the certification cycles. 
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The vocational cycles were also executed as part of the baseline data generation for each 
engine, which allowed for an initial comparison on current technology engines between 
certification cycles and these different field duty cycles. 

A second-by-second schedule for each cycle is included in this report in Appendix A, in a 
normalized format.  These cycles were meant to be de-normalized following the same process 
used for the FTP transient cycle, as described in 40 CFR Part 1065. 

2.1.2 Test Engine 

The initial plan within the proposal was to utilize a Doosan GL11K natural gas engine 
that SwRI had used in a previous program and was still on-site. The engine was converted from 
lean burn to stoichiometric and a low-pressure-loop, cooled exhaust gas recirculation (EGR) 
system was added. The fueling system consisted of six injectors fueling into a mixer upstream of 
the throttle. The engine was controlled using a Woodward controller that allowed full authority 
over the engine (air-fuel ratio, spark timing, etc.). The engine had achieved the gaseous emission 
targets (namely NOX emissions less than 0.02 g/hp-hr composite over the FTP). However, the 
engine failed the PM emissions limit. The PM emissions were not measured under initial 
transient testing because PM is generally not a problem with CNG engines; however, a hot FTP 
showed roughly 0.05 g/hp-hr of particulate emissions (well above the 0.01 g/hp-hr limit). 

Soot forms when locally rich combustion is combined with high reaction temperature – 
either poor fuel-air mixing or abnormally high oil consumption can result in locally rich 
combustion. When the PM problem with the Doosan engine was observed, different fuel-air 
mixers were tested to aid in both the temporal and spatial mixing but no discernible effect on PM 
emissions was noted. The cylinder head was altered to incorporate tumble plates and increase 
turbulence and mixing in-cylinder but no reduction in PM was observed. Next high swirl heads 
and new fuel injectors were installed but again no reduction in PM was measured. 

The engine was ultimately characterized by high crankcase pressure which can result in 
increased oil consumption. The blowby filter was replaced and the PM emissions dropped to 
0.02 g/hp-hr. The engine was then calibrated to operate as a lean burn engine (as it was designed) 
and the PM was reduced to 0.003 g/hp-hr. Operating this engine at stoichiometric conditions and 
with EGR, can exacerbate the problem with PM emissions due to a lack of oxygen compared to 
lean combustion. However, it was necessary for the test engine to operate at stoichiometric 
conditions with EGR to meet the stringent gaseous emissions targets. 

The Doosan engine used dry liners for the cylinders. Dry liners have a metal-to-metal 
interface between the coolant and the liner. This interface can have poor thermal conductivity 
and thus create hot spots on the liner, distorting the cylinder bore and increasing oil 
consumption. Two Cummins-Westport engines and one Mack engine that operate at 
stoichiometric conditions with natural gas and have low PM emissions have wet liners. The wet 
liner has direct contact with the coolant reducing bore distortion and oil consumption. Another 
possible problem with the Doosan engine is the ring pack of the piston – it is lacking a second 
ring for oil control. A second ring is necessary for oil control due to the low manifold air 
pressures associated with throttling. 
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Because the Doosan engine did not meet the PM emissions limit, and the high oil 
consumption could deteriorate the catalyst at an increased rate, it was decided to continue efforts 
on achieving the gaseous emissions targets in addition to the PM targets with a different engine. 
SwRI had access to a Cummins ISX12-G engine that was used for a previous project and decided 
to use this as the replacement. The Cummins ISX12-G engine shares similar performance to the 
Doosan engine. Table 15 shows the performance specifications of each engine. 

TABLE 15: PERFORMANCE SPECIFICATIONS OF DOOSAN GL11K AND 
CUMMINS ISX12-G 
Doosan GL11K Cummins ISX12-G 

Displacement (L) 11 11.9 

Type 
4 stroke, turbocharged & 

intercooled, inline 6, 
stoichiometric1 

4 stroke, turbocharged & 
intercooled, inline 6, 

stoichiometric 
Power (hp) 285 at 2200 RPM 320 at 1800 RPM 

Torque (lb-ft) 904 at 1260 RPM 1150 at 1200 RPM 

The Cummins ISX12-G engine was evaluated before modifications were made to achieve 
the ULN program emissions targets. An aftermarket, prototype Engine Control Unit (ECU) from 
EControls was installed on the engine to allow full authority over engine operation and provide 
more precise control of the air-fuel ratio. A more in-depth discussion on the engine calibration 
can be found in Section 2.2 TASK 2: Engine Baseline and Ultra-Low NOX Calibration and 
Section 2.3 TASK 4:  Catalyst Down-Selection and Final Demonstration Results. The 
following items were added to the engine to improve air-fuel ratio control and transient 
operation: 

• High energy ignition system 
• Improved air-fuel-EGR mixer 
• Boost recirculation valve 
• Electronic wastegate controller 
• EGR measurement system with feedback 
• Pressure differential sensor in addition to UEGO sensor 
• Closed crankcase ventilation system 

The high-energy ignition system was necessary for the high levels of EGR being used 
and to ensure stable combustion throughout the operating map of the engine. The closed 
crankcase ventilation system was added to reduce any oil consumption due to blowby. The 
remainders of the parts added were to aid in air-fuel ratio control during transient operation. 

1 Converted to stoichiometric 
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2.1.3 Initial Aftertreatment Technology Selection 

As part of the initial proposal process for this program, SwRI secured involvement of the 
Manufacturers of Emission Controls Association as a partner in this program.  As part of this 
commitment, MECA members agreed to supply advanced aftertreatment technologies for this 
program as an in-kind contribution.  In addition, MECA as a whole agreed to participate by 
providing additional funding for technology screening, as well as for catalyst aging to be 
conducted later in the program. 

For the majority of the aftertreatment system components, MECA members organized 
into technology teams, each of which was led by one of the major catalyst suppliers.  Each team 
was responsible for specifying a range of technologies that would be supplied to the program. 
The catalyst supplier would also coordinate the substrate supply, canning, and development 
aging.  SwRI initially supplied data for the Doosan GL11K engine to MECA members to aid in 
the design of the systems.  Each supplier put together an initial system design and strategy, 
including several suggested modifications to the system to try different technology approaches. 
It should be noted that while these teams were to be initially evaluated separately from each 
other, the final system configuration could incorporate elements from multiple teams, at the 
discretion of SwRI and ARB. 

Throughout the program, the identity of the individual system suppliers was kept 
confidential, and the groups were referred to only be a generic team letter designation that was 
assigned by SwRI as hardware arrived.  SwRI was aware of the identity of the suppliers, and 
worked closely with all of the suppliers to aid in the design process.  It was planned that this 
working relationship would continue throughout the program, with SwRI sharing data from 
technology screening with each supplier for their system hardware. 

In addition to the primary teams, other individual MECA members provided 
aftertreatment technology in the form of system modifiers, energy input devices, sensors, and 
other technologies.  SwRI coordinated with all of these suppliers to obtain a large pool of 
potential aftertreatment technologies. 

The intent of this effort was to start with a large pool of possible approaches to reaching 
the 0.02 g/hp-hr target.  This would allow the rapid screening of multiple approaches, with the 
goal of identifying not only a path to reaching 0.02 g/hp-hr, but also of selecting an approach that 
was the most advantageous in terms of impact on GHG emissions.  In addition, considerations of 
system complexity, robustness, and packaging were all to be taken into account in the down-
selection of the final configuration at the end of the technology-screening phase of the program. 

For the catalyst systems, suppliers were asked to provide four sets of samples.  Two sets 
were provided to support the screening effort, one set degreened and the other aged.  Details of 
the aging process are discussed in Section 2.1.4 Aftertreatment Aging Approach.  A third set 
of parts was held in reserve for final aging in the event that those catalysts were down-selected 
for the final configuration.  A fourth set of parts was available as a spare. 

12 
SwRI 03.19503 Final Report 



 
 

 
 

 
  

  
 

  
 

 
 

 
 

 
 

  
 

 
 

  

 
 

 
 

 

 
 

 
  

 
 

 
  

 
 

   
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

1} 

Fo
llo

w
in

g 
is

 a
 b

rie
f d

es
cr

ip
tio

n 
of

 th
e 

te
ch

no
lo

gi
es

 c
ho

se
n 

to
 p

ar
tic

ip
at

e 
in

 th
e 

sc
re

en
in

g,
 

as
 w

el
l a

s s
om

e 
of

 th
e 

co
ns

id
er

at
io

ns
 re

la
te

d 
to

 th
os

e 
te

ch
no

lo
gi

es
. 

2.
1.

3.
1 

G
en

er
al

 d
es

cr
ip

tio
n 

of
 s

ys
te

m
s 

Th
e 

af
te

rtr
ea

tm
en

t s
ys

te
m

s s
up

pl
ie

d 
by

 th
e 

M
EC

A
 m

em
be

rs
 w

er
e 

al
l t

hr
ee

-w
ay

 c
at

al
ys

ts
; 

ho
w

ev
er

, t
he

re
 w

er
e 

se
ve

ra
l s

ys
te

m
 c

on
fig

ur
at

io
ns

. T
he

se
 v

ar
io

us
 c

on
fig

ur
at

io
ns

 c
an

 b
e 

se
en

 in
 

Fi
gu

re
 1

8 
th

ro
ug

h 
Fi

gu
re

 2
0.

 

Te
am

 A
’s

 c
on

fig
ur

at
io

n 
is

 c
om

po
se

d 
of

 o
ne

 e
le

ct
ric

al
ly

 h
ea

te
d 

cl
os

e-
co

up
le

d 
ca

ta
ly

st
 

pr
im

ar
ily

 re
sp

on
si

bl
e 

fo
r m

et
ha

ne
 o

xi
da

tio
n.

 T
he

 tw
o 

th
re

e-
w

ay
 c

at
al

ys
ts

 fu
rth

er
 d

ow
ns

tre
am

 a
re

 
eq

ua
l i

n 
si

ze
; t

he
 u

ps
tre

am
 c

at
al

ys
t i

s 
re

sp
on

si
bl

e 
fo

r h
yd

ro
ca

rb
on

 o
xi

da
tio

n 
an

d 
th

e 
la

st
 c

at
al

ys
t 

br
ic

k 
is

 r
es

po
ns

ib
le

 f
or

 N
O

x 
re

du
ct

io
n.

 T
o 

ac
co

un
t f

or
 th

e 
G

H
G

 im
pa

ct
 o

f 
th

e 
EH

C
, t

he
 p

ow
er

 
co

ns
um

pt
io

n 
m

us
t b

e 
m

ea
su

re
d 

du
rin

g 
te

st
in

g.
  T

hi
s p

ow
er

 c
on

su
m

pt
io

n 
w

as
 th

en
 a

dj
us

te
d 

by
 a

n 
al

te
rn

at
or

 e
ff

ic
ie

nc
y 

re
pr

es
en

ta
tiv

e 
of

 a
 p

ro
du

ct
io

n 
ap

pl
ic

at
io

n,
 i

n 
or

de
r 

to
 p

re
di

ct
 t

he
 e

ng
in

e 
po

w
er

 re
qu

ire
m

en
t (

an
d 

fu
el

 c
on

su
m

pt
io

n)
. 

EH
C

 
TW

C
 (x

2)
 

C
lo

se
-c

ou
pl

ed
 e

le
ct

ri
ca

lly
 h

ea
te

d 
ca

ta
ly

st
 (3

.2
 li

te
rs

) w
ith

 tw
o 

un
de

r-
flo

or
 th

re
e-

w
ay

 c
at

al
ys

ts
 

 li
te

rs
 e

ac
h)

 
(1

1.
1

FI
G

U
R

E
 1

8.
 S

C
H

E
M

A
T

IC
 O

F 
T

E
A

M
 A

 C
A

T
A

L
Y

ST
 C

O
N

FI
G

U
R

A
T

IO
N

 

Fo
r t

he
 p

ur
po

se
s 

of
 th

is
 p

ro
gr

am
, a

 p
ra

ct
ic

al
 li

m
it 

of
 5

 k
W

 w
as

 c
on

si
de

re
d 

fo
r t

he
 s

iz
e 

of
 

an
y 

el
ec

tri
ca

l 
he

at
in

g 
sy

st
em

s. 
C

on
si

de
rin

g 
a 

de
vi

ce
 b

el
ow

 t
ha

t 
lim

it 
w

as
 p

ra
ct

ic
al

 t
o 

in
co

rp
or

at
e 

in
to

 a
 h

ea
vy

-d
ut

y 
ve

hi
cl

e 
w

ith
ou

t 
m

aj
or

 e
le

ct
ric

al
 s

ys
te

m
 r

e-
de

si
gn

, 
gi

ve
n 

th
at

 i
t 

w
ou

ld
 li

ke
ly

 o
nl

y 
op

er
at

e 
fo

r l
im

ite
d 

pe
rio

ds
 o

f t
im

e 
du

rin
g 

co
ld

-s
ta

rt.
  A

bo
ve

 th
at

 li
m

it,
 it

 w
as

 
fe

lt 
th

at
 c

on
si

de
ra

bl
e 

m
od

ifi
ca

tio
n 

an
d 

co
st

 w
ou

ld
 b

e 
re

qu
ire

d 
to

 su
pp

or
t a

 la
rg

er
 p

ow
er

 d
ra

w
. 

Te
am

 B
 s

ub
m

itt
ed

 t
w

o 
op

tio
ns

 f
or

 t
hi

s 
pr

og
ra

m
. 

Th
e 

fir
st

 o
pt

io
n 

co
ns

is
ts

 o
f 

a 
cl

os
e-

co
up

le
d 

th
re

e-
w

ay
 c

at
al

ys
t 

re
sp

on
si

bl
e 

fo
r 

fa
st

 l
ig

ht
 o

ff
 a

nd
 N

O
x 

re
du

ct
io

n.
 T

he
 u

nd
er

-f
lo

or
 

ca
ta

ly
st

 w
as

 e
qu

al
 in

 si
ze

 to
 th

e 
cl

os
e-

co
up

le
d 

ca
ta

ly
st

 a
nd

 re
sp

on
si

bl
e 

pr
im

ar
ily

 fo
r m

et
ha

ne
 a

nd
 

hy
dr

oc
ar

bo
n 

ox
id

at
io

n.
 T

he
 s

ec
on

d 
op

tio
n 

su
bm

itt
ed

 c
on

si
st

ed
 o

f a
 s

in
gl

e 
un

de
r-

flo
or

 th
re

e-
w

ay
 

ca
ta

ly
st

. 

cc
-T

W
C 

TW
C

 

O
pt

io
n 

1:
 C

lo
se

-c
ou

pl
ed

 c
at

al
ys

t (
9 

lit
er

s)
 w

ith
 u

nd
er

-fl
oo

r t
hr

ee
-w

ay
 c

at
al

ys
t (

9 
lit

er
s)

 

13
 

Sw
R

I 0
3.

19
50

3 
Fi

na
l R

ep
or

t 



 
   

   
 
   

 
   

 

 
    

   
 
  

   
 

 
 

     
   

 
 

  
 

 
  

 
    

 
   

  
 

 
  

 
   

 
   

 
 

  

  

 

 
 

TWC 

Option 2: Larger under-floor three-way catalyst (20 liters) 

FIGURE 19. SCHEMATIC OF TEAM B CATALYST CONFIGURATIONS 

Team C’s configuration consisted of the smallest volume catalysts. The close-coupled 
catalyst was formulated for fast light off and responsible for CO oxidation and NOx reduction. 
The under-floor catalyst was designed for NOx slip at high space velocities. 

cc-TWC TWC 

Close-coupled catalyst (5.7 liters) with under-floor catalyst (8.5 liters) 

FIGURE 20. SCHEMATIC OF TEAM C CATALYST CONFIGURATION 

Some practical considerations were also considered in the initial system designs, such as 
packaging.  While it might be advantageous to close couple the entire aftertreatment system to 
the engine with minimal distance, the requisite aftertreatment size for the heavy-duty application 
meant that such an approach would not be practical from a packaging standpoint.  Therefore, any 
close-coupled components, if used, would have to be relatively compact. This can be seen by the 
size of the each close-coupled catalyst compared to larger “under-floor” catalysts. Additionally, 
all of the under-floor catalysts were located a minimum of 6 feet downstream of the turbocharger 
to be realistic of packaging constraints. 

A formal screening task was not performed for the natural gas engine side of this 
program. Instead, each catalyst configuration was tested on-engine with a preliminary engine 
calibration and the final system was down-selected. Additional engine calibration continued to 
lower the tailpipe emissions even further. 

A key point for all of the technologies offered is that they are all taken from either 
production or production intent hardware.  In some cases, systems may have been developed to 
the point of commercialization and field trials, but may not have yet entered actual production 
due to changes in market demand.  Therefore, all of the technologies considered in this program 
are at least feasible for production. 

2.1.3.2 Passive Heat Retention 

These technologies generally comprised various modifications to the exhaust system, 
both on and off the engine, designed to help retain heat in the exhaust and prevent loss to the 
ambient environment.  Several different technologies were proposed by MECA members for 
inclusion in the program, including: 

• Air gap insulated, fabricated exhaust manifolds 
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• An air gap insulated transfer pipe from the engine to the aftertreatment 
• Air gap insulated inlet and outlet cones incorporated into the catalyst canning 

In addition, SwRI also planned to utilize insulation and system configuration in an effort 
to minimize heat loss in the final system configuration.  Although each of these measures has a 
small individual contribution to the overall system performance, they could in combination result 
in increased system efficiency.  One key design point is that the benefits of any insulating 
concept have to be balanced against the potential increase in thermal mass of a given part, which 
could actually serve to slow down catalyst light off. 

2.1.4 Aftertreatment Aging Approach 

A key part of the demonstration target is that the system must demonstrate emissions 
using aged components.  The aging is intended to be representative of full useful life, which is 
435,000 miles for a heavy heavy-duty on highway application (generally about 11,000 hours of 
operation).  However, the program does not contain sufficient scope, time, or funding to actually 
age parts on engine all the way to full useful life.  Therefore, an alternative approach must be 
used to develop parts, which are as representative as possible within the scope constraints of the 
program.  As a result, part of the initial technology selection involved coming up with an 
appropriate methodology for catalyst aging to reach this target. 

Early in the process development, it was realized that there were actually two different 
aging targets for different phases of the program.  Therefore, the process was split into two 
phases.  The first phase, which was designated “Development Aging”, was intended to produce 
parts relatively quickly in order to support the Technology Screening effort under Task 3.  The 
second phase, which was designated “Final Aging”, was intended to produce the final 
demonstration parts which would be utilized for the emissions demonstration at the end of Task 
4. These two different phases had different goals, and would be supported by different funding 
mechanisms.  The base program did not have any dedicated budget allocated to aging.  A basic 
methodology was used as the starting point for both Development and Final aging protocols, and 
then was modified as needed to reach the targets for two protocols. 

2.1.4.1 Basic Approach 

A similar methodology to the Environmental Protection Agency’s (EPA) Standard 
Bench Cycle (SBC) protocol was used to age the catalysts for the CNG program. The SBC 
protocol involves running stoichiometric exhaust chemistry over the catalysts for 40 seconds 
then operating rich for 10 seconds, then five seconds afterwards introducing 3% excess air via a 
secondary injection for 10-second duration, and then returning to stoichiometric. The SBC can 
be seen in Figure 21, below. 
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FIGURE 21. STANDARD BENCH CYCLE (SBC) 

2.1.4.2 Development Aging 

The target for development aging was to produce parts that were somewhat representative 
of full useful life aging, but that were all aged in a consistent manner in order to allow a proper 
comparison between different technologies. At the same time, development aging was to be 
provided by all of the individual suppliers for their hardware.  This meant that a large number of 
parts needed to be produced, many of which would not be selected for the final demonstration. 
As a result is was necessary to limit the level of effort, while at the same time produce parts to 
enable a valid comparison. 

As a result of these objectives, the basic approach to aging was adjusted in several ways. 
First, it was determined that chemical aging would not be part of the development aging.  Each 
technology might react differently to chemical poisoning requiring different approaches, which 
would take significant time to determine and implement.  In addition, the positioning of 
components in the system also has a significant effect on exposure to lube oil components, and 
the final configuration would not be known at the start of screening.  Some specific effects, such 
as sulfur sensitivity could also be examined during the screening process.  Finally, representative 
chemical aging is generally very time consuming and expensive, and might not be of significant 
aid to the down-selection process.  Therefore, chemical poisoning could be excluded from the 
Development aging. 

In addition, it was determined that a consistent process would be used for all parts, and 
that this process would be based on the thermal aging characteristics already calculated for the 
base approach.  Therefore, the base approach would be used, with some modifications depending 
on the parts being aged.  Temperatures were also increased somewhat in order to shorten times 
and account for other possible issues.  For development aging, it was decided to allow oven 
aging to prepare the aged screening parts. In the case of oven aging, it was determined that the 
aging would be done in air containing roughly 10% steam to provide sufficient water content.  
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2.1.4.3 Final Aging 

For the final aging, the primary target was to be as representative as feasible of full useful 
life for the final system configuration. SwRI obtained engine data and catalyst temperatures from 
running the OCTA bus cycle on the Cummins ISX12-G. The OCTA bus cycle data represents 13 
miles of driving over 3,800 seconds and is representative of the typical operation for the 
Cummins ISX12-G engine applied to transit buses in California. Figure 22 below shows the 
histogram of the catalyst temperature for the ISX-12G and the Doosan GL11K. It can be seen 
that the ISX-12G operates at a significantly lower temperature over the OCTA bus cycle than the 
Doosan engine (roughly 100°C lower). 

FIGURE 22. CATALYST BED TEMPERATURE FOR ISX-12G AND DOOSAN 
ENGINES 

Given the catalyst temperature histogram, a low control temperature and reference 
temperature can be defined to give a suitable number of hours of aging following the SBC, 
shown in Figure 23. 
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FIGURE 23. SBC LAMBDA, CATALYST TEMPERATURE, AND SECONDARY AIR 
INJECTION OVER TIME 

Given the engine data, it was determined that a low control temperature of 875 °C and 
exothermal peak temperature of 965 °C will result in a reference temperature of 900 °C with an 
exhaust flow rate of 190 kg/hr. This allows the catalysts to be aged for 137 hours to be 
equivalent to 435,000 miles on the OCTA bus cycle with an in-use correction factor of 1.1 
applied. 

2.2 TASK 2:  Engine Baseline and Ultra-Low NOX Calibration 

The engine was certified to meet US 2010 emission standards under both the 298 and 238 
kW power ratings; however, the lower power rating was used to better match the flow rates and 
temperatures of the Doosan GL11K engine that was previously used for the program (see Section 
2.1.2 Test Engine). The engine specifications are listed in Table 16. 

TABLE 16. CUMMINS-WESTPORT ISX12-G ENGINE SPECIFICATIONS 
Parameter Units Value 

Displacement (L) L 11.9 
Bore x Stroke (mm) mm 130 x 150 

Rated Power kW 238 
Rated Speed RPM 1800 
Peak Torque Nm 1559 

Peak Torque Speed RPM 1200 
Fuel System - Compressed Natural Gas 
Turbocharger - Fixed Geometry 
EGR System - Cooled, high pressure 

Emission Certification - US 2010 

Application - Regional-haul, truck/tractor, 
vocational, and refuse 
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The engine was baseline tested using the stock ECU and ignition control module (ICM) 
as well as all stock hardware. Further testing of the engine to meet the emissions targets was 
done with an aftermarket prototype ECU provided by EControls. The ECU interface enabled 
access to various calibration tables (such as air-fuel ratio, boost pressure, and EGR rates), 
numerous transient fueling models, as well as, manual control actuators if desired. The engine 
was instrumented with cylinder pressure transducers for each cylinder to allow optimization of 
burn durations for increased engine efficiency. Kistler 6045A pressure sensors were installed and 
crank-angle-based cylinder pressure was used during this task to monitor combustion quality 
during both steady-state and transient engine testing. An enhanced air-fuel-EGR mixer, high-
energy ignition system, boost recirculation valve, electronic wastegate controller, and various 
EGR measurement/feedback devices were installed. The additional items allowed the engine to 
obtain improved air-fuel ratio control during transient operation, as well as allowed an increase 
in EGR rates to lower engine-out NOx emissions. 

2.2.1 Baseline FTP, RMC, WHTC, and CARB Idle Results 

Baseline testing for the US heavy-duty FTP was composed of three sets of cold-start and 
hot-start FTPs. Each cold-start FTP was followed by three (3) hot-start FTPs with the proper 
twenty minute soak time in between. The testing was performed in accordance with 40 CFR Part 
1065 procedure and in a 1065 certified engine test cell. Testing was done using California Air 
Resource Board certification blend natural gas; the specifications for that fuel blend can be seen 
in Table 17, below. 

TABLE 17. CARB CERTIFICATION NATURAL GAS BLEND SPECIFICATIONS 
Gas Species Concentration (vol. %) 

Methane (CH4) 90.0 ± 1.0 
Ethane (C2H6) 4.0 ± 0.5 
C3 and Higher 2.0 ± 0.3 
C6 and Higher 0.2 max 
Oxygen (O2) 0.5 max 

Inert Components 
(CO2 and N2) 

3.5 ± 0.5 

Hydrogen (H2) 0.1 max 
Carbon Monoxide 

(CO) 0.1 max 

Sulfur (S) 16 ppm max 

The average composite FTP tailpipe emissions for the Cummins-Westport ISX12-G 
engine rated at 238 kW can be seen in 
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Table 18, below. The average is taken over the three separate composite FTP results and 
a standard deviation (SD) and coefficient of variation (CoV) is reported. The engine meets the 
US 2010 standards for heavy-duty on-road engines. 
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TABLE 18. BASELINE COMPOSITE FTP TAILPIPE EMISSIONS FOR CUMMINS-
WESTPORT ISX12-G 

Composite FTP Tailpipe, g/hp-hr Composite FTP 
Tailpipe, ppm 

NOx PM NMHC CO CO2 CH4 NH3 N2O 
Average 0.115 0.002 0.124 2.956 541.8 0.956 75.8 0.629 

SD 0.00305 0.00008 0.00234 0.43951 2.948 0.029 4.2 0.082 
CoV 2.7% 3.3% 1.9% 14.9% 0.5% 3.0% 5.6% 13.0% 

US 2010 
Standard 0.20 0.01 0.14 15.5 

SD % 
Standard 1.5% 0.8% 1.7% 2.8% n/a n/a n/a n/a 

Three-way catalysts can simultaneously reduce NOx and oxidize CO and hydrocarbon 
emissions if the air-fuel ratio is stoichiometric. If the mixture is too lean, the catalysts lose NOX 
reduction and if too rich, the catalysts lose CO and hydrocarbon oxidation. This conversion 
efficiency is greatest when the exhaust mixture is perfectly stoichiometric (however, in practice 
the exhaust mixture is constantly switching between rich and lean to store and deplete oxygen in 
ceria within the catalyst). This conversion efficiency is also highly temperature dependent – a 
typical three-way catalyst will see near 100% conversion efficiency if the temperature is above 
400 °C. Additionally, a typical three-way catalyst lights-off (reaches 50% conversion efficiency) 
at around 220 to 270 °C. Because of this temperature dependence, it is important to note the 
catalyst temperature over various engine drive cycles. 

Figure 24 shows the catalyst bed temperature (located 25.4 mm down from the front face 
of the catalyst, in the center) during a typical cold and hot start FTP.  For the cold-start FTP 
cycle the catalyst reaches light-off at roughly 130 seconds (or slightly after the first speed “hill”) 
and sustains temperatures above 400 °C at roughly 260 seconds (or slightly after the second 
speed “hill”). 
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FIGURE 24. CATALYST BED TEMPERATURE FOR COLD AND HOT-START FTP 
CYCLE 

The effects of a cold catalyst can be seen in Figure 25 during the first 130 seconds where 
the NOx emissions are roughly four times higher for the cold start FTP than for the hot start FTP. 
The spikes in NOx emissions seen at 400 to 800 seconds are not due to catalyst temperature, but 
rather, poor air-fuel ratio control and a loss of NOx reduction and oxygen storage. 

FIGURE 25. COLD AND HOT-START FTP NOX DILUTE MASS RATE 

In addition to emissions measurements taken over the engine drive cycles, engine 
equivalence ratio was also measured and analyzed for areas of improvement. 
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The average results for the steady state RMC-SET engine drive cycle can be seen in 
Table 19. The 2010 emissions standards for the RMC-SET are the same as those for the US 
heavy-duty FTP. Catalyst temperature, shown in Figure 26 stays above 600 °C throughout the 
test cycle and NOx emissions are quite low. The spikes in NOx emissions, shown in Figure 27, 
occur when the engine is either changing speed or load indicating areas where the air-fuel ratio 
control can be improved. 

TABLE 19. BASELINE RMC-SET TAILPIPE EMISSIONS FOR CUMMINS-
WESTPORT ISX12-G 

RMC-SET Tailpipe, g/hp-hr RMC-SET 
Tailpipe, ppm 

NOx PM NMHC CO CO2 CH4 NH3 N2O 
Average 0.012 0.0006 0.090 1.563 453.8 1.198 161.6 0.0 

SD 0.00262 0.00005 0.00163 0.27939 1.014 0.012 12.4 0.0 
CoV 21.3% 7.4% 1.8% 17.9% 0.2% 1.0% 7.7% n/a 

US 2010 
Standard 0.20 0.01 0.14 15.5 

SD % 
Standard 1.5% 0.8% 1.7% 2.8% n/a n/a n/a n/a 

FIGURE 26. RMC-SET CATALYST BED TEMPERATURE 
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FIGURE 27. RMC-SET NOX DILUTE MASS RATE 

Although there is no formal standard limiting ammonia emissions, it is still of particular 
interest for this program to keep ammonia as low as possible. The relatively large ammonia 
emissions seen during the RMC-SET in Figure 28 are indicative of an overall rich engine 
operation. 

FIGURE 28. RMC-SET RAW TAILPIPE AMMONIA 

A summary of the FTP and RMC-SET emissions on a daily basis is shown in Figure 29. 
For the demonstration of this program, five consecutive composite repeats are required. This 
figure shows that the engine is operating in a reliable manner. 
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FIGURE 29. NOX EMISSIONS FOR THE US HEAVY-DUTY FTP AND RMC-SET FOR 
THE CUMMINS-WESTPORT ISX12-G. 

Greenhouse Gas (GHG) emissions – methane and carbon dioxide – were of interest to 
this baseline evaluation. The EPA’s 2014 and 2017 GHG standard for HDE and vehicles sets a 
limit on the amount of methane and carbon dioxide that can be emitted over the FTP and RMC-
SET. Figure 30 shows the methane emissions for the baseline engine over the FTP and RMC-
SET. In both test cycles the methane emissions are well over the standard. However, Figure 31 
shows the carbon dioxide standard, in which, the baseline engine is well below even the 2017 
standard. 

FIGURE 30. METHANE EMISSIONS OVER THE FTP AND RMC-SET COMPARED 
TO 2014/2017 GHG STANDARD LEVELS 

25 
SwRI 03.19503 Final Report 



 

 
  

 
 
    

  
  

    
  

   
 

 
  

 
 

  
        

         
         
         

 
   

 
 

FIGURE 31. CARBON DIOXIDE EMISSIONS OVER THE FTP AND RMC-SET 
COMPARED TO 2014/2017 GHG STANDARD LEVELS 

The World Harmonized Transient Cycle (WHTC) is a transient engine test cycle adopted 
for EURO VI emissions regulations. The baseline engine was tested over the WHTC to examine 
its emissions performance. Similar to the US heavy-duty FTP, the test cycle is defined as having 
a cold start cycle and hot start cycle. However, unlike the FTP, NOX emissions are relatively 
unchanged from the cold start to the hot start WHTC as shown in Table 20. This shows that the 
baseline engine calibration was focused on FTP and RMC-SET test cycle performance rather 
than the WHTC. 

TABLE 20. WHTC TAILPIPE EMISSIONS 
WHTC Tailpipe (g/hp-hr) ppm 

NOx PM NMHC CO CO2 CH4 NH3 N2O 
WHTC Cold 0.310 0.002 0.160 3.376 510.0 1.537 99.7 5.415 
WHTC Hot 0.308 0.001 0.113 1.343 504.3 0.994 86.3 0.000 
Composite 0.308 0.001 0.119 1.628 505.1 1.070 88.1 0.758 
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Table 21 shows the engine out emissions over the WHTC and Table 22 shows the catalyst 
conversion efficiency over the WHTC. Although catalyst conversion efficiency is near 95% over 
both the cold and hot-start cycles, that is still not enough to meet even a 0.2 g/hp-hr NOx 
emission target. This shows a need to reduce engine out emissions as well as increase catalyst 
conversion efficiency. 
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TABLE 21. WHTC ENGINE-OUT EMISSIONS 
WHTC Engine Out (g/hp-hr) 

NOx NMHC CO CO2 CH4 

WHTC Cold 6.102 0.122 29.510 457.7 4.543 
WHTC Hot 6.559 0.156 28.513 445.3 4.474 
Composite 6.495 0.151 28.653 447.0 4.483 

TABLE 22. CATALYST CONVERSION EFFICIENCY OVER WHTC 
Catalyst Conversion Efficiency 

NOx CO CH4 

WHTC Cold 94.9% 88.6% 66.2% 
WHTC Hot 95.3% 95.3% 77.8% 
Composite 95.3% 94.3% 76.2% 

Figure 32 shows the catalyst bed temperature for both the cold and hot start WHTC. The 
catalyst does not reach temperatures in excess of 400 °C until roughly 300 seconds, similar to the 
FTP. However, tailpipe NOX and ammonia emissions remain relatively high even after the 
catalyst has reached temperature (Figure 33 and Figure 34). The large spikes in NOX indicate 
that the baseline engine air-fuel ratio controller is inadequate for stringent emissions control. 

FIGURE 32. CATALYST BED TEMPERATURE OVER COLD AND HOT START 
WHTC 

Figure 33 shows NOX emission spikes larger during the first set of accelerations (0 to 100 
seconds) for the hot start than for the cold start. This is unlike the FTP, where the cold start 
emissions are much higher. 

28 
SwRI 03.19503 Final Report 



 
   

 
 

 
 

  
 

 
 

 
  

 

 

-.c -~ 
X 
0 
z 

-

- Cold Start NOx g / hr - Hot Start NOx g / hr - Speed RPM 

1400 

1200 

1000 

800 

600 

400 

200 

0 

2000 

1500 

1000 E 
Q. 

-+--------~--------------L 500 -

0 300 600 900 
Time (sec) 

1200 1500 

0 

1800 

"C 
(I) 
(I) 
Q. 
V) 

(I) 
C ·ao 
C 

UJ 

- Cold Start NH3 ppm - Hot Start NH3 ppm - Speed RPM 

~---------------------~ 2000 

1500 

1000 e 
Q. 

E 1200 500 ... 
"O 
(I) 
(I) 

0. 
V'I 
(I) 
C: 

Q. 

E: 1000 
n, 
'i: 800 
0 
E 600 E 
<( 400 

200 

0 
0 300 600 900 

Time (sec) 

1200 1500 

'00 
C: 

LU 

1800 

FIGURE 33. DILUTE NOX MASS RATE EMISSIONS OVER COLD AND HOT START 
WHTC 

Ammonia levels, shown in Figure 34, over the cold and hot-start WHTC are very high 
compared to the FTP and RMC cycles. With both large levels of NOX and NH3, it is clear that 
the engine’s air-fuel ratio control is poor during the opening 200 seconds of the WHTC and 
further improvements can be made.  

FIGURE 34. TAILPIPE AMMONIA EMISSIONS OVER COLD AND HOT START 
WHTC 
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An additional cycle that was tested during baseline was the CARB idle test. This is a 
California-specific test designed to ensure a level of NOx control during a sustained idle period. 
It consists of an FTP cycle warm-up, followed by two 30-minute idle periods.  The first idle 
period is at designated low idle speed (i.e., “curb” idle), while the second 30-minute period is at 
an elevated idle (no-load) speed of 1100 rpm.  The current limit for this cycle is 30 g/hr average 
NOx rate, integrated separately of each of the two 30-minute idle periods. Figure 35 shows the 
results of the CARB Idle test on the Cummins-Westport ISX12-G. Towards the end of the first 
30-minute idle the catalyst temperature begins to drop below 400 °C. NOX emissions begin 
increasing rapidly as the temperature drops towards 360 °C. This indicates that this catalyst must 
maintain temperatures above 360 °C in order to achieve near 100% conversion efficiency. Once 
the elevated idle begins, the exhaust temperature increases and NOX emissions drop. 

FIGURE 35. CARB IDLE NOX DILUTE MASS RATE AND CATALYST BED 
TEMPERATURE FOR CUMMINS-WESTPORT ISX12-G 

2.2.2 Baseline Vocational Test Cycle Results 

In addition to the primary cycles described above, several additional cycles were desired 
for use on a demonstration-only basis.  These cycles were selected to be more representative of 
various types of in-field operation, with a particular focus on vocational applications that would 
be characterized by lower temperatures and/or more transient operation than the primary 
(certification) cycles that are the program targets.  The intent behind these cycles is to examine 
how well the reduction of emissions to 0.02 g/hp-hr on the certification cycles might translate to 
operation on other, potentially more challenging duty cycles from the field. The vocational 
cycles examined during baseline testing included the New York City Bus Cycle (NYBC), the 
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Orange County Transit Authority Bus Cycle (OCTA) and the Cruise-Creep cycle. Further detail 
on these cycles can be found in Section 2.1.1.2 Additional Cycles. 

Each vocational cycle was performed once in a 40 CFR Part 1065 compliant test cell and 
with standard line natural gas. Tailpipe emissions were measured using a continuous volume 
sampling (CVS) dilution tunnel, raw engine-out emissions were measured using a Horiba 
MEXA-7100DEGR analyzer, and tailpipe ammonia was monitored using a Fourier Transform 
Infrared spectrometer. This data is shown in Table 23, Table 24, Table 25, and Figure 36. 

TABLE 23. TAILPIPE EMISSIONS FOR NYBC, CRUISE-CREEP, AND OCTA 
VOCATIONAL CYCLES 

Tailpipe, g/hp-hr ppm 
NOx PM NMHC CO CO2 CH4 NH3 

NYBCx4 0.907 0.0009 0.190 1.580 672.4 1.893 11.7 
Cruise-Creepx10 0.07 0.0038 0.157 2.774 612.3 1.596 124.4 

OCTA 0.112 0.0024 0.107 2.350 552.8 1.078 91.9 

TABLE 24. ENGINE-OUT EMISSIONS FOR NYBC, CRUISE-CREEP, AND OCTA 
VOCATIONAL CYCLES 

Engine Out, g/hp-hr 
NOx NMHC CO CO2 CH4 

NYBCx4 7.827 0.037 43.269 596.4 7.626 
Cruise-Creepx10 7.162 0.428 27.23 568.2 6.1 

OCTA 6.338 0.183 36.991 489.0 4.945 

TABLE 25. CATALYST CONVERSION EFFICIENCY FOR NYBC, CRUISE-
CREEP, AND OCTA VOCATIONAL CYCLES 

Catalyst Conversion Efficiency 
NOx CO 

NYBCx4 88.4% 96.3% 
Cruise-Creepx10 99.0% 89.8% 

OCTA 98.2% 93.6% 
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FIGURE 36. EMISSIONS SUMMARY FOR VOCATIONAL CYCLES PLOTTED WITH 
US 2010 HEAVY-DUTY EMISSIONS STANDARD 

The catalyst conversion efficiency for NOx over the NYBC was shown to be the lowest 
of the three vocational cycles tested. To examine this low conversion efficiency, catalyst 
temperature and NOx emissions were plotted over the cycle. Figure 37 shows the catalyst bed 
temperature drops towards 360 °C during the extended idle portion of the cycle. This low 
temperature is below the NOx light-off temperature and thus there is little to no NOx abatement 
towards the end of the idle period. This is most evident from -1200 seconds2 to 0 seconds plotted 
on Figure 38. After the first number of accelerations, the catalyst temperature reaches 550 – 600 
°C; however, there are large NOx breakthrough events. In this case, the large breakthroughs are 
due to very aggressive transient behavior that is outside the capability of the baseline engine air-
fuel ratio controller. As is to be somewhat expected, the tailpipe ammonia emissions for the 
engine are the lowest of the three vocational cycles – evident of overall lean air-fuel ratio at 
operating points due to aggressive transient operation. 

2Figure 37 and Figure 38 reference a time less than 0. This is because there is an extended idle period of 
30 minutes prior to the start of the NYBC cycle. Time 0 corresponds to the beginning of the cycle. 
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FIGURE 37. CATALYST BED TEMPERATURE DURING NYBC VOCATIONAL 
CYCLE 

FIGURE 38. DILUTE NOX MASS RATE EMISSIONS DURING NYBC VOCATIONAL 
CYCLE 

The catalyst conversion efficiency for NOx over the Cruise-Creep cycle was shown to be 
the highest of the three vocational cycles tested. Figure 39 shows that Catalyst bed temperature 
over the “cruise” portion of the cycle (0-750 seconds) was above 600 °C; and during “creep” 
operation catalyst temperature was steadily around 450 °C. This temperature is above the NOx 
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light-off temperature so it is expected that with proper air-fuel ratio control NOx emissions 
should be low. 

FIGURE 39. CATALYST BED TEMPERATURE DURING CRUISE-CREEP 
VOCATIONAL CYCLE 

Figure 40 shows the NOx emissions over the vocational cycle. NOx emissions were 
highest during aggressive transient operation at the beginning and end of the “cruise” portion of 
the cycle. Transient behavior over the “creep” modes is not as extreme as the NYBC and is 
within the capability of the baseline engine air-fuel ratio controller. NOx emissions are near zero 
for all “creep” operation. 

FIGURE 40. DILUTE NOX MASS RATE EMISSIONS DURING CRUISE-CREEP 
VOCATIONAL CYCLE 
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Figure 41, shows the tailpipe ammonia emissions over the vocational cycle. Ammonia 
emissions over the Cruise-Creep were the highest of the three vocational cycles tested. 

FIGURE 41. TAILPIPE AMMONIA EMISSIONS DURING CRUISE-CREEP 
VOCATIONAL CYCLE 

Large ammonia emissions over the “cruise” portion of the cycle indicate that the 
equivalence ratio is biased slightly rich. This rich bias is also evident over the “creep” portion of 
test cycle, where each transient is followed by a spike in ammonia. 

The last vocational cycle examined was the OCTA bus cycle. The OCTA bus cycle 
features transient behavior that is more aggressive than that of the Cruise-Creep vocational cycle, 
but not as extreme as the NYBC. Figure 42 shows high catalyst bed temperatures throughout the 
test cycle. 
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FIGURE 42. CATALYST BED TEMPERATURE DURING OCTA BUS CYCLE 

FIGURE 43. DILUTE NOX MASS RATE EMISSIONS DURING OCTA BUS CYCLE 

Figure 43, above, shows NOX emissions over the OCTA bus cycle. The largest NOX 
breakthroughs occur on aggressive transients that are outside of the capability of the baseline 
engine air-fuel controller. Figure 44, below, shows the tailpipe ammonia emissions over the 
OCTA bus cycle. Each spike in ammonia follows a transient operation indicating that the air-fuel 
ratio controller is biasing the mixture slightly rich and overloading the catalyst. 
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FIGURE 44. TAILPIPE AMMONIA EMISSIONS DURING OCTA BUS CYCLE 

2.2.3 Engine Upgrades to Improve AFR Control 

There were a number of upgrades to the engine that were made in an effort to improve 
air-fuel ratio control. Primarily, an aftermarket, prototype ECU from EControls was used for 
controlling the engine. This ECU provided full authority over all of the engine actuators (boost 
pressure, air-fuel ratio, ignition timing, wastegate duty cycle etc.). This ECU also provided a 
more robust means of transient fueling utilizing advanced throttle model fueling corrections as 
well as feedback on fueling. 

In order to have precise air-fuel ratio control during transient operation the EGR gas mass 
flow rate must be well known. For this reason, a differential pressure (Delta-P) sensor and 
venturi orifice plate, coupled with temperature and pressure measurement allow for precise 
measurement of EGR gas flow. Additionally, a UEGO sensor was fitted on the air-fuel-EGR 
mixer to accurately measure oxygen concentration (and thus EGR rate). Additional control 
algorithms used these measurements for feedback control of the EGR rate. 

An upgraded air-fuel-EGR mixer was added downstream of the throttle to ensure proper 
mixture homogeneity, shown in Figure 45. During aggressive tip-out (throttle-out) transient 
operation excess air can make its way into the combustion chamber leading to an overall lean 
mixture. To combat this problem, a boost recirculation valve was added after the compressor 
outlet and intercooler but before the throttle. The excess air was then rerouted back to the 
compressor inlet. A schematic of the flow for the boost recirculation valve is shown in Figure 46. 
An electronically controlled wastegate was added to precisely control boost pressure being 
delivered to the engine both at steady state and during transient operation.  
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FIGURE 45. AIR-FUEL-EGR MIXER RESULTING IN IMPROVED MIXTURE 
HOMOGENEITY 

FIGURE 46. BOOST RECIRCULATION FLOW CIRCUIT 

A continuous flow valve (CFV) was used for fuel delivery to the engine. The CFV allows 
for consistent flow rates and fuel metering, regardless of pressure variations, and improves fuel-
metering accuracy. The stock engine’s ignition system uses alternating current; however, that 
ignition control module, was not able to interface with the prototype ECU. For this reason, a 
typical, high energy, direct current ignition coil system was used. The higher energy ignition 
system was needed for the high levels of EGR being used to lower in-cylinder temperatures (and 
NOx emissions) as well as ensure stable combustion throughout the operating map of the engine. 
The closed crankcase ventilation (CCV) system was added to reduce any oil consumption due to 
blow-by. This reduced the amount of particulate and hydrocarbon emissions of the engine 

2.2.4 Steady State Engine Calibrations 

Engine calibration started with population of volumetric efficiency, ignition timing, air-
fuel ratio, EGR percentage, and throttle inlet pressure tables to match the baseline performance 
of the Cummins-Westport ISX12-G engine. 

The volumetric efficiency table was populated from data gathered from previous 
benchmarking and baseline testing of the engine using the stock ECU with a 320 horsepower 
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calibration. The ECU incorporates a number of volumetric efficiency corrections based on 
coolant temperature, intake air temperature, whether the engine is opening/closing the throttle, 
and cylinder wall temperature. However, all of the corrections are short acting (small time 
constant) and a longer acting (large time constant) volumetric efficiency correction based on past 
engine load history was generated – details of this correction can be found in Section 2.2.5 
Engine Transient Calibration. 

Ignition timing was determined utilizing the in-cylinder pressure transducers and 
optimizing burn durations for all six cylinders. Ignition timing was set to produce a location of 
mass-fraction-burn of 50% (CA50) of 8-12 crank angle degrees (CAD) at top dead center (TDC) 
or set to knock-limited spark advance (KLSA) for the majority of the engine operating map. 
However, ignition timing was retarded at idle operation for the engine in order to keep the 
catalysts at temperature. Two ignition timing maps were produced – one for the minimum 
allowable EGR (zero for all but high speed and load), and one for nominal EGR. Ignition timing 
was interpolated between these two tables and extrapolated beyond so that ignition timing was 
always optimized for the EGR rate, speed, and load. 

Air-fuel ratio, phi, was calibrated at steady state utilizing a UEGO located upstream of 
the catalysts. This UEGO sensor was used by the ECU for air-fuel ratio measurement for 
feedback. There were two ways the proper equivalence ratio for different speeds and loads was 
determined. The first was using a Horiba Mexa 7200D dilute gas emissions bench sampling post-
catalyst; equivalence ratio was adjusted until both CO and NOx emissions were near zero. The 
second way was utilizing a HEGO sensor located post-catalyst; the equivalence ratio was 
adjusted until the voltage read by the HEGO was ~0.700 V. The equivalence ratio at idle 
conditions was biased slightly rich to aid transient emissions and keep NOx low during extended 
idle conditions. 

In order to drive the higher EGR rates that were used, the wastegate was shut while the 
throttle was not fully open. This allowed a larger pressure differential between the EGR loop and 
the intake air stream driving higher EGR rates. A CO2 cart was used to verify EGR rates and 
calibrate the differential pressure sensor and orifice plate. No EGR was used at idle in order to 
keep the catalysts at temperature during longer idle periods. EGR was scheduled based on engine 
coolant temperature, where no EGR was used with a coolant temperature less than 43 °C and the 
nominal EGR rate was used when the coolant temperature was above 71 °C with a linear 
interpolation between. 

2.2.5 Transient Engine Calibration 

Transient emissions are much harder to calibrate for than steady state operation. There 
was a need to match the fuel flow to the airflow accurately. In order to match the fuel flow there 
must be an accurate calculation for the airflow at the fueling point. A Speed-Density calculation 
takes the engine speed, manifold pressure, manifold temperature, and volumetric efficiency at 
this point in order to calculate a fuel flow rate. However, there are a number of transient 
phenomena that affect this calculation: 

39 
SwRI 03.19503 Final Report 



  
  

   
 

 
    

        
  

 

 
 

 
 
   

 
 
 

      
    

 
 
  

     
       

   
   

 
 

  
 

 
    

     
 

 

r,oma v 

Manifold VQlum{' 

1. The volumetric efficiency changes during transient operation (changes in cylinder 
wall temperature have an effect and is discussed further) 

2. The filling and emptying of the manifold volume between the fueling point and the 
intake valve of the engine 

When the throttle was opened, the mass flow at the fuel valve includes flow into the 
engine, as well as flow that fill the manifold, shown in Figure 47. If the flow to fill the manifold 
is not accounted for then the fueling is too low and a lean mixture results. The opposite holds 
true for when the throttle is closed. 

FIGURE 47. INTAKE MANIFOLD FILLING USED WITH SPEED-DENSITY 
CALCULATION 

As can be seen, these calculations rely on knowledge of the total volume between the 
fueling point (CFV in this case) and the intake valves. For calibration purposes, the intake 
manifold volume, air-fuel-EGR mixer, fuel hose, intake port volume, and any additional volumes 
were physically measured and entered into the ECU software. The volume between the CFV and 
the fueling point of the air-fuel-EGR mixer was a critical variable in the calculations used for 
transient fueling and as such small errors can produce large errors in transient fueling. Iterations 
were made on this volume until tip-in & tip-out fueling at various conditions was acceptable. 

Discussed earlier in this section was the effect of cylinder wall temperature on. As the 
cylinder walls cool, a more dense volume of air was drawn into the cylinder. However, 
stoichiometry was not based on volume of fuel to volume of air; because the air was denser, the 
mass of air was higher than it needs to be leading to an overall lean mixture. The EControls ECU 
offers three different cylinder wall temperature corrections, all of which are fast acting (short 
time constant) corrections, a single point correction that gets applied to all operating conditions, 
a 1-D table based on tip-in/tip-out and engine speed , and a 2-D table based on engine manifold 
air pressure (MAP) and engine speed. Due to time constraints and scope for the project, the 1-D 
table was chosen. The engine was run at various speeds and underwent numerous step changes in 
load in order to determine the best fueling corrections. As to be expected, the amount of fueling 
that was needed for a tip-in off of idle was larger than that needed for a tip-in off of higher speed 
(due to less flow rate in the engine allowing the cylinder walls to cool). However, this correction 
did not take into account the load history of the engine, which had a major effect on the cylinder 
wall temperature. An additional volumetric efficiency correction was developed and applied to 
the ECU in order to improve overall air-fuel ratio control and is discussed in Task 4. 
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The ECU utilizes feedback control on the fueling for the engine during steady state and 
some transient operation. As long as the transient operation was longer than the transport delay 
time of the engine feedback, fueling was applied. To give an idea of this transport delay, the 
typical delay during idle was 500 ms, and the typical delay during “cruise” operation typical of 
the 600 to 900 second mark of the FTP was 150 to 300ms. An example of transport delay for this 
engine is shown in Figure 48. 

FIGURE 48. TRANSPORT DELAY TIME FOR ENGINE AIR-FUEL-EGR MIXTURE 
DURING THE FTP 

Areas of the US Heavy Duty FTP where the engine was not in closed loop fueling can be 
seen in Figure 49, below, the blue box indicates an area where the UEGO sensor was not active 
during cold start operation. The area where the engine was not in closed loop fueling was smaller 
for when the engine was started already warm, as the UEGO sensor does not need as long to heat 
up – typically the engine will become closed loop during the middle of the first acceleration. The 
green box indicates an area where the transient operation of the engine was faster than the 
transport delay of the engine and closed loop feedback on fueling was not possible. 
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FIGURE 49. US FTP ENGINE SPEED AND LOAD - BOXED AREAS INDICATE NO 
CLOSED LOOP FUELING. 

Transport delay was based off the volume of air-fuel-EGR mixture in the intake path 
from the fueling point and the volume of exhaust up to the UEGO sensor. In order to minimize 
this transport delay and increase the amount of transient operation that allows closed loop 
feedback on fueling the UEGO sensor was placed as close as possible to the turbine outlet of the 
turbocharger. The placement of the UEGO sensor also allows for it to be turned on earlier during 
cold start operation. Because the UEGO sensor must be warm before sampling, the closer the 
sensor can be to the turbocharger outlet the faster it will warm up and the faster the engine can 
enter closed loop fueling. 

An additional fueling correction that was used by the ECU was a coarse grid adaptive 
table that uses the feedback from the UEGO sensor to populate a fueling correction based on 
engine speed and load. This adaptive table can be very helpful for most engine operation; 
however, the adaptive table was only updated when the engine was in closed loop (which was 
not the area a correction was needed). Over cycles like the FTP and WHTC the adaptive table 
gets updated during the last half of the cycle when the engine was in closed loop and hot. When 
the engine started up for the next cycle, this adaptive correction was wrong, and takes a 
significant amount of time to update before becoming correct. This problem was addressed with 
the additional volumetric efficiency correction developed and discussed further in the following 
Section 2.3, Task 4. 

2.3 TASK 4:  Catalyst Down-Selection and Final Demonstration Results 

2.3.1 Catalyst Down-Selection 

Once an engine calibration was developed that produced emissions results near the target 
levels, all of the catalyst configurations submitted by the MECA members were tested in order to 
determine which aftertreatment system would provide the easiest path forward to meeting the 
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emissions targets.  The following section will detail the emissions performance of each 
degreened catalyst configuration tested with a preliminary engine calibration. 

Team A’s catalyst configuration can be seen in Figure 50. The configuration was 
composed of one electrically heated close-coupled catalyst primarily responsible for methane 
oxidation. The two three-way catalysts further downstream are equal in size; the upstream 
catalyst was responsible for hydrocarbon oxidation and the last catalyst brick was responsible for 
NOx reduction. To properly account for the GHG impact of the EHC, the power consumption 
was measured during testing.  This power consumption was adjusted by a practical alternator 
efficiency in order to predict the engine power requirement (and fuel consumption). 

EHC TWC (x2) 

Close-coupled electrically heated catalyst (3.2 liters) with two under-floor three-way catalysts 
(11.1 liters each) 

FIGURE 50. TEAM A CATALYST CONFIGURATION 

TABLE 26. TAILPIPE EMISSIONS FOR COLD AND HOT FTP WITH CATALYST 
CONFIGURATION FROM TEAM A 

Tailpipe, g/hp-hr 
NOx NMHC CO CO2 CH4 

FTP Cold 0.109 0.109 3.040 614.2 0.762 
FTP Hot 0.038 0.000 2.894 563.8 0.773 

FTP Composite 0.048 0.016 2.915 571.0 0.771 

In order to improve the resolution for the Hot FTP emissions measurement, lower 
concentration gas ranges were used (e.g. 25 ppm NOx range). Overall, Team A emissions did not 
meet the target of 0.02 g/hp-hr NOx emissions (see Table 26). The catalysts exhibited a severe 
NOx breakthrough event at ~600 seconds on both the Cold and Hot FTP. The Hot FTP NOx 
emissions were typically 3 to 4 g/hr throughout the cycle, which indicates that the overall volume 
for the system was a bit too small. In order to meet the emissions targets for the Hot FTP (0.009 
g/hp-hr), NOx emissions must average less than 0.5 g/hr over the cycle. 
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FIGURE 51. TEAM A CATALYST BED TEMPERATURE FOR COLD AND HOT FTP 

Emissions during the first acceleration of the Cold Start FTP were high due to the catalyst 
bed temperature, shown in Figure 51, being below the light off temperature and the engine 
running overall lean due to cool cylinder walls. Cooler cylinder wall temperature leads to more 
mass of air per volume and results in the engine running overall lean. This problem was 
addressed in further calibration efforts described in Task 4. Emissions during the beginning of 
the Hot Start FTP are not nearly as high due to less of a problem with cool cylinder wall 
temperature. Both Cold and Hot Start FTP’s do not allow the catalyst to reach light off 
temperature of 400 °C until right after the second acceleration. This was a problem, as the main 
NOx conversion capacity was in the last brick of the aftertreatment system. Figure 52 shows the 
real time NOX emissions over the cold and hot-start FTP using Team A’s catalyst configuration. 

FIGURE 52. TEAM A NOX EMISSIONS FOR COLD AND HOT FTP 
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FIGURE 54. TEAM B, OPTION 1, CATALYST BED TEMPERATURE FOR COLD AND 
HOT FTP 

FIGURE 55. TEAM B, OPTION 1, NOX EMISSIONS FOR COLD AND HOT FTP 

The results for Team B, catalyst configuration option 2, are shown below in Table 28. 
Catalyst bed temperatures for Team B, option 2, are seen in Figure 56. It was clear that the 
catalyst supplied for this configuration was inadequate for both the cold start and the hot start 
FTP. However, the testing performed with this catalyst was done before the cold start operation 
was optimized, as can be seen by the large NOX emissions during the first 200 seconds of the 
FTP in Figure 57. Additional examination of the exhaust flow showed that the physical layout of 
the catalyst was not ideal and was leading to a smaller effective area. 
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TABLE 28. TAILPIPE EMISSIONS FOR COLD AND HOT FTP WITH CATALYST 
CONFIGURATION FROM TEAM B, OPTION 2 (SINGLE UNDER-FLOOR 

CATALYST) 
Tailpipe, g/hp-hr 

NOx NMHC CO CO2 CH4 

FTP Cold 0.594 0.003 1.972 613.0 0.620 
FTP Hot 0.042 0.000 2.308 547.8 0.378 

FTP Composite 0.121 0.000 2.260 557.1 0.413 

FIGURE 56. TEAM B, OPTION 2, CATALYST BED TEMPERATURE FOR COLD AND 
HOT FTP 

FIGURE 57. TEAM B NOX EMISSIONS FOR COLD AND HOT FTP 

Team C’s configuration, illustrated in Figure 58, consisted of the smallest volume 
catalysts. The close-coupled catalyst was formulated for fast light off and responsible for CO 
oxidation and NOX reduction. The under-floor catalyst was designed for NOx slip at high space 
velocities. 
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cc-TWC TWC 

Close-coupled catalyst (5.7 liters) with under-floor catalyst (8.5 liters) 

FIGURE 58. TEAM C CATALYST CONFIGURATION 

The emissions results for Team C can be seen in Table 29. The fact that both NOx and 
CO are high was an indication that the catalysts provided did not have enough oxygen storage for 
transient operation. The catalyst configuration does exhibit excellent NOx emissions during the 
first 200 seconds due to the lower thermal mass for the close-coupled three-way-catalyst; 
however, the smaller overall catalyst volume does lead to problems with both high NOx and CO 
emissions. 

TABLE 29. TAILPIPE EMISSIONS FOR COLD AND HOT FTP WITH CATALYST 
CONFIGURATION FROM TEAM C 

Tailpipe, g/hp-hr 
NOx NMHC CO CO2 CH4 

FTP Cold 0.813 0.000 6.224 609.1 0.531 
FTP Hot 0.763 0.000 6.322 552.3 0.787 

FTP Composite 0.770 0.000 6.308 560.4 0.750 

Catalyst bed temperature over the cold and hot-start FTP can be seen in Figure 59. Notice 
the rapid heating of the catalyst during cold-start due to the lower thermal mass. Real time NOX 
emissions can be seen in Figure 60. 

FIGURE 59. TEAM C CATALYST BED TEMPERATURE FOR COLD AND HOT FTP 
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FIGURE 60. TEAM C NOX EMISSIONS FOR COLD AND HOT FTP 

Southwest Research Institute took the information gathered from screening these four 
catalyst configurations and went forward with a custom catalyst configuration that can be seen in 
Figure 61, below. This catalyst configuration utilizes a close-coupled catalyst from Team B, 
option 1, and the under-floor catalyst from Team B, option 2. These catalysts were tested using 
the same engine calibration as Teams A through C and the results can be seen in Table 30. 

cc-TWC TWC 

Close-coupled catalyst (9 liters) with under-floor catalyst (20 liters) 

FIGURE 61. SWRI CATALYST CONFIGURATION 

TABLE 30. TAILPIPE EMISSIONS FOR COLD AND HOT FTP WITH CATALYST 
CONFIGURATION FROM SWRI 

Tailpipe, g/hp-hr 
NOx NMHC CO CO2 CH4 

FTP Cold 0.082 0.001 2.734 591.4 0.273 
FTP Hot 0.005 0.000 2.054 543.5 0.120 

FTP Composite 0.016 0.000 2.149 550.2 0.141 

Even though these emissions were meeting the composite over the FTP, further 
calibration effort continued to improve the robustness of the air-fuel ratio control and more 
discussion can be found in Task 4. 
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2.3.2 Final Engine Calibration 

The volumetric efficiency (VE) correction depends on three main properties for the 
engine, past engine speed, load, and coolant temperature. In lieu of adding a VE correction based 
on whether the engine was in open loop fueling during start-up, a simple enrichment during open 
loop start-up was used. 

All of the variables used by this VE correction are recorded by the ECU software and can 
be used to provide a long acting VE correction. Much like the typical transient fueling tables in 
the ECU software, this VE correction relies on engine tests to populate a table of VE corrections 
based on engine coolant temperature The VE correction also relies on a VE correction based on 
maximum engine power and increasing/decreasing time constants for corrections on both tip-in 
and tip-out. Figure 62 and Figure 63 show examples of the long acting VE correction used for 
the US heavy-duty FTP for cold-start and hot-start, respectively. 
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FIGURE 62. COLD-START FTP LONG TIME CONSTANT VE CORRECTION. 

The VE correction during the cold-start FTP was greater than that during the hot-start 
FTP because the dominant factor influencing the correction was heat transfer. The VE correction 
tends towards zero during the “high-speed” portion of the FTP (600 – 1000 seconds) and begins 
to increase again towards the end of the cycle due to the extended idle portions of the cycle that 
cool the cylinder walls. Similarly, the VE correction during the beginning of the hot-start FTP 
was higher than the latter half of the cycle, owing to cooler cylinder walls. 
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FIGURE 63. HOT-START FTP LONG TIME CONSTANT VE CORRECTION. 

Figure 64 shows that this correction can be made for more than just the US heavy-duty 
FTP; the WHTC VE correction shares a similar start-up VE correction to the cold-start FTP. The 
highly transient nature of the cycle from 600 seconds to 1200 seconds shows the need for an 
almost constant VE correction; with the cylinder walls not warming until the very end of the test 
cycle (requiring 0% VE correction). 
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FIGURE 64. COLD-START WHTC LONG TIME CONSTANT VE CORRECTION. 

2.3.2.1 Demonstration Results 

The following cycles were tested for demonstration: US heavy-duty FTP, RMC, WHTC, 
CARB Idle, NYBC, OCTA, and the Cruise-Creep cycle. Details of these cycles can be found in 
Section 2.1 TASK 1:  Engine, Test Cycles and Aftertreatment Technologies of this report. For 
demonstration purposes, five repeats of one cold FTP and three hot FTPs was needed, as well as, 
five repeats of RMC cycles. WHTC testing required three repeats of one cold WHTC and three 
hot WHTCs. The CARB Idle, NYBC, OCTA, and Cruise-Creep cycles required three tests. 
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Emissions targets had to have been met for both the US heavy-duty FTP as well as the RMC – 
all other cycles were for reference only. Testing for all cycles, including the WHTC and 
vocational cycles was performed with CARB certification blend natural gas. The specifications 
for that fuel blend, and average measured concentration from the fuel used for the demonstration 
can be seen in Table 31 below. 

TABLE 31. CARB CERTIFICATION NATURAL GAS BLEND SPECIFICATIONS 

Gas Species Concentration 
Specification (vol. %) 

Average Measured 
Concentration (vol. %) 

Methane (CH4) 90.0 ± 1.0 90.4 
Ethane (C2H6) 4.0 ± 0.5 4.1 
C3 and Higher 2.0 ± 0.3 2.1 
C6 and Higher 0.2 max 0.0 
Oxygen (O2) 0.5 max 0.0 

Inert Components (CO2 and N2) 3.5 ± 0.5 3.4 
Hydrogen (H2) 0.1 max 0.0 

Carbon Monoxide (CO) 0.1 max 0.0 
Sulfur (S) 16 ppm max 0.0 

One should note that the baseline testing for the WHTC and the vocational cycles was 
performed using line natural gas and not the CARB certification blend. Due to the low 
concentrations of pollutants that were to be measured, it was of interest to compare raw 
emissions measurement, post catalyst, to that of the dilution tunnel for each test cycle. Raw 
emissions were measured via a Horiba MEXA-7100DEGR emissions bench and dilute emissions 
were measured via a Horiba MEXA-7200D emissions bench. While it was of interest to compare 
the raw and dilute emissions, the WHTC’s ten-minute soak time limited emissions measurement 
to just dilute emissions using the cold-start set of ranges. The cold/hot ranges for the dilute and 
raw emissions bench can be seen in Table 32. Due to the enrichment and spark retard (catalyst 
heating) during the opening two minutes of the FTP the CO, THC, and CH4 ranges need to be 
quite large. However, after the catalysts were sufficiently heated and the engine was operating in 
closed loop fueling, the CO and CH4 emissions drop significantly, as evident in Figure 69.  

TABLE 32. COLD AND HOT RANGES FOR RAW AND DILUTE EMISSIONS 
BENCHES 

Gas Species Dilute Bench Cold / Hot Raw Bench Cold / Hot 
CO2 [%] 6 6 16 16 

CO(L) [ppm] 5000 5000 5000 5000 
CO(H) [ppm] -- -- 60000 5000 
THC [ppm] 5000 1000 25000 25000 
CH4 [ppm] 2500 1000 25000 25000 
NOX [ppm] 300 25 3000 300 
NO [ppm] 300 25 -- --

O2 [%] -- -- 23 23 
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The average cold, hot, and composite FTP tailpipe emissions for the final demonstration 
can be seen in Table 33, below. The composite result for each day of testing was calculated using 
the average of the three hot start emissions. Each composite was then used to calculate an 
average, standard deviation, and coefficient of variation. Raw and Dilute emissions for NOx, CO, 
CH4, CO2 and BSFC results are shown for comparison. 

TABLE 33. FINAL DEMONSTRATION COMPOSITE FTP TAILPIPE EMISSIONS 
FOR CUMMINS-WESTPORT ISX12-G 

NOX CO CH4 CO2 BSFC PM NH3 

Avg. 
N2O 
Avg. 

g/hp-hr lb/bhp-
hr 

g/hp-
hr ppm ppm 

Cold Avg. 
Raw 0.065 3.549 0.216 590.1 0.500 

0.0016 40.3 0.69 
Dilute 0.068 3.359 0.212 595.3 0.504 

Hot 1 Avg. 
Raw 0.000 1.592 0.151 539.1 0.455 

0.0013 60.4 0.05 
Dilute 0.001 1.608 0.151 543.9 0.459 

Hot 2 Avg. 
Raw 0.000 1.495 0.148 537.2 0.453 

0.0012 52.5 0.03 
Dilute 0.001 1.507 0.148 541.5 0.457 

Hot 3 Avg. 
Raw 0.000 1.470 0.133 537.3 0.453 

0.0012 49.8 0.01 
Dilute 0.001 1.489 0.135 541.3 0.457 

Composite Avg. 
Raw 0.009 1.803 0.154 545.2 0.460 

0.0012 52.3 0.12 
Dilute 0.010 1.790 0.154 549.7 0.464 

Composite Std. 
Dev 

Raw 0.003 0.083 0.035 4.178 0.004 
0.0002 5.9 0.03 

Dilute 0.004 0.092 0.036 4.120 0.003 

Composite CoV 
Raw 36.9% 4.6% 22.7% 0.8% 0.8% 

20.0% 11.3% 22.0% 
Dilute 36.3% 5.1% 23.2% 0.7% 0.8% 

The emissions target of 0.02 g/hp-hr NOx was met while passing the CO standard (15.5 
g/hp-hr), PM standard (0.01 g/hp-hr), and the 2014 CO2 standard (567 g/hp-hr).  Composite 
emissions results differed less than 1% between the raw and dilute emissions benches. Catalyst 
bed temperature was measured one inch below the front face, in the centers, of the close-coupled 
and under-floor catalysts. Figure 65 shows the typical catalyst bed temperatures over the FTP. In 
order to achieve fast light-off of the close-coupled catalyst the engine operates 5% rich in open 
loop (roughly the 50 seconds of the FTP for the cold-start and 35 seconds for the hot-start) with a 
significant ignition retard (25 CAD) offset from the base ignition timing table. This results in 
ignition timing near TDC or a TDC for the majority of the first acceleration. Close-couple 
catalyst temperature rises above 400 °C within the first 50 seconds of the cold-start FTP. Under-

53 
SwRI 03.19503 Final Report 



      
 

    
    

     
 

   

 
    

  
 

     
     

    
   

 

 
    

 
 

 

D 

--Cold· CC tat.lly~ 
--Hol . cc Cat;i!y~ __ ,,... 

, .. 

•" ,. ,. COid • U f C.Ul',-sl 
... . ... H,o\ , Uf~l~t 

2500 
,ooo 

· 1500 _ 

1000 [ 

soo ;
:- o j 

J i 
1000 1200 

- Cold - Dilute llC NOr. e / h r 

~ 

~ 

----!,;! :1 5 
0 
z 

:I fl 

fl 

0 50 100 150 
n me 1sec) 

D so 

200 

•" ,. ,. COid • U f C.Ul',-sl 
... . ... H,o\ , Uf~l~t 

- U, Catalyst 

250 300 

bOO 

u 
~00 co 

~ 
400 f 

::, 

~ 300 ., ... 
!: 

200 ~ -~ .. 
inn i; 

V 

0 

300 

floor catalyst temperature rises above 400 °C after the first acceleration (roughly 120 seconds 
into the cycle). In order to keep the catalysts from cooling too much during the idle portions of 
the FTP, retarded ignition timing was used. The retarded ignition timing means that the exhaust 
gas exiting the cylinder was hotter and thus more heat was transferred to the exhaust. However, 
because the ignition timing was retarded off the maximum efficiency timing, there was a BSFC 
penalty. 

FIGURE 65. TYPICAL CATALYST BED TEMPERATURE FOR COLD AND HOT-
START FTP CYCLE 

Once both catalysts have reached 400 °C, the NOx conversion efficiency was near 100% 
and any NOx breakthroughs that may occur are solely due to poor air-fuel ratio control. Figure 66 
shows that NOx emissions drop toward zero once the under-floor catalyst temperature reaches 
400 °C while operating stoichiometrically. 

FIGURE 66: DILUTE NOX MASS RATE VERSUS UNDER-FLOOR CATALYST BED 
TEMPERATURE DURING COLD-START FTP 
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Figure 67 shows typical real-time dilute drift corrected NOx emissions over the cold-start 
and hot-start FTP cycle. The brake specific NOx emissions over the cold-start and hot-start 
shown below were 0.086 g/hp-hr and 0.000 g/hp-hr respectively. It was clear to see that once the 
catalysts were brought to a temperature above 400 °C and once the engine was in closed-loop 
fueling, NOx emissions were near zero. The only NOx emissions during the hot-start result from 
the beginning of the first acceleration when the engine was still in open loop fueling. 

FIGURE 67. TYPICAL DEMONSTRATION COLD AND HOT-START FTP NOX 
DILUTE MASS RATE 

Because the engine was operating stoichiometrically over a three-way catalyst, there was 
the opportunity for ammonia, NH3, to be produced. Ammonia is typically produced when an 
overall rich exhaust gas mixture passes over a three-way catalyst. Ammonia is not regulated, but 
a goal of this project was to keep the ammonia as low as possible and be lower than the base 
engine calibration/hardware. Figure 68 shows the typical ammonia concentration for a cold-and 
hot start FTP. The cold-start cycle average ammonia concentration was 48 ppm while the hot-
start cycle average ammonia concentration was 49 ppm. Nitrous oxide, N2O, was also of interest. 
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Like ammonia, N2O forms when rich exhaust gas passes over a three-way catalyst. N2O was not 
plotted below, but for the same runs shown in Figure 68, the cycle average N2O was 0.784 and 
0.018 ppm for the cold and hot-start FTPs respectively. 

FIGURE 68. TYPICAL DEMONSTRATION COLD AND HOT-START FTP AMMONIA 
CONCENTRATION 

For completeness, CO and CH4 emissions are plotted, shown in Figure 69. Products of 
the enrichment and aggressive ignition retard offset during catalyst heating are shown in the very 
large CO and CH4 emissions during the first acceleration. However, once the engine was in 
closed loop fueling and the ignition timing returns to its base timing the CO emissions can be 
seen to be quite low. Methane emissions are also quite low during the majority of the cycle with 
the exception of the first few tip-ins. Upon further examination of the O2 sensor data along with 
the fact that there was not a spike in CO during the CH4 spikes at 200 and 400 seconds the 
engine was not operating overly rich. High speed cylinder pressure measurement indicates that 
one cylinder of the engine suffered a misfire during the hard accelerations and thus unburned 
fuel made its way through the engine and did not oxidize at the catalysts due to lack of sufficient 
oxygen as well as the space velocity associated with these accelerations.  

FIGURE 69. DEMONSTRATION COLD AND HOT-START FTP CO AND METHANE 
DILUTE MASS RATE 
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The day-to-day repeatability of the engine’s emissions was examined in Figure 70. 
Average cold-start NOx emissions were 0.068 g/hp-hr with a standard deviation of 0.025 g/hp-hr 
and a CoV of 37%. Average hot-start NOx emissions were 0.001 g/hp-hr with a standard 
deviation of 0.0005 g/hp-hr and a CoV of 84.5%. However, due to the very small concentrations 
in NOx that were measured over the hot-start FTP cycles the CoV measurement was likely not 
very accurate. Just like light-duty vehicles, the majority of the exhaust emissions formed during 
the first portions of the cold-start. The results are average composite emissions of 0.010 g/hp-hr 
with a standard deviation of 0.004 g/hp-hr. 

FIGURE 70: TEST-TO-TEST NOX EMISSION VARIATION OVER FIVE DAYS OF 
FTP TESTING 

The average results for the five demonstration steady state RMC-SET engine drive cycles 
can be seen in Table 34. As to be expected from the results of the FTP, the engine 
calibration/hardware changes allowed the engine to meet the 0.02 g/hp-hr NOx emission target. 

TABLE 34: FINAL DEMONSTRATION RMC-SET TAILPIPE EMISSIONS FOR 
CUMMINS-WESTPORT ISX12-G 

NOX CO CH4 CO2 BSFC PM NH3 Avg. N2O Avg. 

g/hp-hr lb/bhp-
hr g/hp-hr ppm 

Average Raw 0.0006 0.905 0.934 448.7 0.380 0.0003 36.8 0.09Dilute 0.0008 0.907 0.923 441.2 0.374 

Std. Dev. Raw 0.0005 0.184 0.116 4.204 0.004 0.0001 12.6 0.05Dilute 0.0004 0.185 0.110 3.645 0.0034 

CoV 
Raw 91.3% 20.3% 12.4% 0.9% 1.0% 

21.1% 34.2% 51.3%Dilute 55.9% 20.4% 12.0% 0.8% 0.9% 

The test cycle was run as two RMC’s back-to-back with the first RMC being the pre-
conditioning run and the second RMC being the cycle that emissions and particulates are 
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officially sampled with. The opening and closing idle are zero torque idles which causes the 
catalyst temperature to drop. Throughout the majority of the test cycle, the close-couple catalyst 
was above 550 °C and the under-floor catalyst was above 600 °C. With the catalyst temperature 
being above 400 °C for the entirety of the test cycle, the conversion efficiency should be near 
100% and thus any NOx breakthroughs that occur are due to the engine not maintaining 
stoichiometry. 

FIGURE 71. RMC-SET CATALYST BED TEMPERATURE 

Figure 72 shows the typical NOx dilute mass rate emission during the RMC-SET cycle. 
While there are two instances where the NOX emissions are non-zero, the emission mass rate was 
less than 30 g/hr, which was over 25 times less than the largest NOX spike during the first minute 
of the cold-start FTP. These NOx spikes occur when the engine was changing speed and load and 
indicate that the equivalence ratio became slightly lean. 

FIGURE 72. TYPICAL DEMONSTRATION RMC-SET NOX DILUTE MASS RATE 
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Ammonia emissions over the RMC-SET are four times lower than the baseline engine 
hardware and calibration. The largest spike in ammonia, shown in Figure 73, comes when the 
engine was moving from high speed / high load to a zero torque idle. During this transition, the 
engine’s equivalence ratio goes slightly rich, but due to the high space velocity, the catalysts 
release a large amount of ammonia. 

FIGURE 73. TYPICAL DEMONSTRATION RMC-SET RAW TAILPIPE AMMONIA 

Typical CO and methane emissions over the RMC-SET are shown in Figure 74.  

FIGURE 74. TYPICAL DEMONSTRATION COLD AND HOT-START RMC-SET CO 
AND METHANE DILUTE MASS 

Greenhouse Gas (GHG) emissions – methane and carbon dioxide – were of interest to 
this demonstration evaluation. The EPA’s 2014 and 2017 GHG standard for heavy-duty engines 
and vehicles sets a limit on the amount of methane and carbon dioxide that can be emitted over 
the FTP and RMC-SET. Figure 75 shows the methane emissions for the demonstration engine 
over the FTP and RMC-SET. In both test cycles, the methane emissions are over the standard; 
however, the methane emissions for the FTP are much lower. Although the methane emissions 
are over the 0.1 g/hp-hr standard, the CO2 emissions are below both the 2014 and 2017 CO2 
standards. 

59 
SwRI 03.19503 Final Report 



 

 
    

 
 

  
 

    
  

  
    

   
 

 
 

    
 

 

  
 

 
 

   
   

  
   

  
   

 

 
 

FIGURE 75. FINAL DEMONSTRATION METHANE EMISSIONS OVER THE FTP 
AND RMC-SET COMPARED TO 2014/2017 GHG STANDARD LEVELS 

The total GHG emissions for the demonstration engine were calculated for both the FTP 
and RMC-SET using raw and dilute emissions measurement, shown in Table 35. The difference 
between the raw and dilute measurements was roughly 1%. The demonstration engine met the 
2014 GHG standard on both the FTP and RMC measured dilute and raw. However, the 
demonstration engine fails the 2017 GHG standard over the RMC-SET measured both raw and 
dilute. However, it was very likely that with additional calibration and optimization to garner 
efficiency back the GHG emissions would fall below the 2017 standard. Figure 76 shows 
graphically the total GHG emissions (purple) for the demonstration engine over both the FTP 
and RMC-SET. 

TABLE 35. RAW AND DILUTE GHG EMISSIONS FOR THE FINAL 
DEMONSTRATION FTP AND RMC-SET COMPARED TO THE 2014/2017 GHG 

STANDARDS. 
FTP 

(g/hp-hr) 
RMC-SET 
(g/hp-hr) 

2014 GHG Standard 567.0 475.0 
2017 GHG Standard 555.0 460.0 

GHG Measured – 
Raw 546.5 469.5 

GHG Measured – 
Dilute 551.0 461.8 
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FIGURE 76. FINAL DEMONSTRATION CARBON DIOXIDE EMISSIONS OVER THE 
FTP AND RMC-SET COMPARED TO 2014/2017 GHG STANDARD LEVELS 

The BSFC penalty associated with the demonstration method of achieving 0.02 g/hp-hr 
NOX levels was roughly 4.5% over the FTP and less than 1% over the RMC-SET. It should be 
noted that while there was an efficiency (fuel economy) penalty associated with this engine 
calibration’s cold-start catalyst light off strategy, further optimization was made to increase the 
NOX emissions to a point closer to 0.02 g/hp-hr to garner some of the BSFC penalty back. 
Furthermore, an OEM optimized this by looking into a strategy that met the emissions targets, 
while not being a detriment to durability of the exhaust system. Additionally, if more time and 
budget was available, then further optimization in EGR dilution across the engine-operating map 
could be made to try to buy back some efficiency. 

The World Harmonized Transient Cycle (WHTC) is a transient engine test cycle adopted 
for EURO VI emissions regulations. Similar to the US heavy-duty FTP, the test cycle is defined 
as having a cold-start cycle and hot-start cycle. Like the FTP, the cold-start emissions are an 
order of magnitude higher than the hot-start cycle. In order to meet the emission target of 0.02 
g/hp-hr over the WHTC one simple calibration change was needed; allowing the engine to motor 
open loop at speeds between 1100 and 1500 rpm (3-5 psia manifold air pressure). Otherwise, the 
same strategy of enrichment in open loop and aggressive timing retard was used to heat the 
catalyst quickly to achieve fast NOX light off. Likewise, the same transient engine calibration, 
and steady-state engine calibration tables were used (equivalence ratio set point, ignition timing, 
boost level, etc.). 

As was stated above, the engine calibration was modified to allow the engine to motor in 
open loop fueling between 1100 and 1500 rpm. This was chosen because there are two spots of 
the WHTC cycle where the engine decreases load dramatically then was motored. When the 
engine tips-out heavily, there was a large spike in equivalence ratio and the closed loop was too 
slow to react to bringing it down while motoring (as the throttle must be closed – or nearly 
closed – to keep the engine from producing power). When the engine tips in from this increased 
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equivalence ratio the closed loop feedback pulls too much fuel and the overall exhaust mixture 
becomes lean. At this point the mixture was slightly lean of stoichiometric; however, the closed 
loop controller can only take small steps (50% of the error) to bring it back towards 
stoichiometry. While this slow acting closed loop correction was occurring the engine was under 
high speed and load causing significant NOX breakthrough during both the cold and hot-start 
WHTC cycles. The slow acting closed loop control was evident in the left plot of Figure 77. 
Additionally the large spike in fuel from the tip-out and motoring coupled with aggressive tip-in 
causes a partial misfire resulting in increased methane emissions (and subsequently increased 
oxygen) flowing to the catalysts. This partial misfire exacerbates the NOX breakthrough. 

FIGURE 77. WHTC NOX AND METHANE DILUTE MASS RATE EMISSIONS WITH 
ENGINE OPERATING IN CLOSED LOOP THROUGHOUT ENTIRE MAP. 

With the engine in open loop fueling during these tip-outs/motoring events, the engine 
does not face a problem with the equivalence ratio spiking and not being able to drop to 
stoichiometry during motoring. At the point the engine tips in for the next acceleration, the 
equivalence ratio was near stoichiometry and thus no fuel was cut and the engine did not have a 
slow acting response to achieve stoichiometry. If the engine was operated without the 
modification to the calibration to allow for open loop, then the emissions do not meet the target 
of 0.02 g/hp-hr. Table 36 shows the composite WHTC emissions results with the engine 
operating with closed loop fueling control over the full operating map. 

TABLE 36. WHTC EMISSIONS WITH FULL CLOSED LOOP FUELING MAP 
NOX CO CH4 CO2 BSFC 

Cold 0.077 1.287 0.152 539.7 0.455 
Hot 0.023 0.971 0.045 505.0 0.425 

Composite 0.031 1.015 0.060 509.9 0.429 

Using the engine calibration that allows for the engine to operate in open loop fueling 
from 1100 to 1500 rpm while motoring (3-5 psia manifold air pressure) the demonstration engine 
meets the emissions target of 0.02 g/hp-hr. Table 37 shows the average emissions results for the 
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cold-start, each hot-start, and composite WHTC tests. Standard deviation and CoV was also 
reported for the composite tests. 

TABLE 37. DEMONSTRATION WHTC TAILPIPE EMISSIONS 

NOX CO CH4 CO2 BSFC PM NH3 Avg.N2O Avg. 

g/hp-hr lb/bhp-hrg/hp-hr ppm 

Cold Avg. Dilute 0.043 1.701 0.156 541.9 0.458 0.0008 39.7 0.255 

Hot 1 Avg. Dilute 0.002 1.181 0.099 509.0 0.429 0.0004 63.3 0.019 

Hot 2 Avg. Dilute 0.006 1.031 0.077 507.6 0.427 0.0003 43.3 0.040 

Hot 3 Avg. Dilute 0.010 0.939 0.092 507.0 0.427 0.0004 39.2 0.039 

Composite Dilute 0.011 1.141 0.098 512.6 0.432 0.0004 44.1 0.058 
Composite Std. 

Dev. Dilute 0.001 0.165 0.040 1.260 0.001 0.0001 8.249 0.022 

Composite CoV Dilute 5.1% 14.5% 40.8% 0.2% 0.2% 12.0% 18.7% 38.4% 

Catalyst temperatures for the close-coupled and under-floor catalysts are similar to those 
of the FTP during cold-start and hot-start. The close-coupled catalyst reaches 400 °C around 50 
seconds into the cold-start WHTC cycle. Because both the close-coupled and under-floor 
catalysts are at or above 400 °C for the majority of the WHTC any NOX breakthroughs occur due 
to the air-fuel ratio going too lean and saturating the catalyst with oxygen. 

FIGURE 78. DEMONSTRATION CATALYST BED TEMPERATURE OVER COLD 
AND HOT START WHTC 

Figure 79 shows the typical cold and hot-start NO mass rate emissions over the WHTC. 
Note that large NOX emissions only occur during the opening 100 seconds of the WHTC. Once 
the catalyst was up to temperature and within closed-loop fueling, NOX emissions are near zero. 
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FIGURE 79. DEMONSTRATION DILUTE NOX MASS RATE EMISSIONS OVER 
COLD AND HOT START WHTC 

Ammonia concentration for the demonstration testing was roughly half that of the 
ammonia concentration for the baseline engine testing. The rather large spike in ammonia during 
the beginning of the cycle, shown in Figure 80, was due to the enrichment while the engine in 
open loop. 
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FIGURE 80. DEMONSTRATION TAILPIPE AMMONIA CONCENTRATION OVER 
COLD AND HOT START WHTC 

Similar to the WHTC, the largest mass rate emissions of CO and CH4 occur during first 
100 seconds the cold-start cycle when the engine was undergoing catalyst heating (enriched in 
open loop with aggressive spark retard). Figure 81 shows that after the engine has gone into 
closed loop (and the enrichment was removed) CO and CH4 emissions are relatively low. Unlike 
the FTP there do not appear to be any accelerations where the engine has misfired and caused a 
large spike in methane. 

FIGURE 81. DEMONSTRATION COLD AND HOT-START WHTC CO AND 
METHANE DILUTE MASS 

An additional cycle that was tested during demonstration was the CARB Idle test. This is 
a California-specific test designed to ensure a level of NOx control during a sustained idle period. 
It consists of an FTP cycle warm-up, followed by two 30-minute idle periods.  The first idle 
period was at designated low idle speed (i.e., “curb” idle), while the second 30-minute period 
was at an elevated idle (no-load) speed of 1100 rpm.  The current limit for this cycle was 30 g/hr 
average NOx rate, integrated separately of each of the two 30-minute idle periods.  
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FIGURE 82. DEMONSTRATION CARB IDLE NOX DILUTE MASS RATE AND 
CATALYST BED TEMPERATURE FOR CUMMINS-WESTPORT ISX12-G 

Figure 82 shows that the NOX mass rate emission for each 30-minute idle portion (curb 
and elevated) was essentially zero. It was interesting to note that the catalyst bed temperature 
begins to drop towards 400 °C at the end of the first 30-minute idle portion; however, there was 
still no significant NOX breakthrough due to the slightly rich bias on the equivalence ratio at this 
speed and load. Of note was the fact that the catalyst temperature was not dropping quickly 
during this extended curb idle period. At idle, an ignition retard was used to keep the exhaust 
temperatures warm at the expense of efficiency. 

Average tailpipe ammonia concentration over the first 30-minute curb idle was roughly 
77 ppm for the demonstration engine and 10 ppm for the baseline engine, shown in Figure 83. 
While the ammonia concentration was high during the curb idle, average tailpipe ammonia 
concentration during the elevated idle was only 43 ppm for the demonstration engine compared 
to the 247 ppm for the baseline engine. 
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FIGURE 83. CARB IDLE TAILPIPE AMMONIA CONCENTRATION FOR BASELINE 
AND DEMONSTRATION CUMMINS-WESTPORT ISX12-G 

2.3.2.2 Vocational Cycle Demonstration Results 

In addition to the primary cycles described above, several additional cycles were desired 
for use on a demonstration-only basis.  These cycles were selected to be more representative of 
various types of in-field operation, with a particular focus on vocational applications that would 
be characterized by lower temperatures and/or more transient operation than the primary 
(certification) cycles that are the program targets.  The intent behind these cycles was to examine 
how well the reduction of emissions to 0.02 g/hp-hr on the certification cycles might translate to 
operation on other, potentially more challenging duty cycles from the field. The vocational 
cycles examined during baseline testing included the New York City Bus Cycle (NYBC), the 
Orange County Transit Authority Bus Cycle (OCTA) and the Cruise-Creep cycle. Further detail 
on these cycles can be found in Section 2.1.1.2 Additional Cycles. 

Each vocational cycle was performed three times3 in a 40 CFR Part 1065 compliant test 
cell and with CARB Certification natural gas. Tailpipe emissions were measured using a CVS 
dilution tunnel as well as a Horiba MEXA-7100DEGR raw emissions bench, and tailpipe 
ammonia was monitored using a Fourier Transform Infrared spectrometer. The engine test cycle 
was composed of one full NYBC cycle followed by a 30 minute idle and then a second full 
NYBC cycle. The emissions presented Table 38, below, are for the second full NYBC. 

3 NYBC was performed four times. 
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TABLE 38. DEMONSTRATION TAILPIPE EMISSIONS FOR NYBC 
NOX CO CH4 CO2 BSFC PM NH3 Avg.N2O Avg. 

g/hp-hr lb/bhp-hrg/hp-hr ppm 

Average 
Raw 0.001 0.782 0.479 655.6 0.552 

0.0021 25.0 0.01
Dilute 0.002 0.859 0.421 667.1 0.562 

Std. Dev. 
Raw 0.002 0.133 0.072 12.967 0.011 

0.0002 0.773 0.017
Dilute 0.002 0.146 0.051 12.986 0.011 

CoV 
Raw 200.0% 17.0% 15.1% 2.0% 2.0% 

8.0% 3.1% 122.8%
Dilute 85.7% 17.0% 12.2% 1.9% 1.9% 

The results presented above show that the calibration and hardware necessary for 
achieving the 0.02 g/hp-hr NOX emissions on the certification cycles translates to near-zero NOX 
emissions on the NYBC. While there was a great improvement in NOX, CO, and methane 
emissions, average ammonia concentration was a little more than twice as high as the baseline 
engine. When comparing the demonstration results to the baseline results it should be noted that 
only one NYBC was performed for the baseline testing, and four NYBC cycles were performed 
for the demonstration. Likewise, the baseline engine was unable to pass the drive cycle statistics 
criteria and minimum/maximum work allowed for the NYBC, whereas, the demonstration 
engine was able to pass the work criteria. 

Catalyst temperatures can be seen in Figure 84, with the 30-minute idle included. During 
this 30-minute idle the catalyst temperatures drop below 400 °C allowing a drop in NOX 
conversion efficiency. However, once the cycle begins the catalyst temperature quickly rises 
above 400 °C and approaches 500 °C towards the end of the cycle. 

FIGURE 84. DEMONSTRATION CATALYST BED TEMPERATURE DURING NYBC 
VOCATIONAL CYCLE AND EXTENDED IDLE 
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Due to the slight drop in NOX conversion efficiency with the catalyst falling below 400 
°C, there was a very small NOX spike at the 4250-second mark during the second acceleration. 
However, the second small NOX spike halfway through the cycle along with the drop in CO and 
NH3 emissions was indicative of the engine’s equivalence ratio dropping slightly lean. The 
engine’s closed loop fueling control catches the lean excursion and NOX emissions fall toward 
zero shortly afterwards. 

FIGURE 85. DEMONSTRATION DILUTE NOX MASS RATE EMISSIONS DURING 
NYBC VOCATIONAL CYCLE 

Typical tailpipe ammonia concentration is presented Figure 86 below. While there are 
large spikes in ammonia these spikes occur during the more aggressive accelerations of the drive 
cycle, and decrease during the lighter accelerations. 

FIGURE 86. DEMONSTRATION TAILPIPE AMMONIA CONCENTRATION DURING 
NYBC VOCATIONAL CYCLE 
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CO and methane emissions are presented in Figure 87. While it appears as though CO 
emissions are high, they are roughly half of the baseline engine and methane emissions are 
roughly four times lower than the baseline engine calibration. The relatively large spike in 
methane during the beginning of the cycle was likely due to relatively cool catalyst temperatures 
and once the temperature rises above 400 °C the methane emissions drop substantially. 

FIGURE 87. DEMONSTRATION DILUTE CO AND METHANE MASS RATE 
EMISSIONS DURING NYBC VOCATIONAL CYCLE 

The second vocational cycle that was tested was the Cruise-Creep cycle. The first portion 
of the cycle (the “Cruise”) portion was based on vehicle data from a 45 mph average speed trip 
to a work location and was essentially the conditioning phase. The second portion of the cycle 
consists of ten repeats of the CARB Creep Cycle which was intended to represent a very light 
load, transient application (for example a truck working in a freight yard). Table 39 below shows 
the emissions over just the “Creep” portion of the test cycle. Because the baseline engine’s 
emissions were sampled and averaged over the full Cruise-Creep cycle the brake specific 
emissions needed to be adjusted to be averaged over just the “Creep” portion of the test cycle. 

TABLE 39. DEMONSTRATION TAILPIPE EMISSIONS FOR CRUISE-CREEP4 

NOX CO CH4 CO2 BSFC PM NH3 Avg. N2O Avg. 
g/hp-hr lb/bhp-hrg/hp-hr ppm 

Average 
Raw 0.000 2.387 1.000 896.7 0.758 

0.0052 85.1 0.03
Dilute 0.002 2.408 0.973 896.5 0.758 

Std. Dev. 
Raw 0.000 1.140 0.170 27.056 0.024 

0.0007 11.9 0.03
Dilute 0.002 1.103 0.189 29.416 0.027 

CoV 
Raw NA 47.7% 17.0% 3.0% 3.2% 

13.7% 14.0% 125.9%
Dilute 89.2% 45.8% 19.5% 3.3% 3.6% 

Baseline 
Adjusted5 Dilute 0.049 3.312 3.081 952.1 0.784 NA 110.7 0.00 

4 Emissions averaged over the “creep” mode of the Cruise-Creep cycle. 
5 Original baseline data averaged over the entire Cruise-Creep cycle. Adjusted baseline data averaged over the 
“creep” mode of the cycle. BSPM cannot be averaged over just the “creep” portion. 
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The results presented above show that the calibration and hardware necessary for 
achieving the 0.02 g/hp-hr NOX emissions on the certification cycles translates to near-zero NOX 
emissions on the Cruise-Creep. The results presented above also show that the new engine 
calibration and hardware improve air-fuel ratio control due to lower NOX, CO, methane, and 
ammonia emissions. However, when comparing the demonstration results to the baseline results 
it should be noted that only one Cruise-Creep cycle was performed for the baseline testing 
whereas three sets of Cruise-Creep cycles were performed for the demonstration. Likewise, the 
baseline engine was unable to pass the drive-cycle statistics criteria and the minimum/maximum 
work allowed, whereas the demonstration engine was able to pass the work criteria. 

Catalyst temperatures over the lightly loaded “Creep” portion of the Cruise-Creep are 
presented in Figure 88. Temperatures begin near 600 °C coming out of the “Cruise” portion of 
the cycle and eventually stabilize at 400 to 450 °C by the end of the test cycle. Because the 
catalyst temperatures are relatively high throughout the cycle, any NOX breakthroughs that 
would occur would be due to improper air-fuel ratio control. 

FIGURE 88. DEMONSTRATION CATALYST BED TEMPERATURE DURING 
“CREEP” MODE OF CRUISE-CREEP VOCATIONAL CYCLE 

Typical NOX mass rate emissions over the “creep” portion of the cycle can be seen in 
Figure 89. 
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FIGURE 89. DEMONSTRATION DILUTE NOX MASS RATE EMISSIONS DURING 
“CREEP” MODE OF CRUISE-CREEP VOCATIONAL CYCLE 

Typical tailpipe ammonia concentration can be seen in Figure 90, and typical CO and 
methane emissions can be seen in Figure 91 below. It was interesting to note that as the creep 
cycle continues the ammonia and CO emissions begin dropping until they become stabilized 
towards the end of the cycle (roughly 2700 seconds). The near-zero NOX emissions coupled with 
the non-zero CO and NH3 emissions towards the end of the cycle indicate that the equivalence 
ratio set point was biased rich. 

FIGURE 90. DEMONSTRATION TAILPIPE AMMONIA EMISSIONS DURING 
“CREEP” MODE OF CRUISE-CREEP VOCATIONAL CYCLE 
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FIGURE 91. DEMONSTRATION DILUTE CO AND METHANE MASS RATE DURING 
“CREEP” MODE OF CRUISE-CREEP VOCATIONAL CYCLE 

The last vocational cycle examined was the OCTA bus cycle. The OCTA bus cycle 
features transient behavior that was more aggressive than that of the Cruise-Creep vocational 
cycle, but not as extreme as the NYBC. The engine test cycle was composed of two full OCTA 
cycles run back-to-back with no idle portion between them with the first OCTA cycle being the 
pre-conditioning cycle. The emissions presented in Table 40 are for the second full OCTA cycle. 

TABLE 40. FINAL DEMONSTRATION TAILPIPE EMISSIONS FOR OCTA 
NOX CO CH4 CO2 BSFC PM NH3 Avg.N2O Avg. 

g/hp-hr lb/bhp-hrg/hp-hr ppm 

Average 
Raw 0.000 1.241 0.052 547.8 0.462 

0.001 47.3 0.07
Dilute 0.000 1.256 0.039 552.3 0.465 

Std. Dev. 
Raw 0.000 0.008 0.006 1.501 0.001 

0.000 1.864 0.038
Dilute 0.001 0.008 0.005 0.755 0.001 

CoV 
Raw NA 0.7% 10.7% 0.3% 0.3% 

39.2% 3.9% 50.7%
Dilute 173.2% 0.6% 13.0% 0.1% 0.1% 

The results presented above show that the calibration and hardware necessary for 
achieving the 0.02 g/hp-hr NOX emissions on the certification cycles translates to near-zero NOX 
emissions on the OCTA bus cycle. The results presented above also show that the new engine 
calibration and hardware improve air-fuel ratio control due to lower NOX, CO, methane, and 
ammonia emissions. However, when comparing the demonstration results to the baseline results 
it should be noted that only one OCTA bus cycle was performed for the baseline testing whereas 
three sets of Cruise-Creep cycles were performed for the demonstration. Likewise, the baseline 
engine was unable to pass the drive-cycle statistics criteria and the minimum/maximum work 
allowed, whereas the demonstration engine was able to pass both the statistics and work criteria. 

Catalyst temperatures are shown in Figure 92. Because the second OCTA bus cycle starts 
immediately after the first OCTA bus cycle catalyst temperatures start high at 500 °C. 
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FIGURE 92. DEMONSTRATION CATALYST BED TEMPERATURE DURING OCTA 
BUS CYCLE 

NOX emissions are near-zero for the entirety of the drive cycle and can be seen in Figure 
93. Typical tailpipe ammonia concentration along with CO and methane emissions can be seen 
in Figure 94 and Figure 95 respectively. The near-zero NOX emissions along with the non-zero 
ammonia and CO emissions indicated that the engine’s equivalence ratio was biased rich. 
Methane emissions were near-zero over the OCTA bus cycle due to the high catalyst temperature 
throughout the full cycle. 

FIGURE 93. DEMONSTRATION DILUTE NOX MASS RATE EMISSIONS DURING 
OCTA BUS CYCLE 
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FIGURE 94. DEMONSTRATION TAILPIPE AMMONIA EMISSIONS DURING OCTA 
BUS CYCLE 

FIGURE 95. DEMONSTRATION DILUTE CO AND METHANE MASS RATE DURING 
OCTA BUS CYCLE 
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Table 41 and Figure 96 show an emission summary for the vocational cycles compared to 
the 2010 US Standards for NOX, NMHC, CO and PM. The calibration and hardware upgrades 
that allow the Cummins-Westport ISX-12G engine to meet 0.02 g/hp-hr NOX emissions over the 
FTP and RMC-SET allow for near-zero NOX and zero NMHC emissions over the three 
vocational cycles. 
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TABLE 41. FINAL DEMONSTRATION EMISSIONS SUMMARY FOR 
VOCATIONAL CYCLES 

NOX PMx100 NMHC CO NH3 
Avg. 

g/hp-hr ppm 
US 2010 
Standard 0.2 1.00 0.14 15.5 --

NYBC 0.002 0.2125 0.000 0.859 25.0 
Cruise-Creep 0.002 0.5167 0.000 2.408 85.1 

OCTA 0.000 0.0967 0.000 1.256 47.3 

FIGURE 96. FINAL DEMONSTRATION EMISSIONS SUMMARY FOR VOCATIONAL 
CYCLES PLOTTED WITH US 2010 HDE EMISSIONS STANDARD 
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3.0 DIESEL PROGRAM 

3.1 TASK 1:  Test Engine and Aftertreatment Technologies 

This section of the report describes the work performed under this Task.  Individual 
efforts included the development and selection of the final test cycles used in the program, 
finalization and procurement of the test engine, and the selection of the pool of aftertreatment 
technologies that were considered under the screening efforts in Task 3.  Each of these efforts is 
described separately below. 

3.1.1 Test Cycles Selection 

3.1.1.1 Primary Cycles 

The primary cycles for this program were cycles established as certification procedures, 
and these primary cycles were used for calibration development and for demonstration of the 
final system in comparison to the 0.02 g/hp-hr target. 

In accordance with the program proposal and with established emission certification 
procedures, the primary cycle of focus for this effort was the heavy-duty transient Federal Test 
Procedure (FTP).  This cycle served as the primary development screening tool, and was also the 
primary metric for determining the emission level reached by the final emission system 
configuration.  For this cycle, the development target was to reach a level below 0.02 g/hp-hr on 
the composite emission value.  It was anticipated that reaching the required emission levels on 
the cold-start portion of the cycle would be representative of the primary technical challenge 
during this program.  Table 42 summarizes projected cold-start and hot-start emission levels that 
were required to demonstrate the desired composite level.  The target emission value was 
somewhat below 0.02 g/hp-hr, so as to provide some margin for measurement.  It should be 
noted that the intent was to meet this target with an aged aftertreatment system.  Therefore, the 
development targets for a fresh system were somewhat lower, to provide an aging margin. 

TABLE 42. INITIAL DEVELOPMENT TARGETS FOR DIESEL AGED 
AFTERTREATMENT SYSTEM 

Initial Target, g/hp-hr 
Cold-FTP (1/7th of composite) 0.06 
Hot-FTP (6/7th of composite) 0.009 

Composite FTP 0.016 

In addition to the cycles requested by ARB in the initial RFP, SwRI also determined that 
it would be necessary to demonstrate emission levels less than 0.02 g/hp-hr on the steady-state 
RMC-SET cycle.  This was because the RMC-SET cycle was the primary cycle used to 
demonstrate compliance with GHG emission regulations for tractor engines.  Given that this 
application was a key target for the heavy-duty engines evaluated in this program, an assessment 
of GHG emissions over the RMC-SET was critical for determining the impact of the final 
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system.  The assessment would not be meaningful if the system did not also meet the 0.02 g/hp-
hr level on the cycle, and therefore this cycle was added as a target to the program. 

A secondary target cycle for this program is the World Harmonized Heavy-Duty 
Transient Cycle (WHTC), which was one of the primary tools used for emission certification in 
Europe.  This cycle was requested by ARB as well, and it was chosen to represent a cycle in 
which the exhaust temperature remained at a lower average level than the FTP for a longer 
period.  The desire was to demonstrate an emission level below 0.02 g/hp-hr for the WHTC as 
well.  The WHTC includes a cold-start and hot-start phase, similar to the FTP, and it uses similar 
weighting factors to develop a composite number (i.e., 16% cold and 84% hot).  Figure 97 shows 
a comparison of cold-start exhaust temperatures for the FTP versus the WHTC cycles. As can be 
seen in the chart, in the early portions of the cold-start (prior to 400 seconds), the engine stays 
below 150°C for a longer period.  However, it should be noted that the WHTC duration was 
1800 seconds, as compared to 1200 seconds for the FTP. The WHTC reached higher 
temperatures by the end of the cycle, prior to the ensuing hot-start cycle.  In addition, the WHTC 
used only a 10-minute engine-off soak, as opposed to the 20-minute engine-off soak used for the 
FTP. 

0 

50 

100 

150 

200 

250 

300 

350 

400 

0 200 400 600 800 1000 1200 1400 1600 1800 

Ex
ha

us
t T

em
pe

ra
tu

re
, d

eg
C 

Time, sec 

FTP WHTC 

FIGURE 97. COLD-START EXHAUST TEMPERATURE COMPARISON FOR WHTC 
VS. FTP - PROGRAM ENGINE 

Another secondary target cycle for this program was the California ARB Idle Test.  This 
is a California-specific test designed to ensure a level of NOx control during a sustained idle 
period.  It consists of an FTP cycle warm-up, followed by two 30-minute idle periods.  The first 
idle period was at a designated low idle speed (i.e., “curb idle), while the second 30-minute 
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period was at an elevated idle (no-load) speed of 1200 rpm.  The current limit for this cycle is 30 
g/hr average NOx rate, integrated separately of each of the two 30-minute idle periods.  While 
this was a cycle of interest, no specific limit was proposed as a target for the program. 
Therefore, the intent under the program was to examine the performance of the system, which 
was calibrated for the FTP and WHTC cycles on this ARB Idle cycle.  It was anticipated that 
significantly lower levels would be observed that what was measured for the baseline engine on 
the idle test. 

3.1.1.2 Additional Cycles 

The diesel engine program used the same additional Vocational cycles that were used on 
the CNG engine.  These cycles were the NYBC, Cruise-Creep, and OCTA Bus cycles.  The 
details of these cycles were already describe earlier in Section 2.1.1.2, and therefore the 
information will not be repeated here. 

As noted earlier, these vocational cycles are intended for demonstration purposes only. 
There was no effort made to calibrate the performance of the emission system to improve 
performance on these cycles.  Rather, the systems were taken as calibrated for the primary 
cycles, and the vocational cycles were run to demonstrate performance.  This allowed 
comparison of the performance on these duty cycles with performance on the certification cycles. 

The vocational cycles were also run as part of the baseline data generation for each 
engine, which allow for an initial comparison on current technology engines between 
certification cycles and these different field duty cycles. 

A second-by-second schedule for each cycle is included in this report in Appendix A, in a 
normalized format.  These cycles are meant to be de-normalized following the same process used 
for the FTP transient cycle, as described in 40 CFR Part 1065. In the case of the diesel engine, 
the idle points were run using the standard approach for a manual transmission tractor engine, 
which mean a target torque of zero at idle points. 

3.1.2 40 CFR 1065 Compliance and Preconditioning Procedures 

Characterization of the stock engine and final demonstration testing were conducted in 
transient capable test cells at SwRI that were fully compliant with the requirements outlined in 
40 CFR Part 1065 for heavy-duty engine testing. SwRI maintains ten 1065-capable transient test 
cells equipped with full flow CVS dilution tunnels, including several cells, which are natural gas 
engine capable.  When each engine was available for baseline characterization, SwRI would 
select an appropriate cell from among this pool of test cells to perform the stock engine 
characterization work. 

SwRI is actively involved in numerous programs involving 1065 compliant emission 
measurements for both commercial and government clients.  SwRI remains involved in the 
development and refinement of 1065 procedures as a participant on the Emission Measurement 
and Testing Committee (EMTC).  SwRI has also performed confirmatory testing requiring 1065 
compliance procedures on certified engines under contract to the U.S. EPA. 
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With regard to preconditioning procedures, SwRI recognizes that the performance of 
some of the aftertreatment technologies that were utilized in this program is sensitive to the near-
term operational history prior to running of a test to document emissions for record.  As a result, 
SwRI applied appropriate pre-conditioning procedures in order to improve the repeatability of 
the tests conducted to document emission performance during this program. 

In 2014, SwRI completed a study of the effect of preconditioning procedures, conducted 
on behalf of the EMTC, and funded by the Truck and Engine Manufacturer’s Association (EMA) 
[6]. Recommendations from this study were incorporated in draft modifications to 40 CFR Part 
1065 that will be proposed in an upcoming notice of proposed rulemaking (NPRM).  SwRI 
incorporated procedures consistent with those recommendations in this low  demonstration 
program for CARB. Since that time, the preconditioning procedures have been finalized in 40 
CFR Part 1065, and SwRI utilized the same approach in this program. 

In addition, unless an experiment was specifically looking to measure the effects of active 
DPF regeneration on emissions, SwRI controlled the timing of active DPF regeneration so that it 
did not occur during test cycles, as was permitted under current draft 1065 procedures.  Specific 
procedures were developed for the test engine as part of this baseline characterization task. 

The final preconditioning approach used for this study was identical to what is currently 
outlined in 40 CFR Part 1065.  For the FTP cycle, two successive preconditioning hot-start FTP 
cycles were run, with a 20-minute soak between them.  After this preconditioning run, the engine 
was placed in cold soak overnight.  This procedure was used for both baseline testing and for 
final demonstration tests.  For the RMC-SET, a full RMC-SET cycle is run as a preconditioning, 
followed by the test for record, with no more than a 60-second dwell (at idle) between cycles. 
The ideal case for the RMC-SET is to run the preconditioning cycle and the test for record in a 
“head-to-tail” fashion, with no dwell between cycles.  For the current program, RMC-SET tests 
were run with no dwell between the preconditioning cycle and the test for record. 

It should be noted that considerable effort was expended to develop a dosing controller 
that would be able to reach stability within the framework of the standard preconditioning 
outlined for 40 CFR Part 1065. It was felt that this was important in order for the program 
results to be representative. 

3.1.3 Test Engine 

As part of the proposal submitted by SwRI in response to the initial RFP for this 
program, SwRI had secured the cooperation of Volvo as a partner for the diesel engine portion of 
the project.  The initial plan within the proposal was to utilize a 2011 Volvo MD13 engine. 
SwRI already had an example of such an engine on-site, which had been utilized in a previous 
program (Phase 1 of the Advanced Collaborative Emissions Study or ACES program). 

While this engine met the initial RFP requirement of being representative of a 2012 
model year heavy-duty tractor engine, SwRI had several additional discussions with Volvo 
regarding the technology and options available for modifying the 2011 MD13 VGT engine.  It 
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was agreed that a more up to date platform would be beneficial to the program in terms of 
providing additional flexibility in modifying the engine. In particular, the flexibility of the high-
pressure common rail fuel injection system was considered important for the program.  At the 
time of these discussions in late 2013, the most advanced production engine platforms Volvo had 
available were all targeted at the European (Euro VI) market.  Volvo suggested the 2014 
MD13TC engine as a better platform for the program. Initial test data from Volvo indicated that 
although the engine was technically certified for the Euro VI market, it would meet the U.S. 
emissions standards with regard to levels, and therefore should be representative from a baseline 
standpoint. 

This suggestion from Volvo was based on two points.  The first point was the additional 
development flexibility, which was a feature that had been requested by SwRI in support of the 
program.  The MD13TC engine utilized cooled EGR, which was typical of a U.S. engine, and 
also incorporated a high pressure common rail fuel injection system with the capability to 
support multiple pilot and post injection events. It also had an intake throttle and an exhaust 
backpressure valve, and did incorporate in-exhaust hydrocarbon injection to support DPF 
regeneration, and potentially thermal management for this program as well.  The previously 
planned 2011 MD13 engine utilized a less flexible electronic unit injection fuel system, as well 
as not incorporating any throttles. 

The second point for the suggestion of the MD13TC engine was with regard to 
greenhouse gas emissions.  Part of the ARB program target was to meet the NOx target in “a 
manner consistent with the path towards meeting future GHG emission standards.”  At the time 
of the initial discussions in 2013, EPA’s Phase I GHG standards were phasing in, and the Phase 
II targets were still being discussed at a high level, without any targets being set.  Volvo 
indicated that the 2014 MD13TC engine was consistent with their plans at the time regarding 
meeting GHG regulations moving forward.  Volvo indicated that the 2011 MD13 engine would 
not be very representative of any engine meeting even near term Phase I GHG targets.  One 
indication of this was in the engine-out NOx level, with the 2011 MD13 engine having engine-
out NOx at roughly 1.5 to 2 g/hp-hr.  In contrast, the 2014 MD13TC engine was at an engine-out 
NOx level of a little over 3 g/hp-hr, which was much more representative of current product 
meeting later stage Phase I standards.  Therefore, it was suggested that the 2014 MD13TC 
engine would be a more representative test article than the 2011 MD13.  Volvo indicated that 
plans at the time were to bring this engine technology to the U.S. towards the end of the Phase I 
GHG timeline. 

One significant complicating factor with the choice of the MD13TC engine was that it 
uses a mechanical turbo-compound technology in the form of a second exhaust turbine to recover 
exhaust energy and transfer that energy directly to the crankshaft.  This technology resulted in 
improved fuel economy; however, it also results in a significant drop in exhaust temperature as 
compared to a conventional turbocharger setup without the turbo-compound.  Figure 98 shows a 
comparison of exhaust temperatures between the 2011 MD13 engine and the 2014 MD13TC 
engine over a cold-start FTP. 
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FIGURE 98. COLD-START FTP EXHAUST TEMPERATURE COMPARISON FOR 
VOLVO ENGINES 

As can be seen in the chart, the exhaust temperature for the MD13TC engine is roughly 
50 - 60 °C lower in the critical early phases of the FTP cycle. It was understood that this would 
present a significantly greater challenge for the aftertreatment system in reaching a 0.02 g/hp-hr 
target, likely requiring more energy input to reach the target.  At the same time however, the fuel 
consumption and NOx characteristics of the 2011 engine were such that the final overall system 
configuration might not be representative of a path towards future GHG emissions.  Therefore, 
that engine might require considerable modification and calibration effort, which was not within 
the scope or available budget for the program. 

Despite the challenge posed by the lower exhaust temperature, it was decided that the 
2014 MD13TC engine would be a better overall choice for the program than the 2011 MD13 
engine. It was felt that as part of the technology screening effort in Task 3, it would be possible 
to examine the relative level of complexity caused by the inclusion of the turbo-compound 
technology.  The engine was new to production at that time, and due to several production 
delays, the MD13TC engine was ultimately delivered to SwRI in May of 2014 for initial 
installation and baseline testing, following initial checkouts at Volvo.  Volvo also provided 
support with interface to the engine, and supported SwRI with calibration tools and access to 
allow for full authority control of the engine software.  This allowed the flexibility to make any 
modifications necessary to the calibration, as well as to assume direct control of various 
actuators as needed to meet the program goals. 
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From the current vantage point at the end of the program in 2017, it is now apparent that 
this engine likely represents more of a “corner case” with regard to possible approaches to GHG 
emissions.  Volvo has released a turbocompound version of this engine into U.S. production in 
2017 for some applications, however much of the industry does not employ this technology.  As 
such, the Volvo MD13TC engine likely represents closer of a “worst-case” platform with respect 
to exhaust temperature. In addition, the mechanical system is tightly integrated to the engine, 
and no means to bypass or modify the system was available in within the timeframe or scope of 
the program.  Nevertheless, it is believed that this engine remains useful as a for demonstrating a 
worst-case level of effort that might be required to reach 0.02 g/hp-hr on a very challenging 
platform. 

The 2014 Volvo MD13TC engine is shown in Figure 99. The engine was designed for 
use in a Class 8 Line Haul Tractor application.  It has a nominal maximum power of 361 kW at 
1477 rpm, a nominal peak torque of 3050 Nm at 1000 rpm.  It should be noted that these speeds 
are somewhat lower than what was representative of U.S. Class 8 Tractor engines at the time. 
However, it was also understood that this kind of “downspeeding” was part of the strategy of 
many OEMs moving forward towards future GHG standards.  Therefore, the engine was much 
more representative of current and near-term GHG technology. 

FIGURE 99. 2014 VOLVO MD13TC ENGINE 

It should be noted that the baseline engine incorporated a copper zeolite based SCR 
system, which was built into a “one-box” style aftertreatment system, wherein all of the catalysts 
are incorporated into a single, muffler-style assembly.  This arrangement is very common in 
Euro VI applications, although there is no requirement to maintain such a design in this program. 
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For baseline testing, the aftertreatment was installed in a location representative of an actual on-
highway truck application, using a transfer pipe that was fabricated by SwRI based on designs 
from Volvo.  The SCR system incorporated an air-assisted urea dosing system, and it was 
planned to retain this production system due to superior atomization characteristics, which would 
aid in droplet evaporation and mixing at low temperatures. 

3.1.4 Proposed Aftertreatment Technologies 

As part of the initial proposal process for this program, SwRI secured the involvement of 
the Manufacturers of Emission Controls Association (MECA) as a partner in this 
program.  As part of this commitment, MECA member companies agreed to supply advanced 
aftertreatment technologies for this program as an in-kind contribution. In addition, MECA as a 
whole agreed to participate by providing additional funding for technology screening, as well as 
for aging to be conducted later in the program. 

For the majority of the aftertreatment system components, MECA members organized 
into technology teams, each of which was led by one of the major catalyst suppliers.  Each team 
was responsible for specifying a range of technologies that would be supplied to the program. 
The catalyst supplier would also coordinate the substrate supply, canning, and development 
aging.  SwRI supplied MECA members the data for the Volvo MD13TC engine to aid in the 
design of the systems.  Each supplier put together an initial system design and strategy, including 
several suggested modifications to the system to try different technology approaches.  It should 
be noted that while these teams were to be initially evaluated separately from each other, the 
final system configuration could incorporate elements from multiple teams, at the discretion of 
SwRI and ARB. 

Throughout the program, the identity of the individual system suppliers was kept 
confidential, and the groups were referred to only be a generic Team letter designation that was 
assigned by SwRI as hardware arrived.  SwRI was aware of the identity of the suppliers, and 
worked closely with all of the suppliers to aid in the design process.  It was planned that this 
working relationship would continue throughout the program, with SwRI sharing data from 
technology screening with each supplier for their system hardware. 

In addition to the primary teams, other individual MECA members provided 
aftertreatment technology in the form of system modifiers, energy input devices, sensors, and 
other technologies.  SwRI coordinated with all of the suppliers to obtain a large pool of potential 
aftertreatment technologies. 

The intent of this effort was to start with a large pool of possible approaches to reaching 
the 0.02 g/hp-hr target.  This would allow the rapid screening of multiple approaches, with the 
goal of identifying not only a path to reaching 0.02 g/hp-hr, but also of selecting an approach that 
was the most advantageous in terms of impact on GHG emissions.  In addition, considerations of 
system complexity, robustness, and packaging were all to be taken into account in the down-
selection of the final configuration at the end of the technology screening phase of the program. 
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For the catalyst systems, suppliers were asked to provide four sets of samples.  Two sets 
were provided to support the screening effort, one degreened and the other aged.  Details of the 
aging process are discussed later in the report.  A third set of parts was held in reserve for final 
aging in the event that those catalysts were down-selected for the final configuration.  A fourth 
set of parts was available as a spare. 

Following is a brief description of the technologies chosen to participate in the screening, 
as well as some of the considerations related to those technologies. 

3.1.4.1 General Description of Systems 

The aftertreatment systems were split into two broad categories, with a number of 
modifications possible to each of them.  The first category was termed “Traditional” systems, 
and was designated to indicate system approaches the employed a conventional DPF (typically 
coated with a small amount of precious metal to aid in passive regeneration).  The second 
category was termed “Advanced” systems, and indicated systems which were based around the 
use of an SCR-on-Filter approach, wherein and SCR catalyst is applied to the DPF.  A basic 
schematic of each such system is given in Figure 100. 

“TRADITIONAL” SYSTEM APPROACH 

“ADVANCED” SYSTEM APPROACH 

FIGURE 100. SCHEMATIC OF TWO SYSTEM CATEGORIES 

The primary advantage of the “Traditional” system approach is the preservation of 
passive regeneration of the DPF at present levels, which would be a GHG advantage under most 
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normal system operation.  However, the drawback to this approach was the large thermal mass of 
the DPF system upstream of the SCR, which delays the onset of dosing and catalyst light-off. 
Therefore, this approach would require significant energy input during cold-start in order to 
reach light-off early enough to reach the 0.02 g/hp-hr target.  This energy input would be a GHG 
disadvantage.  Several system modifiers could be applied to the “Traditional” approach to lower 
this barrier, such as heated dosing, low thermal mass substrates, and electrical heating, to name a 
few. 

The primary advantage of the “Advanced” system approach was that with some SCR 
catalyst already on the DPF surface, the thermal mass of the filter was no longer a barrier to 
light-off.  Therefore, less thermal energy input was needed to reach high efficiency quickly, 
which was a GHG advantage.  However, the presence of SCR catalyst on the filter can have a 
detrimental effect on passive regeneration of soot accumulated on the filter.  As a result, more 
frequent active regeneration events would be required in normal operation, which would be a 
GHG disadvantage.  A number of different modifiers could also be applied to this system as 
well, again included heated dosing, multi-point dosing (which could help mitigate some of the 
regeneration issues), and other changes. 

Other system options were also considered, such as placing the SCR catalyst upstream of 
the filter, which is typical of a light-duty approach.  However, given the longer durability 
requirements of the heavy-duty application, as well as the resulting requirement for very frequent 
active regeneration events, this option was generally not considered as viable for this program. 
Although such a penalty could be mitigated by the use of multiple point dosing and an additional 
SCR catalyst downstream of the DPF, that approach was considered too complicated to be 
practical, in comparison to the SCRF-based approaches. 

Some practical considerations were also considered in the initial system designs, such as 
packaging.  While it might be advantageous to close couple the entire aftertreatment system to 
the engine with minimal distance, the requisite aftertreatment size for the heavy-duty application 
meant that such an approach would not be practical from a packaging standpoint.  Therefore, any 
close-coupled components, if used, would have to be relatively compact. 

A brief, conceptual description of the major technologies selected for screening in the 
program, and some of the issues related to them is given below on an individual basis.  More 
detail is given in Section 3.3 TASK 3:  Aftertreatment Technology Screening, on individual 
technologies.  The focus of these descriptions in on NOx control.  Some form of DPF and DOC 
technology was assumed in all of these approaches. 

A key point for all of the technologies offered was that they are all taken from either 
production or production intent hardware.  In some cases, systems may have been developed to 
the point of commercialization and field trials, but may not have yet entered actual production 
due to changes in market demand.  Therefore, all of the technologies considered in this program 
were at least feasible for production. 
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3.1.4.2 Catalyst Technologies 

Selective Catalytic Reduction (SCR) 

Ammonia-based SCR was still the primary de-NOx technology used in this program.  No 
other high efficiency technology was viable for the heavy-duty application from the standpoint 
of performance, cost, and durability.  The other technologies applied in this program are 
generally all geared around either making the SCR work better or faster, or on controlling NOx 
for a short period of time until the SCR has reached light off temperature. 

Traditional NOx adsorber technology, requiring periodic rich operation was not 
considered viable for this program due to known issues of cost, durability (primarily related to 
de-sulfation), complexity (due to rich operation), and GHG penalty. 

All of the SCR technologies examined in this program were generally based around 
copper zeolite technology.  Proprietary details of the formulation of the various catalysts in this 
program are not available for reasons of confidentiality.  A variety of different options within 
that broad category were provided by the three different teams of MECA members. 

SCR-on-Filter (SCRF) 

While this technology was fundamentally similar to the other SCR technologies 
examined in this program, it differs in the application of the SCR catalyst directly to a diesel 
particulate filter substrate.  This requires a number of modifications to the choice of substrate and 
washcoat in order to be successful.  As discussed above, the advantage to this technology was 
more rapid SCR light-off because of not being downstream of the thermal mass of a DPF.  There 
are also packaging advantages to this approach.  These advantages can provide a GHG benefit 
compared to DPF-based systems. 

The largest drawback of this technology was that the SCR reactions compete for NO2 
with the reactions for passive soot regeneration on the filter.  Some of the formulation changes 
required for SCRF also can make passive regeneration less efficient.  This must be compensated 
by more frequent active regenerations, which can be detrimental to GHG emissions. It was also 
possible that there may be durability implications related to the accumulation of ash in the filter, 
which may ultimately require ash cleaning to mitigate.  While durability was an important 
consideration for this program, questions of ash cleaning methodology were outside the scope of 
this program. 

The MECA suppliers provided several different examples of SCRF technology, and it 
was likely to be a key technology in many approaches to reaching 0.02 g/hp-hr NOx levels. 
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Passive NOx Adsorbers (PNA) 

These technologies are a different approach to NOx adsorber technology than the 
traditional NOx adsorber catalysts, which require periodic rich operation in order to regenerate. 
In contrast, in a PNA, NOx adsorption and desorption are based entirely on temperature.  These 
devices can typically adsorb NOx at very low temperatures, and many begin to release NOx at 
moderate exhaust temperatures. Ideally, the release point would be above 200 °C where DEF 
dosing becomes much easier, but practically it was often lower than that.  Additional, a 
practically sized PNA often has a very limited storage capacity. 

The primary purpose of a PNA was to hold on to a small amount of NOx from the early 
portion of the cold-start, just long enough for the SCR to reach operating temperature, so that the 
NOx can be reduced. Any NOx released earlier was emitted.  In some cases, the PNA may also 
perform the functions of a DOC at higher temperatures. 

Some PNA technologies can be sensitive to sulfur, and may require periodic desulfation, 
although it may be possible to perform PNA desulfation during active DPF regeneration events.  
The MECA suppliers for this program offered multiple PNA technologies. 

Ammonia Slip Catalysts (ASC) 

Some form of ASC was a requirement for this program, for reasons similar to those 
which often require its use in current systems.  This program will require a control strategy that 
maximizes the coverage of ammonia on the SCR catalyst surface(s), and such a strategy would 
result in unacceptable levels of ammonia slip without some additional controls.  Therefore an 
ASC technology was provided by each of the MECA teams, each with a different approach to 
the ASC.  Careful ASC design was required to maximize ammonia reduction, while at the same 
time avoiding the generation of N2O, or the oxidation of that ammonia back into NOx. 

3.1.4.3 Dosing Technologies 

The primary diesel exhaust fluid (DEF) dosing system used was provided with the engine 
as part of the baseline aftertreatment system.  This dosing system was an air-assist approach, 
which provides for very good atomization characteristics that will help with evaporation and 
mixing at lower temperatures.  However, MECA members have supplied a number of potential 
modifications to the dosing system. 

Heated Dosing 

In a heated dosing approach, an electrical heater was used to allow DEF to be used at a 
lower temperature than normal.  In conventional systems, DEF dosing was typically limited to a 
minimum temperature of 180 °C, due to issue with evaporation and mixing below that. In some 
applications, limited dosing begins at temperatures as low as 165 °C, but this was only for a very 
short period of time.  At such low temperatures, issues of deposit formation can also be very 
problematic. 
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Hydrolisis 

EHC+Mixer 

Heated dosing allows for the introduction of DEF at lower temperature by using the 
heater, often in conjunction with another substrate, to provide a hot surface to allow for 
evaporation and thermal dissociation of urea while the bulk exhaust temperature was still too 
low.  Sometimes this was also combined with a hydrolysis catalyst to further aid in the release of 
ammonia. In practical terms, this can lower the exhaust temperature require for DEF 
introduction to temperatures in the range of 130 °C. While the SCR catalyst may not necessarily 
be at peak efficiency yet at such lower temperatures, the lower temperature introduction of 
ammonia is still beneficial to system light-off. 

Two approaches to heated dosing were supplied for the program.  One approach was a 
full-flow approach, wherein the heater and system are installed in the full exhaust in line with 
other system components, as shown in Figure 101.  A second approach was a partial-flow 
approach, where a small amount of exhaust was diverted to an off-line assembly, which 
incorporates the heating systems.  The resulting ammonia laden gases are then re-introduced into 
the main exhaust stream upstream of the SCR. While the partial-flow approach was a bit more 
complex, it also offers the advantage of being able to direct the ammonia-laden gas to multiple 
locations relatively easily, which could aid in overall system efficiency. Both options were 
examined. 

FIGURE 101. SCHEMATIC OF FULL-FLOW HEATED DOSING CONCEPT 

Heated dosing requires additional power for the heater, although this requirement was 
generally two kilowatts or less.  However, they have the advantage that they still utilize DEF, 
which allows continued use of the existing distribution infrastructure and dosing hardware. 

Gaseous Ammonia 

Another approach to lower temperature introduction of ammonia was to utilize direct 
ammonia injection. In the practical form of this system, ammonia is typically chemically stored 
in a solid form, and then the storage system is heated to release ammonia gas under pressure, 
which is then directed to the exhaust.  The storage canisters would have to be periodically 
recharged.  A gaseous ammonia system of this type was supplied by a MECA member as part of 
the program. 
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Direct ammonia injection allows lower temperature dosing by removing the issues of 
DEF evaporation, and the gaseous mixing was much easier than mixing and evaporation of DEF. 
In addition, hydrolysis was not needed to release ammonia.  Gaseous ammonia can be introduced 
at very low temperatures, but from a practical sense, introduction below roughly 130 °C was not 
very beneficial, and could cause problems.  In addition, it was relatively straightforward to direct 
the gas to multiple locations, which can help increase overall system efficiency.  A small amount 
of heat was used to start the system, but the electrical power requirements are relatively small in 
this case. 

Given that such a system typically uses a storage medium that is not based on DEF, the 
existing distribution infrastructure was not useable, and therefore a separate infrastructure would 
have to be created.  This was not insurmountable, but it was a consideration from the standpoint 
of system complexity when down-selections were made.  One possible approach to this was to 
utilize gaseous ammonia only during cold-start, and to use DEF once temperatures are sufficient 
(in the range of 180 °C and above).  This helped mitigate infrastructure concerns and allowed 
recharge to potentially be a service item along the lines of an oil change.  However, such an 
approach also increased overall system cost and complexity. 

3.1.4.4 Heat Addition 

Several approaches were possible for the addition of heat into the exhaust to accelerate 
catalyst light-off during cold-start, and different catalyst technology approaches required 
differing levels of heat input.  Several methods of heat addition were already available from the 
baseline engine system, including engine re-calibration, or the use of hydrocarbon (HC) 
oxidation over a DOC to generate heat.  HC can be introduced either via post-injection events, or 
through the use of the auxiliary HC injector (AHI) system which was supplied with the engine. 

In addition to those methods, MECA members supplied two other approaches to heat 
addition.  These include electrical heating and chemical heating via a burner. 

Electrical Heating 

Electrical heat addition is a technology that has been in existence for some time, although 
its use is not common in production for many mobile sources.  Different approaches were 
supplied by MECA members, including both a heating element and an electrically heated 
catalyst (EHC), as depicted below in Figure 102.  It should be noted that these systems are 
distinct from the heated dosing systems described earlier, because they are designed for direct 
heating of the bulk exhaust gas in order to increase catalyst temperature.  Because of this, they 
tend to be larger systems requiring more power.  Electrical heating systems benefit from 
flexibility, being able to generate heat nearly from key-on.  In addition, they can be located near 
the components that require heat, allow for selective heating of only the desired components 
(such as an SCR downstream of a DPF).  However, they are not as efficient in terms of energy 
usage as other approaches. 
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FIGURE 102. ELECTRICALLY HEATED CATALYST 

To properly account for the GHG impact of these devices, the power consumption of any 
such system that was used had to be measured during testing.  This power consumption was 
adjusted to practical alternator efficiency in order to predict the engine power requirement, and 
therefore fuel consumption, required to power the device. 

For the purposes of this program, a practical limit of 5 kilowatts was considered for the 
size of any electrical heating systems. It was considered that below that limit, it was practical to 
incorporate such a device into a heavy-duty vehicle without major electrical system re-design, 
given that it would likely only operate for limited periods of time during cold-start.  Above that 
limit, it was felt that considerable modification and cost would be required to support a larger 
power draw. 

Exhaust Burner 

Burners were used in production on diesel engines for heat generation directly in the 
exhaust.  Typically, these were used in the past to support active DPF regeneration, as an 
alternative to HC dosing over a DOC.  However, previous technology demonstrations have also 
shown the use of a burner for cold-start warm-up. 

Burners benefit from being a highly efficient way to add heat to an exhaust system. 
Nearly all of the fuel energy consumed is available as heat, and that heat is generally directed 
very near the components that need it.  As such, they are probably the most efficient means of 
adding heat to the exhaust. 

For this program, several burner approaches were examined.  Although it would 
technically not require a supplemental air source, a full-flow, in exhaust burner approach was 
ultimately turned down due to high thermal mass and issues with combustion stability. Instead, a 
side-flow, “mini-burner” approach was selected for this program, as depicted below in Figure 
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103.  Such an approach benefits from the fact that it does not add significant thermal mass to the 
exhaust, which was important for cold-start.  In addition, such an approach was generally more 
stable and easier to light when cold.  It was also smaller and easier to package.  The system 
selected was capable of provided roughly 10 kilowatts of heat to the exhaust. 

FIGURE 103. SCHEMATIC OF SIDE-FLOW MINI-BURNER 

The primary drawback of a mini-burner approach was that it requires a supplemental 
source of combustion air.  Several approaches were utilized in production to deal with this issue, 
with varying degrees of success.  There were also considerations of system complexity that come 
with the use of a burner, and these were considered during the down-selection process. 

3.1.4.5 Passive Heat Retention 

These technologies generally comprised various modifications to the exhaust system, 
both on and off the engine, designed to help retain heat in the exhaust and prevent loss to the 
ambient environment.  Several different technologies were proposed by MECA members for 
inclusion in the program, including: 

• Air gap insulated, fabricated exhaust manifolds 
• An air gap insulated transfer pipe from the engine to the aftertreatment 
• Air gap insulated inlet and outlet cones incorporated into the catalyst canning 

In addition, SwRI also utilized insulation and system configuration in an effort to 
minimize heat loss in the final system configuration.  Although each of these measures has a 
small individual contribution to the overall system performance, they could in combination result 
in increased system efficiency.  One key design point however, was that the benefits of any 
insulating concept have to be balanced against the potential increase in thermal mass of a given 
part, which could actually serve to slow down catalyst light off. 
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3.1.4.6 Exhaust Sensors 

Improved control was an important part of the solution for any system configuration that 
targets 0.02 g/hp-hr.  The high conversion efficiency demand for any such system requires more 
precision in system controls.  Sensors provide a key input to those controls, and therefore it was 
important to use the best available sensor technologies to provide accurate measurements to the 
control system. 

MECA members provided a number of different sensor technologies to the program 
including: 

• Latest generation NOx sensors for both the engine-out and tailpipe application 
• Ammonia sensors 
• Advanced, thermocouple-type temperature sensors which feature CAN-based 

communication 

Incorporation of these sensors was important to reduce system variability and enhance the 
accuracy of the controls.  All of the sensors provided for this program are either production or 
production-intent models. 

3.2 TASK 2:  Engine Baseline and Ultra-Low NOX Calibration 

3.2.1 Overview 

The objective of this task was to document the baseline engine and aftertreatment system 
performance over the regulatory and additional vocational test cycles.  The baseline 
aftertreatment system was de-greened prior to testing.  The baseline testing confirmed that the 
selected Euro VI engine and aftertreatment system met US 2010 emissions and established 
baseline GHG levels.  Testing over the vocational cycles was also performed to validate the 
developed test cycles and to assess the low temperature emission control performance of the 
baseline system.  The engine specifications are listed in Table 43 and the full load performance 
curves obtained at SwRI along with data provided by Volvo is shown in Figure 104.  As shown, 
the engine operated as expected with a good performance match to Volvo’s supplied data.  
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TABLE 43.  2014 VOLVO MD13TC ENGINE SPECIFICATIONS 
Parameter Value 

Displacement 12.8 L 
Bore x Stroke 131 x 158 mm 
Rated Power 361 kW 
Rated Speed 1477 RPM 
Peak Torque 3050 Nm 

Peak Torque Speed 1050 RPM 
Fuel System F2 Common Rail 
Turbocharger Fixed Geometry 

Turbo-compounder Mechanical 
EGR System Cooled, high pressure 

Emission Certification Euro VI 
Application Line-haul 
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FIGURE 104. FULL LOAD PERFORMANCE OF VOLVO MD13TC 

3.2.2 Baseline FTP, RMC, WHTC, and CARB Idle Results 

Baseline testing for the US heavy-duty FTP was composed of three sets of cold-start FTP 
test cycles. Each cold-start FTP was followed by three hot-start FTP tests with the proper twenty-
minute soak time in between tests. The testing was performed in accordance with 40 CFR Part 
1065 procedure and in a 1065-certified engine test cell. An emissions certification-grade diesel 
fuel was used for all diesel engine testing.  The average composite FTP tailpipe emissions for the 
Volvo MD13TC engine rated at 361 kW can be seen in Table 44 below. The average was 
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determined from the three separate composite FTP test results and the corresponding standard 
deviation (SD) and coefficient of variation (CoV) was reported. 

TABLE 44: BASELINE COMPOSITE FTP TAILPIPE EMISSIONS FOR VOLVO 
MD13TC 

Composite FTP Tailpipe, g/hp-hr Composite FTP 
Tailpipe, ppm 

NOx PM NMHC CO CO2 NH3 N2O 
Average 0.140 0.001 0.000 1.000 547 0 0.03 

SD 0.012 0.000 0.000 0.090. 1.84 
CoV 8.5% 24% 88% 8.8% 0.3% 

US 2010 
Standard 0.20 0.01 0.14 15.5 n/a 

SD % 
Standard 5.9% 2.5% 0.2% 0.6% n/a n/a n/a 

An RMC-SET was performed after each series of FTP tests for a total of three RMC-SET 
tests.  The emission results from these tests are shown in Table 45. The tailpipe BSNOX results 
for the cold and hot-start FTP and RMC-SET tests are shown graphically in Figure 105 with 
averages annotated.  As shown, the baseline MD13TC engine calibration and one-box 
aftertreatment system met the US 2010 emission standards for heavy-duty on-road engines. In 
terms of GHG standards, the CO2 results were below 2017 GHG levels as shown in Figure 106, 
where it should be noted that the Tractor (SET) standard would apply to this engine since it was 
a line-haul application. 

TABLE 45: BASELINE COMPOSITE RMC-SET TAILPIPE EMISSIONS FOR 
VOLVO MD13TC 

Composite FTP Tailpipe, g/hp-hr Composite FTP 
Tailpipe, ppm 

NOx PM NMHC CO CO2 NH3 N2O 
Average 0.080 0.002 0.003 0.020 458 0 0.05 

SD 0.009 0.001 0.000 0.001 0.72 
CoV 11% 70% 9.0% 5.9% 0.2% 

US 2010 
Standard 0.20 0.01 0.14 15.5 n/a 

SD % 
Standard 4.6% 13.6% 0.2% 0.0% n/a n/a n/a 
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FIGURE 106. GHG RESULTS FROM DIESEL BASELINE 

Because meeting the program ULN target would require significant improvement in cold-
start NOX control, it was of interest to review the cold-start FTP performance of the baseline 
engine and aftertreatment system. For this purpose, the key exhaust temperatures are shown in 
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Figure 107 along with the measured engine speed for cycle reference.  This result illustrates the 
challenge of achieving early NOX control with a conventional DOC+DPF+SCR system as the 
SCR inlet temperature didn’t reach 180 °C until 550 seconds into the cycle due to the 
combination of low turbo-compounder outlet temperature (TC Out T) and the large thermal mass 
of the DPF.  The 180 °C temperature was important since it corresponds to when sufficient urea 
evaporation can be achieved in the exhaust and when significant NOX conversion can be 
achieved by SCR.  The impact of this temperature history on tailpipe NOX is shown in Figure 
108.  Moderate tailpipe NOX control can be observed to begin around 400 seconds, but highly 
efficient NOX control was not obtained until after 600 seconds, hence the resulting high cold-
start FTP NOX result.  Additional insight into the baseline aftertreatment performance can be 
obtained by examining the accumulated tailpipe BSNOX and NOX conversion efficiency as 
shown in Figure 109.  The time at which a cumulative BSNOX of 0.07 g/hp-hr was reached is 
annotated in the figure and is shown to occur at 60 seconds.  This value was important as it 
corresponded to the initial target for a cold-start FTP to achieve the ULN target of the program. 
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FIGURE 107. EXHAUST TEMPERATURES FOR DIESEL BASELINE COLD-START 
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FIGURE 108. TAILPIPE NOX FOR DIESEL BASELINE COLD-START FTP 
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Similar plots for a hot-start FTP are shown below in Figure 110, Figure 111, and Figure 
112.  As shown, some cooling of the aftertreatment occurred during the twenty minute soak 
period, however, little NOX breakthrough was observed early in the cycle due to the high thermal 
mass of the aftertreatment devices.  The impact of the long idle periods on aftertreatment cooling 
after the first and second accelerations was observed by reduced NOX control especially during 
the early part of the third acceleration starting just before 400 seconds.  The hot-start FTP 
cumulative tailpipe BSNOX target for the ULN demonstration was set at 0.01 g/hp-hr.  As shown 
in Figure 112, this limit was exceeded 390 seconds into the cycle. 
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FIGURE 110. EXHAUST TEMPERATURES FOR DIESEL BASELINE HOT-START 
FTP 
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FIGURE 111. TAILPIPE NOX FOR DIESEL BASELINE HOT-START FTP 
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Exhaust temperature and tailpipe NOX traces measured for the baseline RMC-SET test 
cycle are shown in Figure 113 and Figure 114, respectively.  As shown, even though the exhaust 
temperatures were consistently above 200 °C during this test cycle, significant NOX break-
through was observed during modes 2 (A100 point) and 8 (B100 point) which correspond to 
engine operation with high engine-out NOX flow rates.  Significant improvement in NOX control 
was required to meet the ULN program target. 
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FIGURE 113. EXHAUST TEMPERATURES FOR DIESEL BASELINE RMC-SET 
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FIGURE 114. TAILPIPE NOX FOR DIESEL BASELINE RMC-SET 

The engine-out BSNOX levels during the FTP tests were around 3 g/hp-hr and the 
transient composite aftertreatment conversion efficiency was 95% (75% for cold, 98% for hot). 
The engine-out BSNOX for the RMC-SET was around 2.6 g/hp-hr.  The engine-out PM levels 
were 0.2, 0.1 and 0.03 g/hp-hr for the cold and hot FTP, and RMC-SET, respectively. 

Baseline testing over the WHTC was also performed over triplicate test sequences, each 
comprised of a single cold-start followed by three hot-start tests with the proper ten minute soak 
time in between tests. Measurement procedures in 40 CFR Part 1065 procedure were followed 
and the testing was performed in the same 1065-certified engine test cell. Cycle denormalization 
followed the protocols outlined in the Economic Commission for Europe (ECE) Regulation No 
49 (R49) procedure for the WHTC.  The average composite WHTC tailpipe emissions can be 
seen in Table 46, below. The results listed were obtained from the cold-start and an average of 
the three hot-starts. Results are shown in g/hp-hr, even though the WHTC is normally regulated 
in g/kW-hr. 

TABLE 46: BASELINE COMPOSITE WHTC TAILPIPE EMISSIONS FOR VOLVO 
MD13TC 

WHTC Tailpipe, g/hp-hr 
NOx PM THC CO CO2 

Cold 0.492 0.0014 0.001 1.45 501.4 
Hot Average 0.049 0.0009 0.002 0.18 484.1 
Composite 0.111 0.0010 0.002 0.36 486.5 

Euro VI 
Standard 0.46 0.01 0.16 4.0 
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Engine-out NOX levels on the WHTC were at a level of 3.5 g/hp-hr (or 4.5 g/kW-hr) and 
transient composite NOX aftertreatment efficiency was 96.7% (84% for cold and 98.5% for hot). 

Baseline results for the CARB extended idle test are summarized in Table 47 below.  The 
values given are averages for the entire 30 minute idle period in each case.  Continuous data for 
the two idle modes is shown in Figure 115.  It should be noted that the data for record was 
preceded immediately by an FTP hot-start test, per the options in the CARB idle test procedure. 
NOX conversion is maintained at first until the aftertreatment system runs out of heat and stops 
dosing DEF.  There is some continued conversion from stored ammonia until temperature 
becomes too low during the low idle, although this eventually fades and conversion at the end is 
very low.  Still this is enough to easily comply with the 30 g/hr tailpipe limit.  The higher idle 
does not actually meet the full requirement, but given that this is actually a Euro VI calibrated 
engine that was not required to comply with this particular test, that does not indicate any 
particular problem with the engine. 

TABLE 47.  BASELINE CARB IDLE TEST RESULTS FOR VOLVO MD13TC 

Test Mode Tailpipe NOX Rate Engine-Out NOX Rate NOX Conversion 
g/hr g/hr % 

Low Idle – 550 rpm 11.7 46.2 75% 
PTO Idle – 1100 rpm 53.1 56.5 20% 

Current CARB Idle 
Standard 30 
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FIGURE 115.  CONTINUOUS NOX AND TEMPERATURE DATA FOR BASELINE 
CARB IDLE TEST 
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3.2.3 Baseline Vocational Test Cycle Results 

As discussed in Section 3, the intent of the vocational cycles was to examine how well 
the reduction of emissions to 0.02 g/hp-hr on the certification cycles might translate to operation 
on other, potentially more challenging duty cycles from the field.  For comparison purposes, 
testing with the baseline engine calibration and aftertreatment system was performed over the 
three selected vocational test cycles.  The results for each cycle are presented in the following 
sections. 

3.2.3.1 NYBC x 4 Test Cycle 

The intent of the NYBC cycle was to evaluate the emission characteristics during highly 
transient operation with severe short-duration power spikes and sustained low temperature 
operation.  The average engine power during the cycle was 17 kW. Cycle pre-conditioning 
consisted of engine warm-up, a preparation NYBC x 4 cycle followed by a 30-minute idle period 
prior to the NYBC x 4 cycle for record.  Following this procedure with the baseline engine and 
aftertreatment system, exhaust temperature traces after the DPF, before the SCR and after the 
SCR as well as tailpipe NOX mass flow rates are shown in Figure 116.  As shown, the inlet 
temperature to the SCR decreased significantly during the idle period leading to high tailpipe 
NOX during the power spikes.  The magnitude of the NOX spikes reduced as the cycle progressed 
due to the SCR system slowly warming up.  The cycle-averaged engine-out NOX was around 6 
g/hp-hr and the tailpipe was 2.4 g/hp-hr with an average NOX conversion efficiency of 62%. 
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FIGURE 116. NYBC X 4 CYCLE EXHAUST TEMPERATURES AND NOX FOR 
DIESEL BASELINE 
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3.2.3.2 Cruise+Creep x 10 Cycle 

The intent of the Cruise+Creep cycle was to evaluate the emission characteristics during 
sustained light load operation and assess the ability of the aftertreatment system to maintain heat 
following the Cruise portion of the cycle.  Cycle pre-conditioning consisted of engine warm-up 
prior to the Cruise+Creepx10 cycle for record.  Following this procedure with the baseline 
engine and aftertreatment system, the resulting exhaust temperature traces measured after the 
DPF, before the SCR and after the SCR as well as tailpipe NOX mass flow rates are shown in 
Figure 117.  As shown, exhaust temperatures during the cruise portion of the cycle were well 
above 200 °C and consequently, high NOX conversion efficiency was obtained at the start of the 
creep portion.  The baseline system maintained good NOX control for roughly half of the creep 
cycles after which NOX slip was observed to begin and worsen as the cycle progressed. 
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FIGURE 117. CRUISE+CREEP X 10 CYCLE EXHAUST TEMPERATURES AND NOX 
FOR DIESEL BASELINE 

3.2.3.3 OCTA Bus Cycle 

The intent of the OCTA bus cycle was to evaluate the emission characteristics during a 
realistic vocational cycle for California.  The cycle was based on transit bus data with less 
aggressive transients than the FTP cycle and had an average cycle power of 53 kW.  Cycle pre-
conditioning consisted of engine warm-up and a prep OCTA bus cycle prior to the OCTA bus 
cycle for record.  Following this procedure with the baseline engine and aftertreatment system, 
the resulting exhaust temperature traces measured after the DPF, before the SCR and after the 
SCR as well as tailpipe NOX mass flow rates for both the prep and cycle for record are shown in 
Figure 118.  As shown, exhaust temperatures during the cycle for record were consistently above 
200 °C and consequently, a high NOX conversion efficiency of 99.4% over the cycle was 
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achieved.  The cycle average BSNOX results were 3.8 g/hp-hr for engine-out and 0.02 g/hp-hr for 
tailpipe. 
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FIGURE 118. OCTA BUS CYCLE EXHAUST TEMPERATURES AND NOX FOR 
DIESEL BASELINE 

3.2.4 Cold-Start Engine Calibration 

This task focused on exploring the capabilities of the stock engine hardware to 
simultaneously reduce engine-out NOX emissions and increase exhaust gas temperature without 
incurring a significant fuel penalty during SCR warm-up following a cold-start on the FTP cycle. 
The effectiveness of the engine-based measures was assessed at several steady-state engine-
operating conditions that were representative of the FTP test cycle.  These results were used to 
guide the development of revised cold engine calibrations.  The resulting exhaust temperature, 
flow rate and emission traces obtained for a cold FTP with the revised cold engine calibration 
were utilized in the screening task for performance assessment of the advanced catalysts 
provided for the program. 

The engine was provided with an open ECU, which was interfaced with ATI Vision 
software.  This interface enabled manual control of fueling and air-handling actuators through an 
override function as well as access to various calibration tables.  In addition, the engine was 
provided with provisions to allow installation of a cylinder pressure transducer in one cylinder. 
Therefore, a Kistler 6045A pressure sensor was installed and crank-angle-based cylinder 
pressure was used during this task to monitor combustion quality during both steady-state and 
transient engine testing. 
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3.2.4.1 Baseline FTP Results and Steady-State Test Point Selection 

For the engine calibration task, the majority of the effort was focused on the early portion 
of the cold-start FTP since little to no catalytic NOX control was available when the SCR was 
cold.  To illustrate this issue, baseline cold-start FTP results are shown in Figure 119.  This 
figure shows engine speed in the top chart, engine-out exhaust gas (measured after the turbo-
compounder), exhaust gas at the SCR inlet and engine coolant temperature in the middle chart, 
and cumulative engine-out and tailpipe NOX mass in the bottom chart.  From the cumulative 
NOX results, good catalytic control of NOX was achieved after 500 seconds from the start of test 
cycle, which corresponded to when the SCR inlet temperature approached 200 °C.  As 
mentioned previously, the engine-out temperature was relatively low compared to traditional 
engines due to the turbo-compounder. 

Therefore, the goal of the engine calibration task was to leverage the available engine 
measures to increase engine-out temperature and reduce engine-out NOX emissions early in the 
cold-start FTP.    The engine measures available on the test engine included: 

– Cooled high-pressure-loop EGR 
– Multiple in-cylinder injections (7th injector available) 
– Intake throttling 
– Idle speed control 

For this purpose, engine operation during the first 525 seconds of the FTP was used to 
determine suitable steady-state test points for subsequent engine calibration investigations.  The 
coolant temperature was included in the FTP test results to point out that the engine coolant 
temperature starts at approximately 25 °C and was below 50 °C for over half of the 525-second 
window selected. 

Since coolant temperature can affect in-cylinder combustion characteristics, especially 
when using moderate levels of cooled EGR, which were planned for NOX reduction, the 
calibration investigations were conducted at low engine coolant temperature by using a blocked 
open thermostat and lab heat exchangers to maintain low coolant temperature during engine 
calibration development testing. 
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FIGURE 119. BASELINE COLD-START FTP RESULTS WITH ENGINE 
CALIBRATION FOCUS AREA HIGHLIGHTED 

A total of eight steady-state test points were selected as illustrated in Figure 120, which 
shows a scatter plot of engine speed versus load recorded during the first 525-seconds of the FTP 
cycle.  The target engine speed and load settings for the steady-state test points are also listed in 
Table 48. The next section presents the results of the baseline calibration as well as after 
exercising the available engine measures at these engine conditions. 
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FIGURE 120. ENGINE SPEED AND LOAD POINTS FROM BASELINE FTP ALONG 
WITH SELECTED STEADY-STATE TEST POINTS FOR CALIBRATION STUDIES 

TABLE 48. TARGET SPEED AND LOAD SETTINGS FOR SELECTED STEADY-
STATE TEST POINTS 

Test Point Engine Speed Torque 
[-] [RPM] [Nm] 
1 1000 0 
2 1000 500 
3 1000 1000 
4 1000 2000 
5 1400 500 
6 1400 2000 
7 1800 500 
8 1800 1000 

3.2.4.2 Steady-State Evaluations for Revised Cold Calibration Development 

The first step in the cold calibration development was to document the baseline engine 
operation at the selected test points.  This testing was performed at low coolant temperature as 
mentioned previously. Three modes of baseline operation were available. The first mode 
corresponds to what was used for around the first 300 seconds of the cold-start FTP, and is 
referred to subsequently as the “Normal Cold Map.” It should be noted that no EGR was used in 
this mode to avoid potential condensation of the exhaust gas in the EGR cooler due to the low 
coolant temperature.  The second baseline engine mode was an elevated exhaust temperature 
calibration and was used after the normal cold map during baseline cold-start FTP operation.  For 
the purposes of this study, this mode is referred to as high exhaust temperature operation and 
uses the label “Hi Exh Temp Map” in presented results. The baseline operation in this mode uses 
EGR as the coolant temperature was generally high enough to avoid condensation.  However, 
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engine tests were conducted both with and without EGR in order to examine the effect of EGR 
on NOX at forced low engine coolant temperature.  Although not demonstrated in this program, 
the durability concern associated with using EGR at low coolant temperatures could be 
addressed by employing an EGR cooler by-pass loop.  

Enabled by the F2 common rail fuel system on the test engine, the injection pattern used 
by the baseline calibration in the high exhaust temperature mode for all of the selected test points 
consisted of three injections: 1) pilot, 2) main and 3) close post.  A relatively new strategy used 
mostly by light-duty diesels to increase exhaust gas temperature is to employ multiple close post 
injections with appropriate spacing to ensure adequate combustion of the post injections. 
Therefore, the effect of adding a second post injection to the high exhaust temperature settings 
was also investigated at several test points.  The cylinder pressure measurement was essential for 
verifying combustion quality for the post injections.  The two injection patterns are illustrated in 
Figure 121. It should be noted that when a second post injection was added, the engine torque 
increased so the main injection quantity had to be reduced in order to maintain the target engine 
load. 

Pilot Main Post 

TDC 

Pilot Main Post 1 

TDC 

Post 2 

a) b) 

FIGURE 121. INJECTION PATTERNS USED DURING CALIBRATION 
INVESTIGATIONS: 

A) SINGLE POST, B) DOUBLE POST 

Based on the results obtained from the investigations described above, the stock engine 
fueling and air-handling calibration tables used during high exhaust temperature operation were 
modified to create a new cold calibration referred to as “Cold Cal 1.”  Engine tests were 
conducted at the selected steady-state test points with the new calibration to document the 
corresponding exhaust temperature, NOX and fuel consumption.  In summary, steady-state 
engine tests were conducted at the selected test points with up to five different calibration 
strategies, which are labeled in the plots as: 

1. “Normal Cold Map” – Baseline operation mode for first 300 seconds of cold-start 
FTP. 

2. “Hi Exh Temp Map” – Baseline calibration for elevated exhaust temperature 
operation and used after normal cold map. Baseline operation was with EGR, 
however these tests were conducted without EGR so the impact of EGR on NOX 
could be assessed. 

3. “Hi Exh Temp Map+EGR” – Baseline calibration for elevated exhaust temperature 
operation and used after normal cold map.  EGR rate included baseline settings plus 
increased level 
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4. “Adding 2nd Post Inj” – Same as 3, but a second post injection was added and the 
quantity was varied to assess the impact on exhaust temperature and fuel 
consumption. 

5. “Cold Cal 1” – Resulting engine calibration developed for cold-start FTP which 
utilizes double post injections and increased EGR.  

For brevity, only results obtained at test points 1, 2, and 7 for the different calibration 
modes are presented in detail in the following sections.  A summary was then provided to 
compare the baseline operation to the final cold cal 1 map for all test points. 

3.2.4.3 Steady-State Test Results Obtained at Test Point 1:  1000 RPM, 0Nm 

In addition to the initial 24 second idle period at the beginning of the heavy-duty FTP, 
there are two prolonged periods of idle of nearly two minutes each within the selected 525-
second window (see Figure 119). Therefore, it was of interest to investigate the potential 
exhaust temperature and energy flow improvements available by simply increasing the engine 
idle speed from the baseline value of 550 RPM to 1000 RPM.  Engine data was recorded at the 
baseline idle (referred to by “BI”) and elevated idle speed (referred to as “EI”) while in the 
normal cold map mode.  At the elevated idle speed, additional data was acquired after changing 
to the elevated exhaust temperature mode with EGR and then after adding a second post 
injection (which corresponds to the final Cold Cal 1 map).  All testing was conducted with low 
coolant temperatures (between 25 and 30 °C).  The resulting exhaust flow rates, turbo-
compounder out temperature and exhaust energy increase over the baseline case are shown in 
Figure 122. 

FIGURE 122. TEMPERATURE, EXHAUST FLOW AND ENERGY RESULTS AT IDLE 
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As shown, simply increasing the idle speed resulted in a significant increase in the 
exhaust energy (10 kW over the baseline idle condition) due to the combined effect of increased 
exhaust gas flow rate and temperature.  However, changing to the baseline high exhaust 
temperature mode or Cold Cal 1 operation did not result in further increases in exhaust gas 
temperature and resulted in a reduction in exhaust flow rate and corresponding energy.  The 
corresponding engine-out NOx, EGR rate and fuel flow results presented in Figure 123.  The 
exhaust flow reduction was largely due to the addition of EGR and the final Cold Cal 1 map had 
slightly increased EGR compared to that of the baseline high exhaust temperature mode.  A 
higher level of EGR was needed to mitigate the increase in NOx mass flow rate caused by the 
elevated idle speed operation.  As shown, the final Cold Cal 1 tuning resulted in a similar NOx 
mass flow rate as the baseline idle under normal cold map operation.  However, the required fuel 
flow rate more than doubled so it was clear that there was a fuel penalty associated with elevated 
idle operation. 
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FIGURE 123. ENGINE-OUT NOX, EGR RATE AND FUEL FLOW RATE RESULTS AT 
IDLE 

3.2.4.4 Steady-State Test Results Obtained at Test Point 2:  1000 RPM, 500 Nm 

Similar engine tests were conducted at 1000 RPM, 500 Nm under low coolant 
temperatures (maintained around 30 °C).  However, in addition to documenting the baseline 
elevated exhaust temperature operation with and without EGR, the effect of increasing the EGR 
rate during this engine mode was investigated.  At the highest EGR setting, the effect of adding a 
second post injection was then examined, and finally, the resulting Cold Cal 1 operation was 
documented.  The corresponding normalized BSFC results and engine-out NOX mass flow rates 
versus turbo-compounder out temperatures for these evaluations are shown in Figure 124. 
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As shown in the top chart, the exhaust gas temperature increased by more than 50 °C 
with a 5% fuel penalty when the operation was changed from the normal cold map to the high 
exhaust temperature mode.  Adding EGR had little impact on the temperature or fuel 
consumption. Further increases in temperature and fuel consumption where obtained by using 
the double post injection strategy.  The resulting Cold Cal 1 operation provided a 130 °C 
increase in exhaust gas temperature with a 16% increase in fuel consumption over the baseline 
normal cold map operation at this engine condition.  In terms of NOX, both baseline operating 
modes without EGR had high NOX mass flow rates of over 300 g/h.  When EGR was added, the 
NOX was reduced to below 100 g/h with a final cold cal 1 NOX flow rate of 65 g/h. 

FIGURE 124. STEADY-STATE CALIBRATION TUNING RESULTS OBTAINED AT 
TEST POINT 2 

(1000 RPM, 500 NM) 

3.2.4.5 Steady-State Test Results Obtained at Test Point 7:  1800 RPM, 500 Nm 

The same series of experiments were conducted at 1800 RPM and 500 Nm under cold 
coolant temperature conditions (maintained around 35 °C).  The corresponding normalized 
BSFC results and engine-out NOX mass flow rates versus turbo-compounder out temperatures 
are shown in Figure 125. 

As shown in the top chart, neither the exhaust gas temperature nor the BSFC increased at 
this engine condition when the operation was changed from the normal cold map to the high 
exhaust temperature mode.  However, as shown in the bottom chart, the NOX emissions 
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increased significantly when no EGR was used.  Adding EGR reduced the NOX as expected, but 
caused the exhaust temperature to decrease by nearly 20 °C.  The fuel consumption was not 
negatively impacted with EGR in the elevated exhaust temperature mode.  As before, the 
addition of a second post injection resulted in increased exhaust temperature at the expense of 
increased fuel consumption.  However, for the post injection quantities tested, only a marginal 
fuel consumption penalty was obtained at the highest temperature.  It is also interesting to point 
out that NOX was reduced as the post injection quantity was increased.  This was due to the fact 
that as the post injection quantity was increased, the main injection quantity was reduced so that 
more of the combustion occurred later in the expansion stroke which reduces peak in-cylinder 
temperatures and NOX formation at the expense of thermal efficiency.  Finally, the resulting 
Cold Cal 1 operation provided a 50 °C increase in exhaust gas temperature with a 4% fuel 
penalty over the baseline normal cold map operation at this engine condition.  The NOX mass 
flow rate was reduced by 73% from the baseline. 
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FIGURE 125. STEADY-STATE CALIBRATION TUNING RESULTS OBTAINED AT 
TEST POINT 7 

(1800 RPM, 500 NM) 

3.2.4.6 Summary of Steady-State Cold Calibration Tuning 

To summarize the results of the final revised calibration map, a comparison table for the 
selected steady-state evaluation test points is provided in Table 49, which lists the corresponding 
turbo-compounder out temperatures and engine-out NOx mass, flow rates for the baseline 
normal cold map and Cold Cal 1.  Also included is the BSFC penalty for the Cold Cal 1 relative 
to the baseline cold calibration operation. 
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TABLE 49. SUMMARY OF STEADY-STATE CALIBRATION TUNING AT TEST 
POINTS 1-8 

Test 
Point 

Engine 
Speed Torque Calibration TC Out 

Temperature 
Engine-out 

NOx 
Normalized 

BSFC 
[-] [RPM] [Nm] [-] [°C] [g/h] [-] 

1 1000 0 Baseline(1) 95 44.3 1.0(2) 

Cold Cal 1 139 47.3 2.2(2) 

2 1000 500 Baseline 185 325 1.00 
Cold Cal 1 314 65.0 1.16 

3 1000 1000 Baseline 246 572 1.00 
Cold Cal 1 369 198 1.04 

4 1000 2000 Baseline 329 1495 1.00 
Cold Cal 1 358 695 0.98 

5 1400 500 Baseline 201 485 1.00 
Cold Cal 1 306 110 1.12 

6 1400 2000 Baseline 372 1682 1.00 
Cold Cal 1 357 631 0.95 

7 1800 500 Baseline 258 619 1.00 
Cold Cal 1 306 167 1.04 

8 1800 1000 Baseline 286 725 1.00 
Cold Cal 1 301 268 0.90 

(1) Baseline idle speed of 550 RPM 
(2) Normalized fuel flow rate 

3.2.4.7 Transient Evaluations of Revised Cold-Start Engine Calibration 

This section presents the evaluation of the revised cold calibration over the cold-start FTP 
cycle.  Two sets of revised cold calibration results are reported.  The difference between the two 
results is the idle speed used for the first 400 seconds of the FTP cycle as tests were conducted 
with both the base idle (BI) and elevated idle (EI) speeds.  The engine speed profiles for these 
two cases are shown in Figure 126 for the first 600 seconds of the FTP cycle.  The idle speed is 
different for the two cases until after 379 seconds. 
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FIGURE 126. TARGET FTP ENGINE SPEED PROFILES FOR BASE AND ELEVATED 
IDLE TESTS 

Although the heavy-duty FTP was 1200 seconds in duration, test results from the first 
600 seconds of the cycle are shown in the following plots since the window of focus was the first 
525 seconds. It was expected that by 525 seconds into the cycle (or earlier), sufficient NOX 
control would be achieved by the selected aftertreatment system so that the engine operation 
could be returned to baseline control.  Three sets of cold-start FTP results are presented: 1) 
Baseline, 2) Cold Cal 1 with BI and 3) Cold Cal 1 with EI.  It should be noted that all tests were 
conducted without exhaust aftertreatment devices and the exhaust restriction was set to the OEM 
specification using an exhaust valve.  The engine speed and turbo-compounder outlet (T/C out) 
temperature traces for the three sets of FTP tests are shown in Figure 127.  The time when the 
engine calibration control was returned back to baseline is annotated in the chart by the green 
dashed line labeled “Cal change”.  Engine calibration control was achieved by utilizing a 
scripting functionality within ATI Vision. For this task, a timer was used for calibration control 
since the testing was performed without aftertreatment.  The calibration control logic was 
planned to be modified to rely on exhaust temperature inputs for calibration map switching 
control. 
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FIGURE 127. COLD-START FTP RESULTS: ENGINE SPEED AND EXHAUST 
TEMPERATURE COMPARISON 

The benefit of the elevated idle operation in increasing exhaust gas temperature after the 
turbo-compounder was apparent with a 50 °C temperature increase measured during the idle 
periods.  For the cold cal 1 operation with base idle, an increase in exhaust gas temperature of 
around 25 °C was observed during the off idle periods.  The instantaneous and cumulative 
engine-out NOX emissions are shown in Figure 128.  Cold Cal 1 was effective in reducing 
engine-out NOX early in the cycle, which was critical for achieving low tailpipe NOX since the 
aftertreatment was ineffective until light-off was reached.  In terms of cumulative NOx, both 
variations of the Cold Cal 1 provided a significant NOX reduction over the baseline calibration 
with a slightly higher cumulative NOX for the elevated idle case.  These results are summarized 
in Table 50 where cumulative results for the first 525 seconds are provided for turbo-
compounder out exhaust energy and NOX. In addition, the cycle BSFC and brake-specific 
particulate matter (BSPM) results are included. 
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FIGURE 128. COLD-START FTP RESULTS: INSTANTANEOUS AND CUMULATIVE 
ENGINE-OUT NOX COMPARISON 

TABLE 50. COLD-START FTP EMISSIONS SUMMARY FOR ENGINE 
CALIBRATION TASK 

Run 
Number 

Engine 
Calibration 

Cumulative 
T/C Out 
Energy 

(0-525 sec) 

Cumulative 
Engine-out 

NOX 
(0-525 sec) 

Cycle 
BSFC 

Cycle 
BSPM 

[-] [-] [MJ] [g] [g/kW-h] [g/HP-h] 
31 Baseline 31.4 24.8 241 0.19 
86 Cold Cal 1 – BI 26.9 13.3 239 0.22 
80 Cold Cal 1 – EI 34.0 14.2 247 0.20 

The impact of increased EGR used for Cold Cal 1 was reflected in the reduced 
cumulative exhaust energy for the base idle case due to a reduction in exhaust flow rate. 
However, the effectiveness of the EGR for NOX reduction was evident.  No change in cycle 
BSFC was observed for the base idle case of Cold Cal 1, however a 2.5% increase in cycle BSFC 
was obtained for the elevated idle case, which was consistent with the steady-state test results 
reported earlier. In terms of cycle BSPM, no increase was measured for either Cold Cal 1 case. 
The measured exhaust gas temperatures, exhaust flow rates, and emissions from these two Cold 
Cal 1 results were used for assessing the performance of the advanced catalyst systems with the 
Hot Gas Transient Reactor (HGTR) system. 
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3.2.4.8 Evaluation of Increased EGR During First Acceleration of FTP – Cold Cal 2 

During catalyst screening activities conducted in Task 3, it became clear that reaching 
SCR system light-off temperature in the very early portion of the cold-start (i.e. before 90 
seconds of operation) would be very challenging, even with significant thermal management.  
Therefore, further investigation of the practical limit of engine-out NOX reduction available, and 
the associated penalties with using higher levels of EGR during the first acceleration, was of 
interest.  As a first step, the EGR valve position history during this period of the test cycle was 
reviewed to see if the Cold Cal 1 EGR tables needed to be revised.  During this review process, a 
discrepancy between the expected and actual EGR commands was discovered, especially during 
periods of rapid pedal increases.  An example of this behavior is shown in Figure 129 where 
engine speed and accelerator pedal position traces are shown in the top plot and actual and 
expected EGR valve commands are shown in the bottom plot for a portion of the first 
acceleration during Run 80. The expected EGR valve command was interpolated from the Cold 
Cal 1 EGR map using the recorded engine speed and pedal inputs. 
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FIGURE 129. EXAMPLE OF EGR VALVE COMMAND DISCREPANCY DURING 
RAPID PEDAL INCREASE (FROM RUN 80) 

As shown, the actual EGR valve command was significantly lower (even closed) than the 
expected command for a significant portion of the period of pedal increase.  This behavior was 
discussed with Volvo who subsequently informed SwRI that this was normal as it was part of its 
transient engine control logic.  Volvo advised SwRI on how to change the amount of EGR valve 
closing during this type of operation and after several iterations of EGR parameter manipulation, 
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an EGR command schedule that provided a significant NOX reduction was obtained and is 
referred to as Cold Cal 2.  A comparison of the EGR valve commands and corresponding engine-
out NOX emissions for Cold Cals 1 and 2 with elevated idle operation are shown in Figure 130 
for the same period of FTP operation presented previously.  As shown, a significant NOX 
reduction was obtained when the EGR valve closing was limited.  It should also be noted that the 
increased EGR level utilized in Cold Cal 2 had a measureable impact on the torque response as 
shown in Figure 131.  
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FIGURE 130. EGR VALVE COMMAND AND NOX COMPARISON BETWEEN COLD 
CALS 1 AND 2 

0 

500 

1000 

1500 

2000 

2500 

20 25 30 35 40 

To
rq

ue
 [N

m
] 

Time [sec] 

R80_ColdCal1-EI 
R691_ColdCal2-EI 

FIGURE 131. TORQUE RESPONSE COMPARISON BETWEEN COLD CALS 1 AND 2 

121 
SwRI 03.19503 Final Report 



  
   

  
   

     
 

    
 

 
  

   
 

 
 

 
 

 
 

 

 
 

 
 
 

      
      
        
       
       
       

 
      

  
  

    

   
 

 
  

 
 

   
 

  
 

     
 

  
 
 

    
   

    

 
 

As a reminder, the objective of this exercise was to quantify the maximum NOX reduction 
potential and corresponding penalties associated with increased EGR operation during the first 
acceleration.  For this purpose, cold-start FTP tests with both base and elevated idle speeds for 
the first 400 seconds were conducted using Cold Cal 2 EGR control parameters during the first 
acceleration (24 < time < 85 seconds) and Cold Cal 1 for the rest of the cycle until reverting to 
the base calibration at 525 seconds.  The results obtained with these calibrations are shown in 
Table 51.  The effectiveness of the Cold Cal 2 can be readily assessed by the cumulative NOX 
mass computed up to 100 seconds. 

TABLE 51. COLD-START FTP EMISSIONS SUMMARY FOR ENGINE 
CALIBRATION TASK WITH COLD CAL 2 RESULTS ADDED 

Run 
Number 

Engine 
Calibration 

Cumulative 
Engine-out 

NOX 
(0-100 sec) 

Cumulative 
Engine-out 

NOX 
(0-525 sec) 

Cycle 
BSFC 

Cycle 
BSPM 

[-] [-] [g] [g] [g/kW-h] [g/HP-h] 
31 Baseline 6.2 24.8 241 0.19 
86 Cold Cal 1 – BI 3.0 13.3 239 0.22 
684 Cold Cal 2 – BI 1.9 11.0 247 0.37 
80 Cold Cal 1 – EI 3.7 14.2 247 0.20 
691 Cold Cal 2 – EI 2.6 12.0 256 0.33 

As shown, the increased EGR in Cold Cal 2 was successful in reducing NOX in the first 
acceleration with an approximate 33% reduction in cumulative NOX after 100 seconds of the test 
cycle.  However, additional fuel penalties between 3 and 4% and significant PM increases were 
incurred.  In addition, the use increased EGR beyond Cold Cal 1 levels was found to cause short 
periods of rich operation, which was incompatible with some of the PNA technology supplied 
for the program. Ultimately, for this engine, the decision was made to utilize PNA technology, 
and therefore Cold Cal 2 was not utilized.  

3.2.4.9 Comments on Additional Cold-Start Engine Measures 

As stated previously, the available engine measures to increase engine-out temperature 
and reduce engine-out NOX emissions early in the cold-start FTP were utilized in the revised 
cold engine calibration.  These engine measures included cooled high-pressure-loop EGR, 
multiple in-cylinder injections, intake throttling and idle speed control.  The engine measures 
were limited to those readily available due to program budget and time constraints.  However, it 
is worth mentioning that additional measures were reported in the literature, and showed benefits 
in terms of increased exhaust gas temperature with reduced fuel penalty and reduced NOX. 
Some of these alternative engine measures include variable valve actuation (VVA), EGR cooler 
by-pass, cylinder de-activation, and thermal barrier coatings.  Also, because the ULN program 
engine turbocharger was fixed geometry, the amount of EGR that could be used to reduce 
engine-out NOX during the cold-start FTP was limited.  This limit was due to engine torque 
response considerations and because some advanced aftertreatment devices (i.e. PNA) were not 
tolerant of rich exhaust gas.  In fact, a considerable amount of tuning of the smoke limiting tables 
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was done to prevent rich operation, which was found to occur with the base calibration early in 
the cold FTP. 

3.3 TASK 3: Aftertreatment Technology Screening 

This task of the program focused on screening various aftertreatment system 
configurations and technology enabling options.  The primary objective of technology screening 
was to evaluate combinations of "Advanced" and "Traditional" technology systems and optional 
modifiers to assess the potential ULN performance of various combinations of technologies and 
strategies.  All technologies evaluated were production or production intent devices.  The goal 
was to rank combinations of technology with a high probability to achieve ULN emissions 
levels.  The study was organized into two parts; "Traditional" technology and "Advanced" 
technology configurations.  The results are presented as both cold mass emissions and 
composite. An additional goal of this task was to develop the Integration Control and Software 
logic for dosing and supplemental heating approaches.  

The data was collected to enable ranking of the technologies and systems for the 
technology down selection of the system to be used in the final demonstration.  The elements 
considered in ranking the technologies included: 

• NOX potential performance achieved 
• Fuel economy impact of solution 
• Durability 
• Complexity 
• Cost impact 

The baseline engine provided a good example of current technology control using a typical 
aftertreatment emissions configuration consisting of DOC-DPF-SCR.  The baseline engine 
emissions and overall catalyst efficiency on each cycle is shown in Table 52. 

TABLE 52. BASELINE NOX ENGINE EMISSIONS AND CONVERSION 
EFFICIENCIES 

Test BSNOX 
[g/hp-hr] 

NOX Conversion 
Efficiencies 

[%] 
Engine-out Tailpipe 

Cold 2.82 0.715 74.7 
Hot 2.98 0.047 98.4 

Composite 2.96 0.140 95.2 

Under an Ultra-low NOX (ULN) emissions control strategy, the cold-start emissions 
become a primary point of focus, as well as maintaining superior hot start and high space 
velocity control. To achieve ULN composite emissions levels, the cold-start FTP emissions must 
be very low (targeted less than 2.7 g for this engine), on the order of current technology hot-start 
emissions.  The Hot-Start control strategy must achieve very high catalyst efficiency for the 
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whole cycle, (emitting less than approximately 0.2 g accumulated over the entire hot portion test 
cycle for this engine). Achieving composite ULN mass emissions of 0.02 g/hp-hr requires a more 
than 90% reduction from the current regulated level.  Figure 132 illustrates the allowable hot-
start to cold-start NOX tradeoff that must be achieved to reach levels below ULN. 

FIGURE 132. HOT-START TO COLD-START TAILPIPE NOX MASS EMISSION 
TRADE-OFF TO ACHIEVE VARIOUS TARGETED COMPOSITE EMISSIONS 

LEVELS 

The calibrations and elements employed in a ULN strategy can be grouped into two basic parts: 

1. Reduced time to catalyst light-off 
• Modified catalyst configurations 
• Supplemental heat and/or distributed heat 
• Engine calibration for increased exhaust temperature 
• Potential consideration to Phase II Green House Gas (PII GHG) approaches 

2. Reduce engine-out NOX until catalyst was hot enough to provide good Tailpipe NOX 
control 

• More aggressive engine-out NOX reduction at low coolant temperature  
• NOX storage catalyst systems (PNA or close-coupled light-off SCR) 

Figure 133 and Figure 134 show examples of measured tailpipe NOX emissions from the 
baseline engine compared to an ULN example. 
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FIGURE 133. BASELINE COLD-START FTP TAILPIPE NOX EMISSIONS 
COMPARED TO AN ULTRA-LOW NOX EXAMPLE 

FIGURE 134. BASELINE HOT-START FTP TAILPIPE NOX EMISSIONS COMPARED 
TO AN ULN EXAMPLE 

There are many approaches that can be leveraged to raise the exhaust gas temperature 
into the catalyst, each approach costs energy and has an associated efficiency. Figure 135 shows 
an overview of modes of operation that can result in low exhaust temperature being delivered to 
the catalyst, some active thermal management approaches to address these modes, and some 
technologies that can be leveraged in strategies to raise the exhaust temperature.  The 
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temperature management strategies are loosely grouped into engine-based and emissions system-
based approaches. (Refer to the NOMENCLATURE for interpretation). 

FIGURE 135. OVERVIEW OF OPERATING MODES THAT RESULT IN LOW 
TEMPERATURE OPERATION AND SOME TECHNOLOGIES THAT CAN BE 

UTILIZED TO INCREASE EXHAUST ENERGY 

3.3.1 Aftertreatment Systems and Options Screened 

Many different aftertreatment catalysts and optional emissions reduction enabling 
components were provided for this program.  The preliminary goal of this portion of the study 
was to develop controls for and to evaluate the NOX reduction capability of various combinations 
of aftertreatment components and alternate dosing and supplemental energy options to assess the 
feasibility of achieving ULN emission levels using production and near-production technologies. 
Some of the components and options that were evaluated during the screening included: 

• Low Thermal Loss/Mass Components 
• Air gap exhaust manifolds 
• Air gap transfer pipes 
• Catalyst packaging 
• Catalyst positioning 
• Thin wall substrates 

• Advanced Technology Components 
• SCR on Filter (SCRF) 
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• Passive NOX Adsorber (PNA) 
• Light-Off SCR (LO SCR) 
• Advanced technology washcoats 

• Traditional Technology Components 
• Diesel Oxidation Catalyst (DOC) 
• Diesel Particulate Filter (DPF) 
• Selective Catalytic Reduction(SCR) 
• Ammonia Slip Catalyst (ASC) 

• Dosing Options 
• Compact mixer/doser 
• Full flow heated dosing 
• Partial flow heated dosing 
• Gaseous NH3 injection 

• Supplemental Energy Options 
• Electrically Heated Catalyst (EHC) (2-6 kW) 
• Diesel fueled mini-burner (5-20 kW) 
• EHC assisted catalytic oxidation 

This section discusses various system configurations, optional performance modifiers and 
the controls developed and applied during screening.  The two primary goals of this work were 
to rank the technologies and combinations for NOX reduction potential and to evaluate their 
potential fuel economy impact. 

3.3.1.1 Dosing Options and Controls Approach 

The dosing and control strategies for each system were tailored according to the specific 
needs of the system under test, however the time allotted for tuning was very short and the 
results do not necessarily represent best performance possible if further effort was expended. 
The catalyst systems were initially preconditioned by exposing the system to elevated 
temperature (600 °C) for 15 minutes, and then stabilizing the NH3 storage at 250 °C and an 
ammonia and NOx ratio (ANR) of 1.2 until tailpipe (TP) NOX efficiency achieved 99%, 
followed by two hot-FTP tests.  Subsequent testing consisted of running one cold- and two hot-
FTP tests per day during strategy development. During the work, 1-2 configurations were 
screened each week.  All testing was conducted on aged catalysts.  The systems for screening 
were aged under accelerated thermal conditions (no additional oil consumption) either on-engine 
or in oven. 

The production DEF dosing system was utilized throughout the entire program for all 
configurations that leveraged DEF injection.  The production system was an air assisted, solid 
cone injector designed to be sprayed along the centerline of the exhaust gas flow. A low thermal 
mass perforated swirl type mixer was utilized during the screening exercise.  A schematic of the 
dosing configuration and spray are provided in Figure 136. 
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FIGURE 136. STOCK DEF INJECTOR AND DOSING LAYOUT IN EXHAUST 

There were four basic DEF dosing approaches considered during this program, including: 
• Traditional air assisted dosing 
• Full flow heated dosing (HD1) 
• Partial flow heated dosing (HD2) 
• Gaseous ammonia injection 

Figure 137 provides an overview of the dosing approaches considered. 

FIGURE 137. DEF DOSING APPROACHES CONSIDERED 
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The lower temperature threshold for injection of DEF was predominantly governed by 
the temperature required for evaporation of the water-based solution and the hydrolysis of DEF 
to NH3 gas.  This lower temperature threshold limit was around 170 °C for start of injection and 
200 °C for full dosing.  Since heated dosing systems employ heated evaporation surfaces and a 
hydrolysis catalyst, they enable lower temperature injection of DEF.  The advanced SCR 
technologies in this program utilized Cu-Z catalysts that displayed some conversion efficiency 
below 170°C, so enabling lower temperature NH3 injection should improve NOX conversion 
efficiency under cold-start conditions.  The SCR catalytic reduction of NOX was governed by 
three primary reactions: 

(1) 4*NH3 + 4*NO + O2 = 4*N2 + 6*H2O , standard SCR 
(2) 2*NH3 +   NO + NO2 = 2*N2 + 3*H2O , fast SCR 
(3) 8*NH3 + 6*NO2 = 7*N2 + 12*H2O, slow SCR 

Since diesel engine exhaust was heavily weighted toward NO, the standard reaction and 
the fast reaction are the primary reactions that take place within the SCR, where the fast reaction 
dominates at colder temperatures.  The balance between the fast reaction and the standard 
reaction was governed by the conversion efficiency of NO to NO2 across the DOC for the SCRF 
or an SCR in a typical installation position. Therefore, approaches that heat the DOC (enhancing 
NO-NO2 conversion) can also act to improve NOX efficiency through both supplemental heating 
and modification of the NO-NO2 balance. 

The full flow heated dosing system (HD1) utilized was a 2 kW EHC located upstream of 
a hydrolysis catalyst.  The control strategy developed for HD1 activated the EHC at ‘key-on’ and 
continued supplying energy to the device until the SCR catalyst inlet temperature exceeded 190 
°C.  In practice, the EHC could be deactivated at this point, however, for screening the HD1 
system was maintained on for a fixed period of time to enable system to system comparison. The 
primary benefit provided by the heated dosing system was that it enabled lower temperature 
dosing.  Typically the SCR catalyst was capable of effectively reducing NOX emissions  below 
170 °C exhaust temperature, however, DEF cannot be effectively evaporated and decomposed to 
form NH3 (the active NOX reduction chemical) at exhaust temperatures lower than 170 °C.  
Because HD1 provides a heated evaporation surface combined with a hydrolysis catalyst, DEF 
dosing can be initiated when the SCR inlet temperature exceeds 130 °C, thus making HD1 a low 
temperature-enabling device. 

The partial flow heated dosing system (HD2) utilized a portion of exhaust gas pre-turbo 
charger, which then passed over a 1 kW EHC/ hydrolysis catalyst integrated with the stock 
dosing nozzle in a small off-side chamber.  This gaseous NH3 stream could then be directed into 
the exhaust upstream of the SCR catalyst in a traditional system or upstream of the SCRF in an 
advanced technology system.  Since the feed gas stream utilized pre-turbine exhaust, the gaseous 
NH3 stream also contained particulate matter and could not be directed downstream of the filter 
catalyst in either configuration.  Time did not permit evaluation of this device under screening. 
It was decided that both heated dosing systems would provide near equivalent results, but should 
a split heated dosing configuration be needed under final demonstration, that HD2 would be 
employed. 
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The gaseous ammonia system was a production device that stored NH3 in solid form in 
canisters.  The release of NH3 was facilitated by heating the cylinder to produce a pressurized 
gaseous NH3 stream.  This was a clean stream of NH3 and could be introduced at any point in the 
exhaust system.  The canisters contained a finite amount of stored NH3, and therefore, to 
minimize canister change interval, this system was only utilized during cold-start.  The strategy 
employed when using the gaseous NH3 system was to begin dosing at 130 °C and then to 
transition to liquid DEF injection at 190 °C. 

3.3.1.2 Supplemental Energy Options and Control Approach 

The second set of set of optional aftertreatment performance modifiers involved exhaust 
energy management through the utilization of supplemental heat generation devices located in or 
on the exhaust system in close proximity to the catalyst.  These devices included electrical 
heaters, fuel burners, and electrical heaters coupled with fuel oxidation over a catalyst. 

All supplemental heat devices were enabled at key-on.  After start was detected, a coolant 
and exhaust temperature check was performed to determine if the catalyst system was above or 
below its light-off temperature. If it was detected that the temperature of the catalyst system was 
below the temperature required for high conversion efficiency, the supplemental heating device 
was activated for a minimum period of time defined by the temperature level (essentially 
determining if the system was in cold- or hot-start condition) and energy was added based on 
temperature needs of the system.  The strategies employed for screening were based on fixed 
inputs, this allowed system performance to be compared based on similar system inputs.  The 
strategies were programmed to run for 550 seconds, as this was the same timing applied to the 
engine calibration.  In application, the strategies would be tuned based on measured thermal 
energy of the systems, and time of application would be ideally reduced. 

Each device varied in total energy output available.  The goal was to accelerate catalyst 
light-off as much as feasible for the given device, therefore, the total power input to the exhaust 
varied by device being utilized.  Figure 138 shows the four supplemental heating devices 
considered in this program: 

• Diesel fueled mini-burner (MB) 
• Electrically heated catalyst (EHC) 
• EHC assisted catalytic fuel combustion 
• Full flow heated dosing (HD1) 

130 
SwRI 03.19503 Final Report 



 
  

 
 

   
    

 
       

 
   

   
    
   

 
  

   
 

    
 
 

  
 

    
 

 
  

   
  

 

Fuel 

Air 

Spark 

Mini-Burner 
~10kW 

EHC Assisted Catalytic Fuel Combustion 

u 
0 
0 

2kW Electric 

+ 
xkWFuel 

Electrically Heated Catalyst 

SkW Electric 

+12V 

Heated Dosing 
2kW Electric 

EHC+Mixer 

FIGURE 138. SUPPLEMENTAL HEAT ADDITION OPTIONS CONSIDERED 

The diesel-fueled mini-burner (MB) was saddled on the exhaust (not submerged into the 
full flow) with its own fuel, air, and ignition source.  The air source was designed to be belt 
driven, however, the system as tested was driven with a variable frequency drive.  The fuel 
system had its own pump and metering valve.  This device was programmed to activate and 
control the energy output to achieve a desired temperature (250-350 °C) at the SCRF inlet. The 
mini-burner was applied with a variable energy demand control algorithm that adjusted the 
energy output from 8 to 20 kW depending on the SCR catalyst inlet temperature.  When the MB 
was applied, liquid DEF injection (no heated dosing assist) was used and the minimum SCR inlet 
temperature for dosing was adjusted back to 170 °C.  This device was originally designed for 
DPF regeneration.  The MB itself was not sized large enough to facilitate full flow regeneration, 
but rather, it was designed to elevate the DOC temperature to levels that would enable fuel 
dosing and oxidation over the DOC to add the remaining energy needed to raise the exhaust 
temperature to sufficient levels for DPF regeneration. 

Two electrically heated catalysts (EHC) were evaluated in the program, 5 kW and 6 kW.  
All EHCs were full flow devices that utilized modulation of 24V power to modify the power of 
the device.   These devices were activated at key-on, and operated until the first SCR catalyst 
inlet temperature exceeded 190 °C (approximately 400 seconds).  

EHC assisted catalytic fuel oxidation utilized a 1 kW EHC coupled to a metallic DOC 
that was formulated for fuel oxidation.  This device was originally intended to add energy 
upstream of the DOC to enable fuel oxidation over the DOC to elevate the exhaust temperature 
to levels necessary for carbon oxidation during DPF regeneration (similar in application to the 
MB).  Only preliminary evaluations targeted at cold-start energy addition were conducted with 
this device, but this device was considered to provide significant potential output, similar to the 
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energy output of the MB.  The calibration effort was considered to be more involved than the 
MB, but the hardware complexity and durability considerably less.  The control strategy 
involved activating the EHC either with pre-heat or at key-on, waiting for the DOC to reach fuel 
oxidation temperatures, and then activating in-exhaust fuel dosing. 

Distributed heat was also evaluated as a supplemental heating option, and was achieved 
by installing a 5 kW electric heater after the DPF, upstream of the dosing system along with 
HD1, the power to each device was modulated for a total of 5 kW of electric energy.  The dosing 
control strategy and activation duration was the same as for HD1. 

3.3.1.3 Aftertreatment Component Configurations 

MECA member companies provided the catalysts and components.  Each component was 
canned and flanged to allow modular construction enabling various configurations and options to 
be tested.  The systems were organized into two basic subsets; advanced technology systems or 
traditional technology systems.  The traditional technology systems consisted of a DOC-DPF-
SCR and the NOX reduction performance was modified using alternate dosing options or the 
addition of supplemental heat.  The advanced technology systems contained catalyst components 
that varied from the traditional technologies, such as PNA and SCRF.  There were over 500 
different possible combinations of catalysts, options and test cycles from the components that 
were received.  The experimental screening exercise was conducted over a 20-week period, so 
the number of approaches to be physically tested was reduced to 33 via an analytical screening 
process. Analytical screening consisted of a combination of modeling, engine data, and supplier 
information, to look at the potential of various technology combinations, and to narrow the test 
plan to only the most promising approaches and avoid duplication of effort.  The selections were 
chosen to encompass a wide array of combinations to enable a broad picture of technology trends 
to meet ULN. Figure 139 depicts the advanced technology configurations with options that could 
have been tested. 
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FIGURE 139. ADVANCED TECHNOLOGY CONFIGURATION WITH OPTIONS 

A potential advantage of the advanced technology configuration is that it allows close 
coupling of SCR catalyst, which potentially reduces the warm up time and energy requirement to 
achieve effective NOX control.  However, competition for NO2 between the SCR fast reaction 
and passive soot oxidation of the PM filter may reduce the passive regeneration capability of the 
SCRF filter and require more frequent active regeneration.[7][8] This results in higher fuel 
penalties and potentially higher Infrequent Regeneration Adjustment Factors (IRAF). 

One major advantage of the traditional system is that it maximizes passive regeneration 
of the DPF through the use of NO2, and there is a large body of knowledge and experience with 
the technology contained in the system.  The biggest disadvantage is that placing the SCR after 
the DPF results a large amount of thermal mass upstream of the SCR, which increases the 
amount of time required to achieve catalyst light-off and thus effective NOX control. Figure 140 
depicts the traditional technology configurations with options that could have been tested. 
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FIGURE 140. TRADITIONAL TECHNOLOGY CONFIGURATIONS WITH OPTIONS 

Table 53 provides the typical size range of components tested and compares those to the 
production emissions system for reference.  This table shows that emissions systems designed for 
ULN trend toward larger volume SCR catalysts. This results in reduced catalyst space velocity, 
increased NH3 storage capacity, and reduced aging impact. 

TABLE 53. TYPICAL CATALYST VOLUMES 

Traditional Technology 
Advanced Technology 

Catalyst Volumes 
DPF DOC SCR/ASC SCRF (L) (L) (L) 

13 22 26 
13 26 26 

Total 
(L) 

61 
65 
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All systems were canned in a ‘modular’ fashion to enable reconfiguration of the catalyst 
and optional components.  Figure 141 shows the typical layout of the systems tested.  Each 
system included the following requirements: 

• All components clamped using a ‘standard’ 
• Allows all components to be interchanged 
• NOX sensors at EO, mid-bed and TP 
• Temperature and Sample at inlet and outlet of each component and mid-bed SCR 
• NH3 sensor mid-bed SCR or SCRF out 
• All cones air gap 
• All systems connect to same air gap down pipe 

FIGURE 141. EXAMPLE LAYOUT OF AFTERTREATMENT FOR SCREENING 
EXERCISE 

3.3.2 Transient Reactor Bench 

The screening studies were performed using SwRI’s full size transient gas reactor 
(FOCAS® Hot Gas Transient Reactor (HGTR™) ) to provide precise control of the relevant 
exhaust gas components enabling accurate comparisons between the various emissions system 
configurations.  

The HGTR is a computer-controlled, burner-based, continuous flow reactor system 
designed to duplicate the lean exhaust conditions produced by medium-duty to line-haul size 
truck engines.  The HGTR is a fully transient, full size reactor system. Unlike typical small core 
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gas reactor benches, which use bottled gas to simulate exhaust conditions, the HGTR produces a 
continuous exhaust flow through combustion of fuels and compounds, producing an exhaust gas 
composition that replicates the array of gaseous species found from the combustion of diesel fuel 
in an engine. The exhaust gas conditions are generated through independent, model-based 
control and allow any combination of mass flow, temperature, NOX, H2O and O2 concentration 
within the window of operation.  The HGTR is primarily used for catalyst performance 
evaluation and screening, multi-dimensional mapping, control model calibration, engine/catalyst 
calibration integration, and engine cycle simulations, and can be applied to individual catalysts 
or complete exhaust aftertreatment systems. A schematic of the system is shown in Figure 142. 

FIGURE 142. SCHEMATIC OF TRANSIENT REACTOR BENCH 

The first task in the screening study was to use the reactor to simulate the baseline FTP 
cycle from the Volvo Engine.  During this task, the engine out exhaust gas temperature, flow and 
NOX concentration were simulated. Figure 143 shows a comparison of these parameters 
measured over the cold-start FTP cycle between the engine and the HGTR system.  The tailpipe 
NOX mass emissions between the engine and the HGTR are shown in Figure 144. 
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3.3.3 Aftertreatment Integration Controller 

Since the stock Aftertreatment Control Module (ACM) did not support optional 
equipment, or modified dosing strategy development, a stand-alone integration controller was 
developed during screening to enable the control of dosing and supplemental heating options and 
to allow a dosing control model to be integrated and developed.  The controller was designed to 
work with the aftertreatment system, thus enabling it to be transferred to the engine along with 
the aftertreatment systems for final calibration and demonstration portion of the program.  This 
allowed all control strategies developed during screening to be directly leveraged, thereby 
avoiding duplicate controls development or calibration on the engine. Figure 145 shows a 
schematic overview of the Integration Controller Function. 

FIGURE 145. SCHEMATIC OF INTEGRATION CONTROLLER FUNCTION 

3.3.4 Traditional Technology Configurations 

One major advantage of the traditional system is that it maximizes passive regeneration 
of the DPF through the use of NO2, and there is a large body of knowledge and experience with 
the technology contained in the system.  The biggest disadvantage is that placing the SCR after 
the DPF results a large amount of thermal mass upstream of the SCR, which increases the 
amount of time required to achieve catalyst light-off and thus effective NOX control. 

The first set of screening evaluations explored traditional technology aftertreatment 
systems (ATS).  These systems included a DOC-DPF-SCR catalyst array, positioned in the 
conventional current heavy-duty architecture with the DPF upstream of the SCR catalyst.  Two 
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sets of hardware were evaluated, the production emissions system and an improved traditional 
system that utilized low temperature performance washcoats and low thermal mass substrates. 

The production emissions system (DOC-DPF-DEF-SCR) was studied under four 
combinations of calibration and supplement heat addition: 

• Baseline calibration 
• Cold Engine Calibration 1 – elevated idle (Cold Cal 1) 
• Baseline calibration + mini-burner (MB) heat addition 
• Cold Cal 1 + MB 

Applying the Cold Cal 1 engine calibration to the production ATS, resulted in a reduction 
of tailpipe NOX from 0.14 g/hp-hr to 0.09 g/hp-hr composite.  This reduction was due largely to 
the reduction of engine-out NOX emissions by 40% during the catalyst warm-up period. Figure 
146 shows a comparison of the instantaneous and accumulated NOX between the baseline and 
the Cold Cal 1 engine calibration on the stock ATS.  Figure 147 provides a comparison of DEF 
dosing between the two tests.  During screening, a simple temperature activated real-time 
ammonia to NOX ratio (ANR) with mid-bed ammonia (NH3) compensation was employed.  It 
was hypothesized that this strategy could be more repeat-controlled and more quickly tuned 
between the systems to promote more consistent results for system evaluations.  The impact of 
the elevated exhaust temperature and flow (increased energy) of Cold Cal 1 calibration achieved 
a slight advantage that can be seen as earlier DEF dosing compared to the baseline (achieving 
dosing temperatures  about 75 seconds sooner).  In addition to the reduced NOX calibration, the 
earlier dosing also acted to help reduce tailpipe NOX. 

FIGURE 146. TAILPIPE NOX EMISSION COMPARISON BETWEEN THE BASELINE 
ENGINE CALIBRATION AND COLD CAL 1 FOR THE STOCK EMISSIONS SYSTEM 
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FIGURE 147. MEASURED INSTANTANEOUS AND ACCUMULATED DEF DURING 
THE BASELINE AND COLD CAL 1 COLD-START FTP CYCLES 

Appling a small diesel burner (with variable energy from 5-20 kW) upstream of the 
catalyst array (MB+DOC+DPF+DEF+SCR), but using the baseline engine calibration reduced 
the composite tailpipe NOX emissions to approximately the same level (0.09 g/hp-hr) as applying 
the Cold Cal 1 engine calibration. However, the NOX reduction was achieved using a very 
different approach (supplemental heat as opposed to engine calibration), and the lower NOX 
result was largely due to the accelerated catalyst warm-up time and reduced time to dosing. 
During cold-start, the mini-burner calibration utilized 5 MJ of additional fuel energy and 0.35 MJ 
of parasitic loss (from the belt driven air pump) which corresponds to 2.6% fuel penalty over the 
cold-FTP.  The resulting heat addition brought the SCR inlet temperature up to over 200 °C 
significantly faster (i.e., 400 seconds faster) than the stock system without the heat addition. 
Both approaches (MB and Cold Cal 1) resulted in a 2.6% fuel economy penalty on the cold-start 
(about 0.4% fuel penalty on a composite FTP) – equivalent fuel penalty for equivalent NOX 
reduction.  

The final comparison applied Cold Cal 1 engine calibration and the MB to the stock 
system. The combination of both the MB and Cold Cal 1 reduced the tailpipe NOX emission by 
an additional 5.4 g, resulting in a total fuel penalty of 5.1 % over the cold-FTP (0.78% combined 
penalty over the composite FTP).  The emitted tailpipe NOX level was approximately 5 grams 
over the cold-FTP test (resulting in 0.06 g/hp-hr composite), which was substantially above the 
sub-2.7 gram level needed for ULN. Figure 148 provides a comparison of the measured SCR 
inlet temperature for the Cold Cal 1 test to the same calibration, but with the addition of the MB. 
Figure 149 shows a comparison of the measured DEF dosing for the MB+Cold Cal 1 
configuration to the baseline, where the start of dosing was triggered when SCR catalyst inlet 
temperatures exceeded 170 °C for both tests. 
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FIGURE 148. SCR CATALYST INLET TEMPERATURE FOR THE ULN COLD CAL 1 
CALIBRATION ON PRODUCTION ATS COMPARED TO SAME CONFIGURATION 

WITH ADDITION OF A MB DURING CATALYST WARM UP PERIOD 

FIGURE 149. MEASURED DEF DOSING FOR BASELINE ENGINE CALIBRATION 
ON PRODUCTION ATS COMPARED TO COLD CAL 1 CALIBRATION WITH 

ADDITION OF A MINI BURNER DURING COLD-START 
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These results highlight the potential reductions that can be realized by applying engine 
calibration and supplemental heat, without any further modifications to the current aftertreatment 
or engine technology. Figure 150 provides a summary of the NOX emission results obtained 
utilizing the production emissions system.  The graph shown in this figure represents the 
backdrop for the comparison discussion presented in this study.  The y-axis is composite FTP 
NOX potential (recall the results are generated using transient exhaust gas simulation). The x-axis 
is loosely laid out from left to right beginning with simple DEF injection (no supplemental in-
exhaust energy addition) on the left, moving to advanced DEF injection (options that reduce the 
temperature threshold required for DEF dosing) or small heat additions and then finally to the far 
right, solutions that leverage high levels (≥5 kW) of supplemental energy addition.  Figure 151 
shows the measured instantaneous NOX mass emission and accumulated mass for all four stock 
ATS tests. 

FIGURE 150. COMPOSITE NOX POTENTIAL OF PRODUCTION ATS WITH 
MODIFIED ENGINE CALIBRATION AND SUPPLEMENTAL HEAT ADDITION 
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FIGURE 151. COMPARISON OF INSTANTANEOUS AND ACCUMULATED 
TAILPIPE NOX EMISSIONS FOR PRODUCTION ATS TESTS 

The next traditional system evaluated represented a high performance system designed 
for best NOX performance by utilizing low thermal mass substrates and advanced washcoats. 
This system was referred to as ‘improved traditional technology’, and the performance was 
assessed utilizing heated dosing (1), distributed heat (2), and supplemental heat from the MB (3). 
Figure 152 shows a schematic layout of the configurations tested.  There were two basic 
configurations that utilized electrical energy, the first utilized HD1 to enable low temperature 
dosing, the second included HD1 plus an additional EHC at the outlet of the DPF for a total 
energy input of 5 kW.  The MB configuration utilized the same energy addition control approach 
and calibration as the stock traditional system. 

FIGURE 152. CONFIGURATION OF TRADITIONAL TECHNOLOGY SYSTEMS 
TESTED 
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In the absence of any supplemental heat addition, the temperature measured in front of 
the SCR catalyst did not exceed 200 °C for well over 500 seconds into the cold-start cycle. 
During this period of the cold-start, the engine emitted 19 grams of NOX, which greatly exceeded 
the target 2.5 grams for a cold-start cycle for an ULN application.  Therefore, to achieve ULN 
both reduced SCR light-off time (to less than 200 seconds) and NOX emission management prior 
to SCR light-off would be required.  Reducing SCR light-off time for a cold-start was achieved 
by increasing the exhaust energy flow rate into the SCR. 

Figure 153 shows the measured SCR inlet temperatures and accumulated tailpipe NOX 
mass emissions over the cold-FTP (Cold Cal 1 was used for all remaining screening evaluations) 
for the three configurations tested.  This figure shows that as energy input into the ATS 
increased, tailpipe NOX decreased.  The reduction in tailpipe NOX emission was due to the 
reduction in time to dosing and higher NOX efficiency earlier in the cycle as energy input was 
increased.  It should be noted that both heated dosing and distributed heat utilized a system that 
enabled dosing at lower temperatures (130 °C), the MB configuration began dosing at 170 °C. 
The time to dosing for the MB configuration compared to the production system was reduced to 
150 seconds from 550 seconds.  

FIGURE 153. IMPROVED TRADITIONAL TECHNOLOGY SYSTEMS WITH 
MODIFIERS 

Figure 154 shows the potential tailpipe composite FTP NOX emission for the three 
improved traditional technology configurations tested, charted along with the performance 
measured from the production ATS.  This figure shows the potential improvement gained by 
reduced thermal mass substrates, improved washcoat technology and the addition of 
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supplemental energy input and lower dosing temperature enablers on a traditional configuration 
system.  The improved technology system with the application of a MB demonstrated composite 
NOX potential very close to the ULN threshold. 

FIGURE 154. COMPOSITE TAILPIPE NOX POTENTIAL FOR IMPROVED 
TRADITIONAL TECHNOLOGY SYSTEM WITH MODIFIERS 

3.3.5 Advanced Technology Configurations 

The advanced technology configurations all included an SCRF, which is a dual function 
device that combines the SCR functionality of traditional SCR catalyst and the PM filtering 
functionality of conventional DPFs.  This configuration provides an opportunity to locate the 
SCR catalyst closer to the engine and with reduced thermal mass upstream of the NOX reduction 
system compared to the traditional configuration.  There were two basic groups of advanced 
technology systems evaluated.  The first group included a DOC as the first catalyst; the second 
group included a PNA (with combined DOC functionality) as the first catalyst in the array. 

For the first set of advanced technology systems, the configurations tested are shown in 
Figure 155. The HD1 and MB were controlled using the same approach as was employed for the 
traditional technology configuration evaluations.  
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FIGURE 155. DOC BASED ADVANCED TECHNOLOGY CONFIGURATIONS 
TESTED 

Figure 156 shows the measured SCRF inlet exhaust gas temperature for configurations 1 
and 3. From these data, it can be seen that the time to reach dosing temperatures for both 
systems was less than 100 seconds, and compared to the traditional technology configuration 
these data demonstrate the impact of positioning the first SCR catalyst closer to the engine in the 
ATS (thereby reducing the upstream thermal mass). This graph shows that both configurations 
performed similar in the early portion of the cycle, but that high efficiency NOX control was 
realized earlier for the burner-assisted configuration.  The improved performance was attributed 
to the additional thermal energy provided by the burner, which improves catalyst efficiency 
during the second acceleration. 
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FIGURE 156. MEASURED SCRF INLET GAS TEMPERATURE AND 
ACCUMULATED TAILPIPE NOX MASS EMISSIONS OVER THE COLD-FTP FOR 

THE DOC BASED ADVANCED TECHNOLOGY SYSTEM 

Figure 157 provides a comparison the tailpipe composite NOX potential for the DOC 
based advanced technology configurations tested.  The data show that positioning an SCR 
catalyst upstream of the SCRF provides a slight advantage.  This advantage is due to the higher 
surface area and lower thermal mass of the SCR catalyst, which produces a slight NOX 
conversion efficiency advantage over the SCRF.  However, it should be noted, that positioning 
an SCR catalyst upstream of the SCRF will further reduce the passive soot regeneration 
capability of the filter and may lead to a further increase in active regeneration frequency. 
Utilizing HD1 and an SCRF the composite NOX emissions were reduced to below 0.04 g/hp-hr. 
The use of a MB upstream of the DOC and standard DEF injection reduced the potential 
composite NOX emission to a level slightly below the ULN threshold. 
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FIGURE 157. TAILPIPE COMPOSITE NOX POTENTIAL FOR THE DOC BASED 
ADVANCED TECHNOLOGY CONFIGURATIONS TESTED 

The second set of advanced technology configurations evaluated included a PNA as the 
first catalyst in the array.  The PNA was designed to adsorb NOX at low temperatures, and then 
thermally desorb NOX as the exhaust gas temperature increased to a level commensurate with 
effective NOX control via SCR conventional methods (<200 °C).  No special preconditioning 
cycles were executed to intentionally expose the PNA to elevated temperatures to completely 
remove NOX stored on the PNA.  Upon completion of the initial system preconditioning, testing 
consisted of executing one cold- and two-hot start FTP tests per day and then cold soaking. 
Figure 158 shows the advanced technology configurations tested utilizing the PNA.  The MB 
was not evaluated upstream of the PNA as this would defeat the low temperature NOX storage 
function of the device.   
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FIGURE 158. PNA BASED ADVANCED TECHNOLOGY CONFIGURATIONS 
TESTED 

Figure 159 shows a comparison of measured SCRF inlet temperature using DEF only 
injection to heated dosing (HD1).  HD1 provided some thermal benefit during the idle portions 
of the test, as was evident from the elevated temperatures during the idle segments, but the 
primary advantage that HD1 provided was lower temperature dosing (130 °C).  The bottom 
portion of the graph shows the thermal energy realized at the catalyst compared to the energy 
input.  The red dotted line represents the total energy required to drive HD1 (includes mechanical 
engine efficiency to produce the energy and alternator efficiency for a total electrical efficiency 
of 22%).  The real electrical energy delivered to the heater was slightly less than 1MJ and that 
energy was transferred to the catalyst as thermal energy with a very high efficiency. 
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FIGURE 159. COMPARISON OF PNA-BASED ADVANCED TECHNOLOGY SYSTEM 
UTILIZING DEF INJECTION ONLY AND UTILIZING HEATED DOSING 

Gaseous NH3 injection was facilitated by utilizing a commercially available, solid NH3 
storage system that was designed for use on heavy-duty trucks.  Gaseous NH3 injection was only 
used during the cold-start portion of the cycle, and then the reductant injection was switched 
back to liquid DEF injection once sufficient exhaust temperature had been reached (190 °C).  
Heated dosing (HD1) involved using a 2 kW electrically heated catalyst upstream of a hydrolysis 
catalyst submerged in the full flow of exhaust.  When utilizing this system, the electric heater 
was switched off once sufficient temperature had been reached to enable standard DEF injection. 

Both of these systems were used as low temperature enablers during cold-start operation, 
and NH3 injection, similar to HD1, dosing was initiated when the SCRF inlet temperature 
reached 130°C. Figure 160 shows that the exhaust temperature measured for standard DEF 
injection and gaseous NH3 injection were similar (since no additional heat was added to the 
exhaust, and gaseous NH3 injection was only used until standard DEF injection was initiated). 
The advantage of the 2 kW EHC utilized in HD1 can be seen, particularly at idle conditions 
when the exhaust flow was low.  
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FIGURE 160. EXHAUST GAS TEMPERATURE INLET TO THE SCRF FOR 
STANDARD DEF APPROACH AND FOR HEATED DOSING AND GASEOUS NH3 

INJECTION 

Figure 161 shows a comparison between the measured accumulated tailpipe NOX for 
DEF injection only compared to the HD1 and gaseous NH3 injection.  This is a very interesting 
comparison because it shows that the tailpipe NOX mass emissions for all three configurations 
were similar during the cold portion of the cycle (before dosing was initiated).  Since both HD1 
and NH3 injection can begin dosing at 130 °C a NOX reduction advantage was realized over DEF 
injection at the point that dosing was initiated, however, it also shows that there was no real 
difference between HD1 and NH3.  This indicates that HD1 was effective at achieving 
evaporation the liquid DEF and hydrolysis to NH3 at these low temperatures and that both the 
heated dosing and the gaseous NH3 systems produced an equivalent effect.  By utilizing HD1 or 
NH3 injection, the time to dosing was reduced to about 80 seconds from 240 seconds (for the 
configuration using DEF only), and the impact on tailpipe NOX was a reduction of composite 
NOX potential to 0.03 g/hp-hr compared to 0.05 for the DEF only approach. 
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FIGURE 161. CONTINUOUS AND ACCUMULATED TAILPIPE NOX OVER A COLD-
FTP FOR THE PNA BASED ADVANCED TECHNOLOGY SYSTEM 

Figure 162 shows a comparison of the potential tailpipe composite NOX emissions 
measured for all three configurations tested along with the DOC based advanced technology 
systems. These data show an improvement over the traditional technology with DEF only 
reaching the 0.05 g/hp-hr range (compared to 0.09 for the stock system on the Cold Cal 1 
calibration).  The yellow markers show the results for configurations with a DOC at the front, 
while the pink markers indicate results for configurations with a PNA at the front.  The bright 
pink marker represents the performance of an improved technology PNA (PNA2) for the 
PNA+HD1+SCRF+SCR configuration.  PNA2 was received late in the screening work and 
provided improved capacity and release compared to PNA1 (the light pink markers). 
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FIGURE 162. TAILPIPE NOX POTENTIAL FOR THE PNA BASED ADVANCED 
TECHNOLOGY SYSTEMS 

3.3.6 Enhanced Configurations 

Figure 163 provides an overview comparison of the results from the initial screening 
work, organized by technology approach. It was observed that there were many configurations 
that showed good potential of achieving close to the ULN level, but that further reductions in 
NOX emissions were needed to reach below the ULN threshold.  The plateau was attributable to 
the NOX mass produced by the engine before the SCR catalyst system reached dosing 
temperatures.  Since this engine utilized a turbo-compounder (TC) as a fuel economy 
improvement approach and the TC was positioned upstream of the catalyst system with no 
option to bypass the device during cold-start, the catalyst inlet temperature was about 50-75 °C 
lower during cold-start than would was realized by an engine that did not utilize a TC.  It was 
anticipated that many of the configurations in the 0.02-0.03 g/hp-hr range may have performed 
below the ULN threshold if this engine did not employ a TC or if a means to bypass the TC 
during cold-start could have been employed.  However, since modifying the TC was not an 
option for this program, additional, more aggressive, early heating strategies were developed to 
accelerate high efficiency catalyst performance. 

In Figure 163, several different colors are utilized to the different configurations.  The 
blue markers are for the stock aftertreatment system, while the green markers are for the 
traditional (DPF-based) configurations that utilized the updated program hardware.  The yellow 
markers denote SCRF-based configurations with a DOC, while the pink markers indicate SCRF-
based configurations with a PNA. 
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FIGURE 163. SUMMARY OF EARLY SCREENING RESULTS FOR POTENTIAL 
COMPOSITE TAILPIPE NOX ON TC-ENGINE 

3.3.6.1 Light-Off SCR (LO SCR) 

Catalyst positioning and low thermal mass substrates potentially lower the energy 
required to achieve temperatures required for high catalyst conversion efficiency by reducing the 
thermal mass in front of the first SCR catalyst.  The first enhanced emissions control approach 
proposed the utilization of a new concept in SCR control - the SCR light-off catalyst (LOSCR). 
This concept employed an additional section of SCR catalyst positioned as the most upstream 
element in the catalyst array.  This approach was proposed to overcome the thermal mass of 
other upstream catalysts and reduce the energy input required to achieve light-off of the first 
SCR catalyst during cold start operation.  

To highlight the potential catalyst positioning alone, the exhaust temperature for three 
different first SCR catalyst positions was examined. Figure 164 shows three first SCR catalyst 
positions for both advanced and traditional technology configurations that would be reasonable 
solutions for heavy-duty applications.   
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FIGURE 164. TESTED FIRST SCR CATALYST POSITIONS 

Figure 165 shows the measured exhaust gas temperature into the first SCR 
catalyst for each of these configurations and the amount of energy that would be required to 
increase each of these configurations to 200 °C for 400 seconds after cold-start. The vertical 
dashed lines denote the time at which various configurations reach the point where dosing 
begins.  It should be noted that because there are heat loss pathways upstream of the first SCR 
catalyst, the real energy required to achieve this temperature would increase by the heat losses 
incurred upstream of the catalyst.  The baseline configuration would require 5MJ, the SCRF 
configuration would require 3MJ, and the LOSCR configuration 1MJ. 
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FIGURE 166. FIRST SCR CATALYST INLET TEMPERATURE COMPARING LO 
SCR TO SCRF CONFIGURATION 

Under cold conditions the SCR catalyst relies heavily on the fast SCR reaction (2*NH3 + 
NO + NO2 = 2*N2 + 3*H2O) and since the engine-out exhaust was predominantly NO there was 
concern that the LO SCR might have very low efficiency.  However, the purpose of this catalyst 
was not to achieve very high efficiency control, but to trim the system NOX enough that the early 
NOX accumulation could be reduced to levels to make ULN more achievable.  Additionally, if 
the LO SCR catalyst could reduce the input NOX, and a PNA was utilized downstream, then the 
LO SCR would also act to reduce the NOX mass storage requirement in the PNA and should help 
to reduce the effective NOX flux through the PNA, potentially reducing NOX breakthrough on 
hard accelerations.  A preliminary test was conducted to examine the potential effectiveness of 
the LO SCR under the standard SCR reaction (4*NH3 + 4*NO + O2 = 4*N2 + 6*H2O). Figure 
167 shows a comparison of the low temperature NOX efficiency for a range of exhaust mass 
flows typically encountered on the FTP cycle was a moderate acceleration) for a feed stream of 
exhaust that consisted of 90% NO.  This figure shows very good NO reduction for flow rates 
corresponding to idle conditions, and some efficiency for moderate acceleration conditions for 
temperatures below 180°C were achievable. 
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FIGURE 167. LOW TEMPERATURE NOX CONVERSION EFFICIENCY OF LOSCR 
UNDER STANDARD SCR REACTION FOR IDLE AND MODERATE FLOW AND N2O 

AT IDLE CONDITIONS 

Figure 168 compares the measured tailpipe instantaneous and accumulated NOX, and 
accumulated N2O for NH3+LOSCR+PNA+HD1+SCRF+SCR compared to 
PNA+HD1+SCRF+SCR.  This figure shows that utilizing the LOSCR and split dosing reduced 
the tailpipe NOX emissions during the early portion of the cycle compared to heated dosing 
alone.  The dosing strategy used for the LO SCR involved starting gaseous dosing at 100 °C at 
an ANR of 1.0, and continuing until the SCRF reached 160°C.  The strategy then reduced the 
LOSCR ANR to 0.4.  The control requires two NOX sensors (at engine out and PNA out) and the 
dosing balance was clearly complex.  The reduction was likely to be a combination of some NOX 
reduction across the LO SCR, in addition to an effective increase in PNA capacity due to a 
reduced NOX feedstream.  An additional benefit to the LOSCR was that N2O emissions are 
reduced.  Since N2O was largely formed from nitrates formed from NO2 during DEF dosing 
under cold operation, the LOSCR also had the potential to reduce N2O formation since the 
reaction over that device was predominantly NO based.  The composite tailpipe NOX emission 
for the LOSCR configuration with PNA2 was 0.017 g/hp-hr, which was below ULN threshold. 

The LOSCR formulation was Cu-Ze, which performs well at lower temperatures, 
however, this formulation was also susceptible to sulfur poisoning, and being the first catalyst in 
the array, may not be exposed to exhaust temperatures sufficient to desulfate the catalyst.  This 
was a potential issue with this configuration, and alternate formulations or desulfation 
approaches were considered. 
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FIGURE 168. TP NOX AND N2O FOR PNA BASED ADVANCED TECHNOLOGY 
CONFIGURATION WITH AND WITHOUT LOSCR 

3.3.6.2 MB Placement 

In this study, the MB was considered a dual-purpose device. It can be utilized for cold-
start assist, but also for active DPF PM regeneration.  In the typical configuration, the MB was 
placed upstream of the DOC to heat the DOC to enable fuel oxidation and increase exhaust 
temperature during active regeneration events.  An alternate configuration with the MB placed 
downstream of the DOC or PNA was considered to accelerate first SCR catalyst warm up during 
cold-start. If the PM filter was an SCRF, then the MB could still be used to assist regeneration, 
but the heat during warm up and regeneration would be directly applied to the SCRF catalyst, 
additionally, the MB alone may not be sufficient to reach regeneration temperatures at off idle 
conditions. 

The first comparison explored the use of the MB upstream of the DOC in a traditional 
system (to enable use for both catalyst light-off and for regeneration), upstream of the DOC in an 
advanced technology configuration and downstream of the PNA in a second advanced 
technology configuration.  The positioning in the advanced technology system (upstream of the 
DOC and downstream of the PNA) allows an assessment of the impact of the thermal mass of 
the first catalyst.  For this work, the same MB calibration was applied to each system; each 
system was supplied with an additional 4MJ of energy over the cold start. Figure 169 shows the 
three MB based systems that were compared. Figure 170 shows a comparison of the fuel and air 
run by the MB for the three different runs. 
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FIGURE 169. TRADITIONAL AND ADVANCED TECHNOLOGY CONFIGURATIONS 
COMPARED DURING MB POSITIONING COMPARISON 

FIGURE 170. FUEL AND AIR DELIVERED TO MB DURING THREE SEPARATE 
COLD-START FTP TESTS, UTILIZING THE SAME MB CALIBRATION 

Figure 171 shows the measured exhaust temperature inlet to the first SCR catalyst for 
each run as well as the tailpipe NOX accumulated mass emissions.  Both advanced technology 
systems showed substantial reduction in tailpipe NOX mass emissions compared to the traditional 
technology approach.  Comparing the performance of the MB+DOC+DPF+SCR versus the 
MB+DOC+SCRF+SCR, the impact of the upstream thermal mass of the DPF can be observed, 
and the primary difference in the tailpipe NOX between the two configurations was due to the 

161 
SwRI 03.19503 Final Report 



  
 

  

 

 
    

 
 

  
   

   
   
     

  
    

     
    

 
 

 

JOO 

200 

100 

0 

0 

-Mtl+OOC+Ol'f+SCR • SCRF IN - Mtl+OOC•SCRF•SCR· SCRF ltl 

••· ·PNA+Mtl+SOlftSOl •TP NOX ••• Mtl•OOC•SCAF♦SCR • Tl' NOX 

·················-···············-········ • _ 4.3, __ -···' / 3.Sg 
4 

I ,·-···············-···············-······· ~ -··-···· s 
/' ,,•····· ...,. ~ 
•/ 

l ························-···············-······ . --------2 : ,.- 1.Sg 
I ' t ,' 

J j 

200 400 600 
llm~, s.tc 

0 
800 1000 1200 

reduced time to dosing in the advanced technology system. Comparing the 
MB+DOC+SCRF+SCR to PNA+MB+SCRF+SCR it can be seen that the temperature profiles 
are similar, but with the downstream MB showing a slight thermal advantage over the MB 
upstream of the DOC.    

FIGURE 171. MEASURED EXHAUST GAS TEMPERATURE UPSTREAM OF THE 
FIRST SCR CATALYST FOR BOTH TRADITIONAL AND ADVANCED 

TECHNOLOGY CONFIGURATIONS 

However, the tailpipe NOX for the PNA+MB+SCRF+SCR configuration shows 
substantial reduction over the MB+DOC+SCRF+SCR configuration.  Figure 172 shows the 
measured DOC and PNA out accumulated NOx (NOX mass into SCRF) and accumulated 
thermal energy increase (over a baseline/no heat addition advanced technology configuration). 
This figure shows that positioning the mini-burner after the first catalyst provides a slight 
thermal advantage compared to upstream of the DOC, but that the main advantage in the PNA 
configuration was due to the reduced NOX levels at the inlet to the SCRF due to NOX adsorption 
on the PNA during the catalyst warm up period.  This figure shows that 4.1 MJ of fuel energy 
were added during the first 400 seconds, but only 3.1 MJ of thermal energy was measured at the 
catalyst inlet due to thermal heat losses to the DEF mixer and the evaporation of DEF. 
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FIGURE 172. SCRF CATALYST INLET NOX AND INJECTED FUEL ENERGY AND 
THERMAL ENERGY FOR ADVANCED TECHNOLOGY CONFIGURATIONS 

Figure 173 shows the impact of the two advanced technology configurations on 
accumulated tailpipe NOX and N2O mass emissions.  The PNA+MB+SCRF+SCR configuration 
reduced the tailpipe composite NOX emissions very close to 0.01 g/hp-hr.  The N2O emissions 
for both configurations are equivalent since both are still leveraging DEF dosing into the SCRF. 
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FIGURE 173. TAILPIPE NOX AND N2O ACCUMULATED MASS EMISSIONS FOR 
ALTERNATE MB LOCATION 

3.3.6.4 Summary of Advanced Technology Configurations 

Figure 174 shows a comparison of first SCR catalyst inlet temperature measured for 
various advanced technology configurations.  The configurations shown are: 

(1) DEF Only:  PNA+DEF+SCRF+SCR 
(2) HD1:  PNA+HD1+SCRF+SCR 
(3) NH3:  PNA+NH3+DEF+SCRF+SCR 
(4) LOSCR: LO SCR+PNA+SCRF+SCR 
(5) MB-1: MB+DOC+DEF+SCRF+SCR 
(6) MB-2:  PNA2+MB+DEF+SCRF+SCR 

This figure provided an excellent summary of the thermal differences observed by the 
different configurations of an advanced technology approach. 

Figure 175 shows a summary of the instantaneous and accumulated tailpipe NOX 
emission for the six configurations.  Again, the primary advantage in moving from higher 
tailpipe NOX to lower was a combination of reduced time to dosing for higher supplemental 
energy additions and NOX control during cold-start (here due to PNA). 
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FIGURE 174. FIRST SCR CATALYST INLET TEMPERATURE DURING COLD FTP 
FOR VARIOUS ADVANCED TECHNOLOGY CONFIGURATIONS 

FIGURE 175. TAILPIPE NOX EMISSIONS DURING COLD FTP FOR PNA-BASED 
ADVANCED TECHNOLOGY SYSTEM WITH VARIOUS THERMAL MANAGE 

STRATEGIES 
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3.3.7 Impact of SCRF Regeneration on Fuel Consumption and GHG Emissions 

As noted earlier, SCRF was a key technology for many of the configurations that showed 
the potential to reach NOX levels below 0.02 g/hp-hr.  It has been found that the application of 
SCRF can have a negative impact on passive regeneration due to competition between SCR and 
regeneration reactions [7][8].  This will cause an increased need for active regeneration, resulting 
in increased fuel consumption.  This was observed in the current program, although the increase 
could potentially by mitigated somewhat by catalyst formulation or the use of multiple points of 
urea dosing. 

In order to make an accurate determination of the impact of the final configuration in fuel 
consumption and GHG emissions, it was therefore important to make an assessment of how 
much additional demand for active regeneration will occur on this engine as a result of the use of 
SCRF.  To that end several experiments were run in order to provide information needed to 
enable this calculation. It should be noted that these projections are estimates based on data 
available at the time. 

One set of experiments involved looking at the soot oxidation behavior of a loaded filter. 
In these experiments, the filter was soot loaded to 6 grams/liter and weighed to confirm the 
loading level.  The engine was then run for 1500 seconds at a given temperature (e.g. 250, 300, 
400, 450°C) and 850 kg/hr exhaust flow rate.  Differential pressure was monitored, and the filter 
was reweighed after the experiment to confirm the amount of soot mass lost.  Experiments were 
conducted using a DOC+DPF as a control and with the SCRF (using the upstream PNA as the 
DOC) both with and without DEF dosing.  The results of these experiments are summarized in 
Figure 176.  

They indicate little or no passive soot oxidation on any systems below 300 °C, and then 
an increasing level of soot oxidation on the DPF as expected above 400 °C.  The SCRF without 
dosing showed a small drop in soot oxidation in comparison at high temperatures, likely due to 
the lack of precious metal on the filter.  However, once the dosing was turned on, there was a 
significant loss of passive soot oxidation, with the data indicating very little passive regeneration 
activity.  This data was matched with soot loading experiments conducted on clean filters, which 
confirmed very little passive soot oxidation at DEF dosing rates needed for ULN levels. 
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FIGURE 176. SOOT REGENERATION RESULTS FOR DPF VERSUS SCRF 
CONFIGURATIONS 

This impact was not significant on the FTP cycle, wherein the average temperature on the 
SCRF was only 230°C, so that significant passive regeneration was not observed on either the 
DPF or the SCRF.  However, on the higher temperature RMC-SET cycle, the impact was 
significant.  This suggests that the impact of SCRF technology on relative active regeneration 
frequency was dependent on the duty cycle.  For this program, it was necessary to calculate 
relative regeneration frequency values for both the FTP and RMC-SET cycles, in order to assess 
the impact of the technology in the context of Phase 2 GHG regulations.  A final, field cycle 
based number was needed in order to finalize the aging cycle for the parts to be used in the final 
demonstration testing. 

In the final configuration, SCRF regeneration was accomplished in a manner similar to 
most current Class 8 heavy-duty engines, with in-exhaust injection of diesel fuel used to generate 
an exotherm over the upstream DOC (or PNA). In order to support this calculation, regeneration 
experiments on soot loaded SCRF were used to quantify the efficiency of conversion of fuel 
energy to heat, which was generally found to be on the order of 94% for the PNA+SCRF system. 

The following data were utilized in the final calculations: 
• filter inlet PM data (shown below in Table 54) 
• field data histograms from the engine manufacturer 
• test cycle RMC-SET and FTP cycle temperature data 
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TABLE 54. FILTER INLET PM EMISSIONS (DOWNSTREAM OF SYSTEM DOC) 
DPF-In PM Data, g/hp-hr 

Baseline Updated Calibrations 
Cold-FTP 0.16 0.16 
Hot-FTP 0.065 0.040 
RMC-SET 0.020 0.015 

Based on comparison of the temperature histograms, it was determined that the field data 
could be best represented by weighting the FTP and RMC cycles by 65% and 35%, respectively. 
In addition, the cycle temperature and flow data was used to establish the amount of fuel needed 
on each cycle to raise the SCRF inlet temperature to the requisite 600 °C for successful active 
regeneration.  A target soot loading level of 6 g/liter was used for DPF calculations, while a 
lower level of 5 g/liter was used for the SCRF.  The slightly lower level for the SCRF was 
chosen at a level wherein SCR conversion would not be impacted over the FTP cycle. 

Based on all of these data, final regeneration frequencies were calculated as shown in 
Table 55.  It should be noted that a somewhat longer regeneration event was required to ensure 
complete regeneration on the SCRF.  It should also be noted that the baseline field cycle 
frequency was based on data from the manufacturer, while the FTP and RMC frequencies are 
based on measurements made using the engine at SwRI and a program DPF.  Overall, it was 
estimated that active regeneration frequency will nearly double.  It should be noted there are 
technology options that could potentially help mitigate some of this penalty, including different 
SCRF formulations, or the implementation of a multi-point DEF dosing system. 

TABLE 55. PREDICTED REGENERATION FREQUENCY FOR BASELINE DPF 
AND SCRF CONFIGURATIONS 

Baseline SCRF with updated engine 
FTP every 33 hours 1.3% every 40 hours 1.7% 
RMC every 96 hours 0.4% every 36 hours 1.9% 
Field every 40 hours 1.0% every 39 hours 1.7% 

Active Duration 25 min - 575°C 40 min - 600°C 

Based on the active regeneration frequencies given above, and on the measured fuel 
required for regeneration on the two cycles, the overall penalty for increased SCRF regeneration 
on this engine was calculated to be 0.4% on the FTP, and 0.3% on the RMC-SET. To get these 
numbers, total regeneration fuel requirements were calculated for both baseline and SCRF cases 
by multiplying the amount of additional fuel needed for a cycle in which regeneration occurs by 
the total regeneration frequency.  The penalty show is the difference between these the baseline 
and SCRF values, shown as a percentage of the baseline fuel consumption on the cycle.  These 
values are added to the measured data from the test cell in order to determine the final fuel 
consumption impact of the ULN configuration.  It must be noted that these numbers are closely 
linked with the particular hardware, engine, and calibration choices made in this program. 

3.3.8 Technology Ranking 

In February 2016 the Ultra-Low NOX Diesel System technology screening results were 
peer reviewed at a CARB Program Advisory Group technology symposium for the CARB Low 
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NOX program.  Composite and real time emissions and performance data from the screening of 
the various technologies, technology options and configurations were reviewed.  The screening 
exercise was conducted on a full size transient gas reactor (HGTR) which enabled a large 
number of systems to be screened and ranked for their NOX control potential in a relatively short 
period of time.  A summary of the aftertreatment technologies and engine calibrations considered 
under this program and their composite NOX potential realized on this engine are summarized in 
Figure 177. Figure 178 summarizes the measured FTP composite NOX potential of the various 
systems evaluated using the Cold Cal 1 engine calibration simulation. 

FIGURE 177. AFTERTREATMENT TECHNOLOGIES AND ENGINE CONTROL 
APPROACHES AND THEIR CUMULATIVE COMPOSITE NOX POTENTIAL ON 

TEST ENGINE 
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FIGURE 178. SUMMARY OF COMPOSITE ULTRA-LOW NOX POTENTIAL OF 
VARIOUS TECHNOLOGY CONFIGURATIONS 

To reach ULN composite emissions levels, significant cold-start FTP emission reductions 
(on the order of current technology hot-start emissions) must be achieved as well as very high 
conversion efficiencies for the entire hot-start cycle.  A key part of obtaining the necessary cold-
start emission reductions was reducing the time to achieve SCR light-off. Increased exhaust 
energy was needed to obtained rapid SCR light-off and was provided by engine measures and 
direct in-exhaust heat addition in the form of electric heaters or burners.  Each approach had a 
fuel consumption increase versus energy increase trade-off.  

To reduce the fuel penalty realized by in-exhaust thermal management many aspects 
were considered.  The elements that affected total energy addition and potential fuel from an in-
exhaust thermal management strategy included: catalyst positioning, positioning of supplemental 
heat, leveraging of low temperature dosing enablers, and devices designed to reduce SCR inlet 
NOX mass during catalyst warm-up period 

The screening exercise identified many characteristics that were common to the 
configurations that were able to achieve low NOX performance.  These characteristic and some 
of the technologies that enabled these performance features included: 

• Ability to begin dosing within 60-150 seconds 
– Lower temperature dosing ability 

• Heated dosing or gaseous NH3 injection 
• Light-off SCR 

– Reduced time to dosing by addition of high levels of supplemental heat 
• Mini-burner or catalytic fuel combustion 
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TECHffOLOGY SCREENING CONFIGURATIONS EVALUATED 

Traditional Approac-hes 

DOC + DPF + SCR + SCR//JSC 

M8 + DOC + DPF+SCR +SCRj/JSC 
DOC +DPF+ HDl +SCR +SCRj/JSC 

Traditional Tec-hnologvApproac-h wi th 
A l ternate Configurations and Conu pts 

TECHNOLOGY SCREENING CONFIGURATIONS EVALUATED 

A dvanu d Tec-hnologvApproac-hes 

DOC + DEF + SCRF + SCR + SCR//JSC - (not evaluated) 
DOC + DEF +SCR +SCRF+SCRj/JSC 
DOC + HDl +SCR +SCRF+SCRj/JSC 
DOC + HDl +SCRF+SCRj/JSC 

M8 + DOC + DEF +SCRF+SCR +SC1//JSC 
M8 + DOC + DEF +SCR +SCRF+SC1//JSC 
DOC + M8 + SCRF + SCR + SCR//JSC- (not evaluated) 

t------------------------------------
DOC +DPF+ EHC+ HDl +SCR +SCR//JSC I PNA + DEF +SCRF+SCR//JSC ----
NH3 + LOSCR + DOC + DPF + HDl + SCRF + SCR//JSC - (not evaluatedj PNA + NH3 + DEF + SCRF + SCR//JSC 

I PNA + HDl + SCRF + SCR//JSC 
'- - - - -- - - - - _______________________ • _____ ~ PNA + HDl + SCR + SCRF + SCR//JSC 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Advanced Configurations and Con-:epts 

PNA + M8 + DEF +SCRF+SCRj/JSC 
NH3 + LOSCR + PNA + HDI + SCRF + SCR//JSC 
EHC/ DOC + DEF + SCRF + SCR + SCF;//JSC - (not evaluated) 

'-------------------------------------

 Low temperature NOX suppression until the first SCR catalyst reached light-off 
temperature 

– Passive NOX adsorber 
– Engine calibration 

The results of the screening exercise and a qualitative assessment of the technologies and 
configurations were used to rank the configurations that enabled low NOX performance.  The 
ranking was broken down into five subgroups: 

1. Potential Composite NOX performance 
2. Potential Green House Gas Impact 
3. Potential Durability 
4. Complexity 
5. Additional Cost 

Members of MECA and EMA that participated as part of the Low NOX Program 
Advisory Group were given the opportunity to assess and rank the technologies and 
configurations. This section summarizes the collective assessment of potential Low NOX 
technologies and rankings of the technology combinations.  The final ranking served as the 
guideline for selection of the combinations to be evaluated and to undergo final calibration on 
the engine, progressing to the final diesel system demonstration.  The configurations that were 
considered and ranked, grouped by traditional or advanced technology approach, are shown in 
Figure 179.  Refer to the NOMENCLATURE for interpretation. 

FIGURE 179. TECHNOLOGY CONFIGURATIONS CONSIDERED AND RANKED 
UNDER SCREENING TASK 
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3.3.8.1 NOX Performance Ranking 

The composite NOX potential of each technology configuration was used to rank the 
technology combinations.  Those technologies that had a high potential to meet the <0.02 g/hp-hr 
target were ranked green, those in the 0.025-0.04 range were ranked yellow, and those above 
0.05 were ranked red.  Table 56 shows the technologies ranked green and yellow.  Although it 
was felt that the calibration effort for the technologies that ranked yellow would exceed the 
allowable effort for this program, it was felt that they should also be considered highly viable, 
particularly in applications that did not include a turbo compound (resulting in higher cold-start 
exhaust gas temperatures and potentially less energy to achieve catalyst light-off). 
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Composite Potential Durability Complexity Cost 

System NOx Composite 
Potential FTP 

Penaltv, ¾ 
PNA + MB + DEF + SCRF + SCR/ASC 0.01 

NH3+LO SCR + PNA + HDI + SCRF + SCR/ASC 0.016 

PNA2 + HD1 + SCRF + SCR/ASC 0.018 

MB+ DOC + DEF + SCR + SCRF + SCR/ASC 0.019 

MB+ DOC + DEF + SCRF + SCR + SCR/ASC 0.018 

DOC+ MB+ SCRF + SCR + SCR/ASC - (notevatuated) IIIIIIIIIIIIII IIIIIIII I 
II 

EHC/DOC +DEF+ SCRF + SCR + SCR/ASC - runder eva1uationJ Ill 

MB+ DOC+ DPF + SCR + SCR/ASC .025 

EHC/DOC + DPF+ HD1 + SCR + SCR/ASC - (notevatuated) IIIIIIIIIIIIII IIIIIIII I 
Ill 

PNA+ HD1 + SCRF + SCR/ASC 0.029 

PNA + NH3 + DEF+ SCRF + SCR/ASC 0.031 

NH3 + LO SCR + DOC + DPF + HD1 + SCR+ SCRF + 
SCR/ASC 

IIIIIIIIIIIIII IIIIIIII I 
Ill 

/not evaluated) 

DOC+ DPF + EHC + HD1 + SCR + SCR/ASC 0.033 

Base engine, stock calibartion. 4852 g 
Baseenaine. CC1. 4973a 

TABLE 56. TECHNOLOGY RANKING TABLE - FTP COMPOSITE NOX POTENTIAL 

Other concepts that can improve performance of technology: Turbo-Compound bypass, EGR cooler bypass, Close-coupled LOSCR 
placement, canning to reduce heat loss 
Note:  Green considered viable for ULN on current engine, Yellow considered viable for ULN on non-turbocompound engine 
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3.3.8.1 Fuel Economy Penalty 

The potential fuel economy impact of each configuration was assessed based on the sum 
of the engine calibration penalty, the penalty associated with the supplemental energy added to 
accelerate catalyst light-off and any penalty associated with increased regeneration frequency 
compared to the baseline system. 

The potential fuel addition requirement of applying each technology or engine calibration 
was estimated and is shown in Table 57.  Additional fuel equivalent was measured directly for 
the MB fuel consumed, and estimated for electrical devices and parasitic losses using assumed 
electrical and mechanical efficiencies.  All strategies were assumed to be maintained for 500 
seconds.  The assumptions used in these calculations were: 

• Electrical efficiency: 44% for mechanical efficiency * 50% generator efficiency = 
22% net efficiency 

• Burner assumed 2kW parasitic/mechanical losses for air pump 

• SCRF increased regeneration penalty 

The potential fuel economy (FE) impact to both the cold start FTP (CFTP) and the 
composite FTP are also shown in the table.  

TABLE 57. FUEL ECONOMY IMPACT OF VARIOUS CALIBRATIONS, HEAT 
ADDITION OPTIONS AND TECHNOLOGIES THAT IMPACT PASSIVE 

REGENERATION 
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Composite Potential Durability Complexity Cost 

System NOx Composite 
Potential FTP 

P@naftv % 

PNA + MB + DEF + SCRF + SCR/ASC 0 01 1.04 

NH3 + LO SCR + PNA + HDI + SCRF + SCR/ASC 0016 0 .95 

PNA2 + HD1 + SCRF + SCR/ASC 0.018 0,9 

MB+ DOC + DEF + SCR + SCRF + SCR/ASC 0.019 1.04 

MB + DOC + DEF + SCRF + SCR + SCR/ASC 0018 1.04 

DOC + MB + SCRF + SCR + SCR/ASC - (nor evatuaredJ IIIIIIIIIII/I/Hllm 1.04 

EHC/DOC + DEF+ SCRF + SCR + SCR/ASC -funderevaluarlonl Ill 1.05 

MB+ DOC + DPF + SCR + SCR/ASC 0025 0.74 

EHC/DOC + DPF + HD1 + SCR + SCR/ASC - (notevaluaredJ Ill/I IIIIII/ I/II//IH 0.98 

PNA + HD1 + SCRF + SCR/ASC 0029 0.9 

PNA + NH3 + DEF + SCRF + SCR/ASC 0 031 0.72 

NH3 + LO SCR +DOC+ DPF + HD1 + SCR+SCRF + 
SCR/ASC II II II II II /Ill Ill Ill 0.65 
tnot eva1uarec11 
DOC+ DPF + EHC + HD1 + SCR + SCR/ASC 0033 1.2 

Base engine, stock calib@rtion: 4852 g 
Baseenaine, CC1·4973a 

TABLE 58. TECHNOLOGY RANKING TABLE - FUEL ECONOMY IMPACT 

Composite Fuel Penalty Potential is Additional Fuel for all options: 
0.4% COLD CAL 1 + 0.3% SCRF (if used) + dosing strategy + supplemental heat strategy 
Note:  Green considered viable for ULN on current engine, Yellow considered viable for ULN on non-turbocompound engine 
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3.3.8.2 Durability, Complexity, and Additional Cost 

Durability, complexity and additional cost rankings were subjective.  Durability, 
complexity and cost concerns of all elements of the emissions system that were not traditional 
technology or were additions to a base 2010 technology system (including active regeneration 
devices) were assigned a rating from 0-10, where 0 is best.   Table 59, Table 60, and Table 61 
summarize the feedback received by the participating members for durability, complexity and 
cost.  There were four participating EMA members and four participating MECA members.  The 
comments for each device have been combined into one statement and summarized.  The ranking 
for each participating member, identified as MECA or EMA are shown along with the SwRI 
ranking and the average of all scores.  The ranking for each technology configuration was the 
sum of the average rating for all the technologies used in configuration.  
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Device 

Passive NOx 

adsorber 

SCR on Filter 

LO-SCR 

Mini-Burner 
EHC assisted 
Catalytic Fuel 
Combustion 

Dual Point Dosing 

Full Flow Heated 
Dosing 

Partial Flow Heated 
Dosing 

5kwEHC 

Gaseous NH3 

I I I I I 

rl N c,') <:t 
rl N c,') <:t 6 6 6 6 ii: <i: <i: <i: <i: 

l ~ ~ ~ ~ UJ UJ UJ UJ 

UJ UJ UJ UJ ~ ~ ~ ~ 

DURABILITY 

Rating Notes 

4 9 8 3 5 7 4 4 2 5.5 Durability not well known. Adsorpition capacity can be notably reduced due to therma aging and sulfur 
poisoning. Desulfation, related LNT technology already common in light duty production 

3 8 6 3 6 2 3 3 4 4.3 Impact of ash on efficiency and ash cleaning procedure not well known The heat from regeneration 
can have multiple negative impacts to SCR and filter element designs, which impacts system 
performance and durability. Risk of increased thermal aging of the SCR wash coat, due to e.g. drop to 
idle during soot regeneration. Existing Cu SCR formulations are robust, SCR on Filter already in LD 
production so real world experience expanding. 

2 7 5 2 5 2 2 5 5 3.8 Oil poisoning may impact performance. Poisoning is a high risk from fuel and oil quality issues. 
Difficult to receive sufficient engine out temperature to de-sulfate the LO-SCR, risk of permanent sulfur 
poisoning. Sulfation will be a concern - also, NO only performance will degrade more than NO/N02 

6 6 9 7 4 7 6 6 6 6 Possible coking issues. Many potential equipment malfunction pathways 
4 5 8 4 6 5 4 5 4 5.1 Durability ofwashcoat, fouling of DOC Aging and stress on the washcoat is also an unknown. Not well 

known durability over time for the connections and insulations (risk of short cut etc) . Washcoat 
adhesion concerns with thermal cycling, Resistance vs time unknown 

2 5 2 3 

6 2 6 7 

3 0 7 3 4 3 

3 3 5 4 

3 7 2 7 

3 

3 

3 2 2.3 Possible corrosion ofNH3 switching valve More components give higher chance to breakdown of parts. 

ncreased failure rate relative to single point dosing without improved component reliability. Not well 
known durability over time for the connections and insulations (risk of short cut etc) . Discreet injectors 

4 4 3.5 

5 5 3.5 

4 5 3.7 

7 3 3.6 

eliminates switching valve concern 

Heated element can reduce urea deposit potential Catalyst damage after long times of heating and 
exposure to gas flows is a concern. Not well known durability over time for the connections and 
insulations (risk of short circuit) 

System packaging to create a durable system is a concern. Not well known durability over time for the 
connections and insulations (risk of short circuit etc) . Diagnostics more of a concern than actual 
durability 
Fast heat-up could lead to thermal stress on the wash-coat. Durability of electrical system is a concern. 

Not well known durability over time for the technology. 

TABLE 59. TECHNOLOGY RANKING TABLE - DURABILITY RATING 
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COMPLEXITY 

Oniu I Rall• 

SCR on Fi hf'.r 

M,ci~Btlrl'lef 

EHC assisted Catal)1ic 
F'tliel Combuttkm 

.Dual P<Jml Oolisig 

Foll Flow H ... ed t>Mu,g 

Partial flow Hll!-a~ 
Oosfog 

5kwEHC 

Oaleou, ?\1-l, Ul~tion 

2 8J7722 .. Oetulfauoo Dll)' be rtqutr~ Reql;ti..Tef d(o..·eJq,e,neol of PNA wodcl Col:ltroli ~ challtQe:in_g.s ~" DO •..y to tndS\lrt ~or-q,e tc1lfllJOO 
in.tieraction. Nttdl to ste:Utt tt~h-e saarus at key off (e.a, aft« nm, 8~'" fui!I pl"m,lty)o~·iw ri.sl of dtftt1 ~ict-. 080? AOiuef!d 
control imd da""°'tK: slntqy 1$ rtqwrcd 

2 0 4 '3 .a 2 1 2 4 J May~epus.h~~tion. M'1Sebecliae;nosedarbo1hS('.RandOPF. Comp!!tin,rcactions(0tN02bet\\'MnXO,trl!duclioaandp1ssr\-e 
reg,memiOCL. Still tfquirfl dov,nstttam SCR.. Refmemecu of acth'f' ttger1mtioo model.Reduct:$ tbt panr.l" rqeotnttioo, may DHd to iM du.al 
p(M1 addlti\'t do-Jiot loci N~ 1ti1sor lllH:ded (or diagnot,des A&.•e-td control ~ di~tk stntegy b ~ired 

l S 6 2 6 3 3 4 

• s • 1 • s • • 
' • 8 ' 3 1 ' ' 
2 ? • ' s 4 z s 

) • ' ' l ) 

3 4 s 3 4 3 3 s 

6 6 3 ' 2 ) 3 

4 1 7 4 • s • ' 

3 

' 
3 

• 

• 
' 

4 Oe-.l"lopmfflt of dosing Stralf'!Y ttoquittd DOIi point dosing ttqllittd. Addit.iocal semon ttqaittid for &)--si.ffll lf"o-el diagnostics. Dtsul.f.tlioo., i f Qi~ 

SC'R,. 10 addl1ion IO<bl poad do"'"! N20 'NOt ~I do~ 10 :-;HJ shp 10 dot.m.trtvu DOC-need t.0-SCR A.\iOX Sult'm ~tiOn ffll)tit 
complex. H\lge complexity cross broad~ of applkatiocs oo,~cle for tptot claim., may oot be feui~ NO\'e.l diagnostic stntf!}' Btl'ds to 
be ~'tloped. Elmlrt sp.1oe ia tbt \'thiot.e 

• 
4 

) 

4 

• 
• 

AddidOG:AI coorrol system Fuel, spaJt, aif subs)'Sltlltl CO!ltrol comple.:<. Addltu,oal conrrol S)'Sl@ffl required. OitglX)Slies rtqui~ fOr ~b 
suln~'Stffll. Systtm maititenance dmtt al rruxb COlllrol challeng,e ascatal)"'ll attds 

ttr.-ok'fddosittg stntegje,s for cold-start to~ acthity, slip Md ~it fomwt:ion. Colltrol mode:rast- ComrolscomplexJty. 002 imp1et 
,lldditioml ECU needed.& 080 Complf'~'( ~~etll strt1egy ror HC~trol 

Additioml ~trol asid t:'&!ib~ioo witb bijccrioo point• rat.c dettm:1m:dioa IDCl s11:a1.egy ror $pliUing DEF flo-• ConSrol$ •~1od(ute Strate-,y 
optimiz:ltioo op from. bl Ust flO QIOff c:bal.l~ than dual ~ S)'RMft. Addi.tiooa) C'OrW'Ob ,compluity' 'llttl deposit l!OftCffl1S 

Ad\ 'Ql;cd, NHJ ,t0f18C c:oall'OI UICI di~i0 '°" iDCrcaied f,CO,or aid actwitor set rcqu.iml. 

Cootrol of b(2!i~ d~t Adcbtiorul <:otttrol syllefl) ~ Controls rm the hcati123 a:id di~cs ue iie-edc:d. 

Addilioml C:Oiltrolle-rrcquim1, COn1rob ~pltx. Flo...•c:oatrol ~ i1 $ligbtl)' more c:ball~ dmt full nawbHt~ do$bi_g. R~ Ille e-ngme 
pe,formanict and cost filtl duruag warm driYin8 at ltffl 0.2-0.4,. not mt'lltiontd i:n ptffftltation mateti&l. 
SCR oo lilt~ 0t1ly10lh~i~ OM (~ from turt,i,,e it1k!c needs 10 be modulated 11:idc:ootrolled_ eutitl!-~~ i.n'lplltt? • ORD 
Cootrols for the lltatili, aoddiagnosrics lt!' oteded.. 
Rtqturet adcJilioo.al allmlafor Nmi 10 PQV,' •fl"11 IO 1W11 off'(dtop-to--idle type mk) 

Cartt'dte c:~ requittd. tn:frutt'Ot.'lllt't is 0011.ni1ret11 forc:anridgt--but<d system. Additional nuss iftberent i1:1 dtlAl reduc:ll!U 'Wltem. oas doslilg 
mietffing aod diapQStic.s e1t complu WC"igbt 1Dd1i:ie oftbt ~ do$1f,ef,t«. •ystcm aod additioa compont01 imiallatioos coq,licaie 
\'OC'aliOCIII chassis desi n.e lift um! of !ht cutr· could be sliOClable 

TABLE 60. TECHNOLOGY RANKING TABLE - COMPLEXITY RATING 
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QI 
"-0 

~ 
.-I N m s:t QI ADDITIONAL COST .-I N m s:t <! <! <! <! > 

<! <! <! <! <( 
a:: u u u u 

-ci ;;: 2 2 2 2 LLJ LLJ LLJ LLJ 

Vl LLJ LLJ LLJ LLJ 2 2 2 2 -= 
Device Rating Notes 

Passive NOx adsorber 8 9 3 6 8 2 2 4 4.8 Replaces DOC in traditional system Additional precious metals will be needed 

SCR on Filter 0 3 3 2 0 2 1.4 Replaces DPF in traditional system. Part cost may drop but development costs would be higher due to 

new controls and regeneration/dosing strategy. 

LO-SCR 2 4 2 3 3 2 5 2 2.7 Can be zone washcoated on DOC or added as close coupled catalyst. Requires dual point dosing. 

Add. NOx sensor? 

Mini-Burner 7 6 8 7 3 8 7 6 5 6.3 Belt driven air pump, fuel pump and metering, spark, controller. Controls complex. Additional 

components, controls and OBD. 

EHC assisted Catalytic 3 7 7 5 4 5 3 4 5 4.8 Electronic control and upgraded cables and generator. In-exhaust injection (if not already available). 

Fuel Combustion 

Dual Point Dosing 2 6 2 4 3 6 4 3.2 Additional valving, plumbing and mixing. 

Full Flow Heated 2 3 6 2 5 5 2 3 4 EHC with hydrolysis catalyst. Upgraded cables and generator. 

Dosing 

Partial Flow Heated 4 4 8 3 6 6 4 5 7 EHC with hydrolysis catalyst. Upgraded cables, plumbing changes at turbo inlet. 

Dosing 

5kwEHC 3 5 7 3 4 4 3 4 Higher amp output may require two alternator/generators 

Gaseous NH3 injection 5 9 6 4 6 9 5 6 5 Second dosing system if only used during cold-start/ cold operation. Additional mixing. 

TABLE 61. TECHNOLOGY RANKING TABLE - ADDITIONAL COST RATING 
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3.3.8.3 Final Ranking for Technology Down Selection 

Under Task 4 of the program, one of the technology configurations was to undergo final 
calibration on engine and demonstration at the conclusion of the program.  The final ranking 
scores from the screening exercise for composite NOX potential, potential fuel penalty, 
durability, complexity and cost were assembled ordered the systems in recommended order to 
consider on the engine.  The recommend order of the systems to be evaluated, as determined 
from the screening results, is shown in Table 62.  The order was established by first considering 
the systems with the highest potential to achieve ULN on the engine platform used in the 
program, then by lowest potential fuel penalty impact (assuming CO2 increase to be the primary 
indicator of greenhouse gas impact).  Although durability, complexity and additional cost were 
all important factors, due to program timing considerations ULN potential and calibration effort 
were weighted heavily in the ranking order and final decision.  
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Composite Potenli111 Durability Complexity Cost 

System N0 1 Compo:slte 
Potential FTP 

Penaltv. '4 
PNA + HD1 + SCRF + SCR/ASC 002 0.9 8113 3 5110 4/S 8 

NHJ + LO SCR + PNA + HDI + SCRF + SCR/ASC IHD1l OOUI 0.95 12120.7 111'20.7 11112 5 

EHC/DOC + DEF + SCRF + SCR + SCR/ASC • "'nderevd11boni fl/ 1.05 7/9.4 7/9 4•'6 2 

PNA + MB + DEF + SCRF + SCR/ASC 0.01 1.04 13/16 2 10113.1 9112.5 

MB + DOC + DEF + SCR + SCRF + SCR/ASC 0019 1.04 9/10.7 81110 an.1 

MB+ DOC + DEF + SCRF + SCR + SCR/ASC 0 018 1.04 9110.7 81110 8n1 

DOC+ MB + SCRF + SCR + SCR/ASC -tnot•vatiat..t) /I/Ill/Ill/I/Ill• 1.04 9/10,7 8110 1n.1 

MB+ DOC + DPF + SCR + SCR/ASC 0 025 0.62 6'6.4 617 716 3 

EHC/OOC + DPF + HD1+ SCR + SCR/ASC - fnot•vd11t1dJ •II 0.98 518 6 619 518 4 

PNA + HD1 + SCRF + SCR/ASC 0 029 0.9 8/13 3 5113 4/S 8 

PNA + NH3 + DEF + SCRF + SCR/ASC 0 031 0.72 8113 4 8113 7112 3 

NH3 + LO SCR + DOC + DPF + HD1 + SCR+SCRF + 
SCR/ASC II 1//1 0.65 4115 2 9116 10112.4 

(not •vaAl•t..t) 
DOC+ DPF + EHC + HD1 + SCR + SCR/ASC 0 033 1.2 2/7 2 2n 6'7.7 

tsase engine, stock xglttlarttfrJ; 46~2 g 
Baseename.cc1 ·49730 

TABLE 62. FINAL TECHNOLOGY RANKING TABLE 

Note:  Green considered viable for ULN on current engine, Yellow considered viable for ULN on non-turbocompound engine 
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3.4 TASK 4:  Final System Integration and Ultra-low NOX Demonstration 

Under this task, the final system configuration was tested to demonstrate low NOx 
emission levels achieved. Final demonstration tests were conducted using aged system 
components.  As with the baseline emission measurements, all of the test cycles selected under 
Task 1.1 were run in triplicate to document final emission levels.  All final demonstration tests 
were conducted in accordance with 1065 procedures, and employed finalized preconditioning 
sequences determined during Task 4.1. It was anticipated that the preconditioning sequence was 
similar to that used for baseline testing under Task 2.1.  In addition to the key program cycles 
specified under Task 1.1, SwRI also evaluated final system performance on two additional 
vocational cycles specified by ARB. 

The primary measurements for the final demonstration were tailpipe emissions of NOX, 
NO, NO2, NH3, and N2O.  SwRI also measured tailpipe emissions of PM, THC, NMHC, CH4, 
CO, and CO2.  The primary method of gaseous emission measurement was dilute continuous 
measurement, with the exception of NH3 and N2O, which was measured in the raw tailpipe 
exhaust.  PM measurement was done via double-dilution utilizing the full-flow CVS dilution 
tunnel. 

3.4.1 Aftertreatment Aging Approach 

A key part of the demonstration target was that the system must demonstrate emissions 
using aged components.  The aging was intended to be representative of full useful life, which 
was 435,000 miles for a heavy heavy-duty on highway application (generally about 11,000 hours 
of operation).  However, the program does not contain sufficient scope, time, or funding to 
actually age parts on engine all the way to full useful life.  Therefore, an alternative approach had 
to be used to develop parts, which are as representative as possible within the scope constraints 
of the program.  As a result, part of the initial technology selection involved coming up with an 
appropriate methodology for catalyst aging to reach this target. 

Early in the process development, it was realized that there were actually two different 
aging targets for different phases of the program.  Therefore, the process was split into two 
phases.  The first phase, which was designated Development aging, was intended to produce 
parts relatively quickly in order to support the Technology Screening effort under Task 3.  The 
second phase, which was designated Final Aging, was intended to produce the final 
demonstration parts which would be utilized for the emissions demonstration at the end of Task 
4. These two different phases had different goals, and would be supported by different funding 
mechanisms.  The base program did not have any dedicated budget allocated to aging.  A basic 
aging methodology was used as the starting point for both Screening and Final aging protocols, 
and then was modified as needed to reach the targets for two protocols. 

3.4.1.1 Basic Aging Approach 

Given the time constraints, it was necessary for the aging protocol to incorporate some 
means to accelerate aging, since it was not feasible to run roughly 11,000 hours.  The approach 
that was proposed by SwRI utilized a protocol that was developed under a cooperative research 
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program that was run at SwRI, which was titled the Diesel Aftertreatment Accelerate Aging 
Consortium (DAAAC)[5]. In that program, considerable effort was expended to develop and 
correlate an aging protocol to actual field aged parts.  The resulting DAAAC methodology was 
useable by SwRI in support of other programs.  In addition, the DAAAC protocol has been used 
as the basis for development of aging protocols by the JRC for heavy-duty catalyst aging in 
Europe, as well as by ARB for the development of a protocol to age aftermarket DPF parts prior 
to emission demonstration testing. 

The DAAAC protocol includes a method to transform field data into equivalent engine 
aging protocols.  This method was based on an Arrhenius rate equation to assess thermal aging 
exposure, and was similar in principal to the methodology employed by U.S. EPA in the 
Standard Bench Cycle (SBC) protocol that is used for light-duty accelerated aging. 

SwRI obtained the field duty cycle data from Volvo for the MD13TC engine, and this 
data was used as the basis for the DAAAC calculations.  Given the technologies chosen, an aging 
factor for a copper zeolite SCR catalyst was used for the calculation. In addition to the field 
data, Volvo also provided information on DPF regeneration frequency, and the temperatures 
expected for an oxygen-based regeneration.  This information was all utilized in the DAAAC 
calculation to derive an appropriate aging exposure.  The calculation result is illustrated below in 
Table 63. The calculation show a field temperature histogram for the base engine, as well as the 
amount of time that would generate the equivalent heat load at 600°C. For most temperatures 
the equivalent time is near zero, which is due to the exponential nature of the heat load 
calculations. 

TABLE 63. DAAAC AGING CALCULATIONS 
Temperature Average Time Equivalent 

Bins Temperature at Time at max. 
°C Kelvin Temperature Temperature 

<150 423 864 0.001 
150-200 448 216 0.001 
200-250 498 628 0.030 
250-300 548 529 0.207 
300-350 598 102 0.233 
350-400 648 1 0.010 

600 873 24 24.000 
etc Total time 2364 
Equivalent time at 873 24.482 
Desired aging temperature = 873 K 

600 °C 
This table calculates equivalent aging time at different temperatures. 

If the peak aging temperature is 873 

24.482 hours at 873 K 

113 hours at 873 K 
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As can be seen in the table, the equivalent aging was dominated by the DPF regeneration 
events at 600°C.  The remaining operating time contributes very little to overall aging from a 
hydrothermal standpoint.  Based on the time represented by the field data histogram of 2,364 
hours, and a 40mph average speed in application (resulting in 10,875 hours for full useful life), a 
total aging time of 113 hours at 600°C was determined.  This essentially represents a full useful 
life of exposure to DPF regeneration.  The starting point for the basic aging approach was 
therefore to expose the system to the equivalent of a full useful life of DPF regenerations. 

While this approach covers hydrothermal aging, it does not account for chemical aging 
due to exposure to lube oil components.  This component of aging was dealt with differently for 
the two different aging protocols.  The implementation of this basic approach for each of the 
phases of aging is discussed below separately. 

3.4.1.2 Development aging 

The target for development aging was to develop parts that were somewhat representative 
of full useful life aging, but that were all aged in a consistent manner in order to allow a proper 
comparison between different technologies.  Under the screening in Task 3, the performance of 
aged parts and de-greened parts would be compared in order to assess the relative sensitivity of a 
given part to aging.  That sensitivity would be considered as part of the down-selection process. 
Therefore, the real goal was to ensure that a valid comparison of parts could be made. 

At the same time, development aging was to be provided by all of the individual suppliers 
for their hardware.  This meant that a large number of parts needed to be produced, many of 
which would not be selected for the final demonstration.  As a result, it was necessary to limit the 
level of effort, while at the same time produce parts to enable a valid comparison. 

As a result of these objectives, the basic approach to aging was adjusted in several ways. 
First, it was determined that chemical aging would not be part of the development aging.  Each 
technology might react differently to chemical poisoning requiring different approaches, which 
would take significant time to determine and implement.  In addition, the positioning of 
components in the system also has a significant effect on exposure to lube oil components, and 
the final configuration would not be known at the start of screening.  Some specific effects, such 
as sulfur sensitivity could also be examined during the screening process.  Finally, representative 
chemical aging was generally very time consuming and expensive, and might not be of 
significant aid to the down-selection process.  Therefore, chemical poisoning could be excluded 
from the Development aging. 

In addition, it was determined that a consistent process would be used for all parts, and 
that this process would be based on the thermal aging characteristics already calculated for the 
base approach.  While a final configuration might change the regeneration frequency, this was 
not yet known at the start of screening.  Therefore, the base approach would be used, with some 
modifications depending on the parts being aged.  Temperatures were also increased somewhat 
in order to shorten times and account for other possible issues.  For most of the catalysts, this 
meant exposure to 625 °C for 100 hours.  However, in the case of SCRF components, where 
regeneration might result in higher temperature exposure and regenerations might be more 
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frequent, it was decided that these components would be aged 100 hours at 650 °C instead to 
represent this added exposure.  This same exposure was also used for any PNA components 
given that they would also be exposed to higher temperatures given their upstream position and 
possible function generating the regeneration exotherm. 

For Development aging, it was decided to allow both oven aging and engine aging to 
prepare the aged screening parts.  In the case of oven aging, it was determined that the aging 
would be done in air containing roughly 10% steam to provide sufficient water content.  In the 
case of engine aging, system components would be mounted as intended in use, and HC injection 
over the upstream DOC would be used to control temperature at the DOC outlet to the desired 
target.  In both cases, the de-greened parts would use the same conditions but would be run for 
only 5 hours.  Each manufacturer was allowed to determine which of these two approaches they 
would use. 

3.4.1.3 Final Aging 

For the Final Aging, the primary target was to be as representative as feasible of full 
useful life for the final system configuration.  The basic DAAAC-based methodology would still 
be used, which meant that aging time and temperature would still be based on active regeneration 
events.  However, there are several key differences in the implementation of the final aging, as 
compared to the Development aging described earlier. 

The first difference was that the final number of hours, and the exposure temperature 
would be determined based on the actual regeneration characteristics of the final system.  As part 
of the screening work, testing would be performed to compare the regeneration frequency of the 
final system components to a baseline DOC-DPF configuration.  These tests would include soot 
loading and oxidation rate determinations, including DEF dosing where appropriate (such as for 
an SCRF component).  These tests would be used to derive an appropriate regeneration 
frequency and temperature for the system. If that frequency was higher than the base engine 
frequency of roughly 1%, then the aging hours at temperature would be increased appropriately. 
In the event that no change was observed between the final configuration and the baseline 
configuration, then a 1% frequency would be utilized. 

Second, the final aging would be conducted on engine only.  The complete system would 
be used, and DEF would be dosed during aging as appropriate for high conversion NOx 
reduction.  Rather than a continuous steady-state temperature exposure, temperature would be 
cycle through individual regeneration events using system components.  As a result, HC-dosing 
would be used over the appropriate system DOC component to create the exotherm required to 
reach the target regeneration temperature.  The duration of individual regenerations would likely 
be roughly 20-30 minutes at temperature, not include the ramp time.  In between regenerations, a 
lower temperature condition would be run that was representative of average in-use 
temperatures. In essence, a full useful life of regeneration events were ran in succession. 
Additional high temperature exposures are required for other components, such as desulfation 
events, these were also included in the final aging protocol. 
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Given the timing and the ongoing development occurring on the Volvo MD13TC engine, 
that engine was not used for final aging.  Instead a mule engine at SwRI was run, but at 
conditions representative of the Volvo program engine.  The mule engine used was a modified 
2009 Cummins ISX 15-liter engine.  The engine was modified in accordance with the DAAAC 
protocol in order to increase oil consumption by a factor of three over the base engine.  This 
modification allowed for some acceleration of oil exposure, while still maintaining a 
representative mechanism of exposure and poisoning. 

For the aging protocol, it was planned that minimum of 1,000 hours would be run.  The 
1000 hour duration was determined to allow for both realistic thermal aging and cycling and as 
much oil exposure as possible, while still being manageable within the program scope and 
timeframe. This would cycle between regeneration and non-regenerating conditions.  It was 
anticipated that this would result in more time in a non-regenerating condition.  However, in the 
event of very frequent regeneration events, at least a 50:50 balance of the two conditions would 
be maintained.  Aging would be extended beyond 1,000 hours if needed to maintain this balance 
and reach the target amount of high temperature exposure hours.  Given the DAAAC increased 
oil consumption rate, it was anticipated that the aftertreatment system would be subjected to 
3,000 hours of equivalent oil exposure, roughly 28% of full useful life.  This was roughly 
equivalent to 120,000 miles of oil exposure. 

Details for the final aging protocol were developed only after the system configuration 
was finalized, and experiments were run to determine the SCRF regeneration method and 
frequency.  These details are discussed later in the report, as is the actual conduct of the Final 
Aging. 

3.4.2 Engine Integration and Testing of Final Candidate Aftertreatment Systems 

As discussed at the end of the Screening section of the report, the final output from 
screening was a ranked list of candidate systems which showed the potential to reach 0.02 g/hp-
hr.  These options were listed in order of preference as a result of the ranking process.  The next 
step in the program was to integrate and test these candidate technologies on the Volvo MD13TC 
engine.  The systems were tested in the order of preference listed in the ranking table. 

There were several common elements to all of the candidate systems. These elements 
were required due to the very low exhaust temperature profile of the MD13TC engine, as a result 
of the turbo-compound system used for waste heavy recover.  These common elements included: 

• A multi-bed SCR system consisting of an SCR-on-Filter (SCRF) followed by a flow-thru 
SCR catalyst 

• A passive NOX adsorber (PNA) for low temperature NOX storage.  The PNA also serves 
the functions of a traditional DOC in this system, including generation of the exotherm 
needed for regeneration of the filter (via supplemental fuel injection using in the exhaust). 

• A dual-layer Ammonia Slip Catalyst (ASC). 

Additional modifiers were added to these common elements as discussed for each system 
below.  
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3.4.2.1 Packaging Changes for Final Configurations 

Prior to the start of this testing, several modifications were made to the basic system 
package, in an effort to optimize the system better from a thermal and packaging standpoint.  The 
SCR system packaging was altered from its original form in order to reduce system mass and 
also to reduce thermal losses.  These modifications are shown in Figure 182 and Figure 183 
showing the system before and after the changes.  Several end-cones and sections of piping were 
removed from the system to create a better package. 

To facilitate the use of the ammonia sensor in this package, it was necessary to make a 
further modification to the system in order to allow for an accurate sample of the exhaust gases 
to be taken across the 13-inch diameter of the catalysts face, while using a sensor that protrude 
less than 1 inch into the catalyst can.  A static probe assembly was designed, fabricated, and 
installed in the front of the SCR catalyst, downstream of SCRF.  This probe was designed to 
sample exhaust gases from across the face of the catalyst.  Those gases exit the probe assembly 
at the top via a gap in the back of the wider section that surrounds the NH3 sensor probe.  In this 
way, the gases are forced to flow across the sensor.  It was found that NH3 sensor signal using 
this arrangement showed good correlation with FTIR readings sampled via a similar multi-holed 
probe arrangement in a used in several different orientations.  This allowed the sensor to have a 
signal useable for controls.  This probe assembly is shown in Figure 184, which also shows the 
extended length production temperature sensor used at this position. 

FIGURE 182. MODULAR PACKAGING OF SCR SYSTEM CATALYSTS FOR 
SCREENING 
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FIGURE 183. FINAL MULTI-BED SCR SYSTEM PACKAGE 
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FIGURE 184. SCR CATALYST INLET SHOWING NH3 SENSOR PROBE (AND 
PRODUCTION TEMPERATURE SENSOR) 

3.4.2.2 Dosing System and Final Mixing Configuration 

The DEF dosing system used for this program was the same as the production system 
utilized on the Volvo MD13TC baseline engine.  This was an Albonair air-assisted dosing 
system.  The air-assisted system was retained due to its superior atomization characteristics, 
which allowed it to generate a very fine spray distribution, with a Sauter Mean Diameter (SMD) 
near 30 microns and a relatively narrow droplet size distribution.  Given the focus on cold-start 
and low temperature conversion it was determined that this approach would be the best choice 
for low temperature droplet evaporation. 

The DEF system was paired with a compact mixer that was specifically designed to 
mount the Albonair nozzle.  Figure 185 shows the mixing section of the final configuration in the 
test cell.  The mixer was designed to work with the relatively narrow cone angle and high exit 
velocity of the Albonair nozzle. It promoted mixing primarily via interaction of the spray with 
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turbulent exhaust gas, thus minimizing contact with the walls at low temperatures.  For some 
configurations employing the heated dosing system, this mixer was place in front of the electrical 
heating element and hydrolysis substrate.  A downstream swirl mixer was used to ensure 
complete gas phase mixing prior to entering the SCRF inlet.  This configuration is shown in 
Figure 185. In cases where this hardware was not employed and the distances were shorter, this 
mixer was paired with a diffuser cone at the SCRF inlet to provide the mixing and distribution 
required for very high NOX conversion rates. This configuration is illustrated in Figure 186.  
Although the final package was relatively compact, further development could be conducted to 
improve the overall thermal package and reduce heat loss through the mixer further, as well as to 
reduce overall system backpressure. 

FIGURE 185. MIXER INSTALLED UPSTREAM OF ELECTRICALLY HEATED 
CATALYST 
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FIGURE 186. MIXER INSTALLATION AFTER MINI-BURNER WITH SHORTER 
DISTANCE TO SCRF INLET 

3.4.2.3 Dosing Controls Approach 

Two different controls approaches were used over the course of the Task 4 effort.  For the 
initial testing of different configurations that prior to the final down-selection, the same controls 
approach that was applied during screening was utilized.  After the final configuration was 
selected, a more advanced model-based control strategy was implemented with models calibrated 
specifically to the chosen SCRF and SCR catalysts.  Each of these approaches is described 
briefly below. 

3.4.2.3.1 Initial Dosing Controls Approach for Screening and Early On-Engine 
Down-selection 

The initial dosing control approach on engine evaluations was based on a combination of 
a fixed ANR schedule and feedback from the NH3 sensor located between the SCRF and SCR 
catalysts.  This NH3 sensor was utilized as part of an “ammonia braking” function, in which it 
would reduce dosing to lower levels if the measured value exceeded certain thresholds and was 
not rapidly decreasing.  While this approach was suitable for comparing parts and assessing 
performance, it was not flexible enough to deal with all of the different cycles that would 
eventually be run during the demonstration.  Each cycle would require a custom schedule, which 
is not realistic. In addition, careful preconditioning would be needed for each different duty 
cycle, which is not appropriate for demonstration testing.  However, this control was sufficient to 
assess the performance of different systems over cold-start and hot-start FTP tests. 
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3.4.2.3.2 Final Model-Based Dosing Controls 

The final controls approach utilized an advance, model-based control strategy, which is 
described in more detail below.  This model-based controller was used for all of the final 
demonstration tests on all cycles.  A calibration was developed and tuned using FTP and RMC 
cycles, and then that calibration was utilized without modification for nearly all other cycles. It 
should be noted that a slightly different calibration tune was utilized for the WHTC cycle, 
however it was felt that this was appropriate, given that the final calibration of any production 
system would be optimized for the regulatory cycles appropriate to the target market. A 
schematic of this approach is given in Figure 187. 

The final controller has two primary elements: 

• A feed-forward controller which utilizes a model-based ammonia coverage observer to 
manage ammonia across the SCR catalysts 

• A feedback (closed-loop) controller which utilizes the signal from a mid-bed ammonia 
sensor to adjust and correct the model state 

FIGURE 187. SCHEMATIC OF MODEL-BASED DOSING CONTROLLER 

The primary sensor inputs for the controller are shown in Figure 188, which shows the 
system diagram for the final down-selected configuration with all of the sensors in the system. 
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FIGURE 188. AFTERTREATMENT SYSTEM DIAGRAM WITH SENSORS 

194 
SwRI 03.19503 Final Report 



 

    
    

     
 

    
 

     
 

  
   

   
   
  

  
  

    
 
 

  
  

 
 
   

 
  

    
 

 
 
   

  
  

  
  

  

   
  

 
  

    
  

 

 
 

The key sensor inputs for the controller are: 

• An engine-out NOX sensor.  This sensor is primarily required for OBD of the PNA, but it 
is utilized in cold-start to drive dosing prior to the release of NOX from the PNA 

• A PNA-out NOX sensor, which serves as the primary SCR system inlet NOX 
measurement. 

• An NH3 sensor located at the SCRF outlet.  This is the primary real-time feedback sensor 
used by the controller 

• A tailpipe NOX sensor, which would be required for OBD, but can also be utilized for 
long-term adaptive update of the dosing controller, especially with regard to the 
downstream SCR state.  This function was not utilized within the current demonstration 
program, given the short time scale of the laboratory testing. 

• Temperature sensors at the following locations 
o PNA Inlet and Outlet 
o SCRF Inlet and Outlet (which was also the SCR Inlet) 
o Tailpipe (ASC outlet) 

The two SCR catalysts in the system had very different performance characteristics in 
terms of ammonia storage and NOX reduction.  In addition, the SCRF and the downstream SCR 
were managed to achieve different objectives. As a result, a separate coverage observer was 
used for each catalyst.  The SCRF had significantly lower storage capacity per unit volume. 
Therefore, despite being twice the size of the downstream SCR, the SCRF represented only 
about 40% of the total ammonia storage capacity of the system.  The location of the NH3 sensor 
downstream of the SCRF allowed the sensor to have a more timely response to system changes 
and made it more useful for feedback, as compared to a tailpipe location. 

The primary target for the control of the SCRF was to maintain good coverage of 
ammonia across the catalyst, but also to achieve a stable, manageable level of ammonia slip that 
to supply ammonia to the downstream SCR catalyst.  The primary target for control of the SCR 
was to maintain a stable level coverage across the catalyst, but also to prevent coverage from 
being excessive to avoid excessive levels ammonia slip that could not be managed by the 
downstream ASC. 

The basic control approach was the use the coverage observer as a virtual feedback 
sensor to manage ammonia coverage, as illustrated in Figure 187.  The actual structure of the 
coverage observer is in the form of a 1-D model, which is actually a series of “cells,” each of 
which is a 0-D kinetic model of a portion of the catalyst. A number of these cells are connected 
in series in order to allow for monitoring of both the total ammonia storage and the axial profile 
of storage across the catalyst.  A schematic of this concept is shown below in Figure 189.  The 
observer also contains a thermal model to predict temperature at intermediate locations.  The 
inlet and outlet conditions for the model were measured, and all intermediate conditions were 
tracked by the model internally.  The model used for the SCR controller utilized seven cells for 
each catalyst substrate, although the model was designed to be scalable so that the number of 
cells could be adjusted as needed to more or fewer cells.  As mentioned earlier, a separate 
observer was used for the SCRF and the SCR. While temperatures between the catalysts were 
measured, the gas inputs from the SCRF to the SCR were tracked by the model. 
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FIGURE 189. SCHEMATIC OF SCR CATLYST MODEL WITH MULTIPLE CELLS 

The reaction rates constants of the model were calibrated using a series of experiments on 
small catalysts cores that were conducted using a synthetic gas bench at SwRI called the 
Universal Synthetic Gas Reactor (USGR).  Additional experiments were performed on the full-
size catalysts (especially for the SCRF) using the Hot-Gas Transient Reactor (HGTR) facility at 
SwRI. In practice, it was planned that the models could be calibrated using only core tests on the 
USGR.  Separate calibration experiments were conducted on the SCRF and the SCR, and a 
different set of reaction rate constants and storage capacity parameters were developed for each 
of these catalysts. 

In this model, ammonia storage was tracked in the form of a coverage ratio, Ɵ, which 
was expressed as the ratio between the currently stored ammonia and the maximum storage 
capacity of the system (which was set based on the measured storage capacity at 200°C at an 
inlet ANR of 1.2). The storage capacity was determined via a series of temperature programmed 
desorption (TPD) experiments for each catalyst. 

For the controller, NO2-NOx information at the SCRF inlet was predicted by an empirical 
model of the PNA system, based primarily on catalyst temperature sensor measurements.  This 
model was calibrated using a separate series of experiments. 

The actual coverage control function was implemented as a “mean priority controller,” 
with the controller targeting a mean coverage value for each catalyst. Individual model cells are 
also weighted to define a desired profile.  The mean value targets form the primary calibration 
input for the controller. In addition, an upper and lower bound value was generated from the 
mean values, and these are used by a bound manager function in a more aggressive manner to try 
to prevent regions of the catalyst from either emptying or storing excessive amounts.  A 
schematic of this approach is shown in Figure 190. 
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FIGURE 190. SCHEMATIC OF AMMONIA COVERAGE CONTROL 

The NH3 sensor feedback for the SCRF and tailpipe NOX sensor feedback for the SCR 
were implemented as functions that correct the state of the appropriate coverage observer, based 
in comparison between the models predicted value and the sensor value.  A schematic of this 
function is shown in Figure 191.  This comparison was used to generate an “innovation” term, 
which was applied to the model state.  It should be noted that in the case of the tailpipe NOX 
sensor, this requires the implementation of an ammonia slip detection function in order to deal 
with the cross-sensitivity of the NOX sensor to ammonia.  This requirement, and the slow 
response of the tailpipe location to system inputs due to the amount of upstream catalyst, would 
require that the NOX innovation function be implemented on a longer time scale, more suitable 
as an adaptive learn function.  As noted earlier, this function was not utilized for the current 
program, given the short timeframe of the laboratory demonstration. 
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FIGURE 191. SCHEMATIC OF SENSOR FEEDBACK CORRECTION APPROACH 

The controller stores the state of both the coverage observers on engine shut-down, and 
then reloads that state at key-on and engine start.  This function was essential to allow the models 
to track storage ammonia accurately over time.  At present, no adjustments are made to the 
stored coverage states while the engine was off. 
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The final controller was calibrated initially using a series of steady-state experiments and 
step tests in the engine cell, and then was further tuned over the target cycles, including the FTP, 
RMC, and WHTC cycles.  An example of the dynamic behavior of the SCR controller over the 
FTP cycle is given below. 

Figure 192 shows the average coverage over both the SCRF and the SCR over the course 
of the cycle.  As can be seen, the SCRF coverage function was much more dynamic, and it was 
also calibrated to use a much higher amount of its capacity.  This was a result of the need for the 
SCRF to supply ammonia to the downstream SCR. 
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FIGURE 192. AVERAGE AMMONIA COVERAGE AND TEMPERATURE OVER 
HOT-START TRANSIENT FTP 

Figure 193 shows the dynamic behavior of the coverage profile on the SCRF over a hot-
FTP cycle.  The NH3 sensor feedback signal is also shown in this figure.  Early on, at low 
temperature, the controller was targeting ammonia coverage at higher levels, which could only 
occur from the front of the SCRF where the DEF injector was located.  As temperature 
increased, the controller began to reduce coverage, but also a wave of ammonia began to move 
through the catalyst axially from front to back.  This emerged as increased ammonia slip at the 
SCRF outlet, and the NH3 sensor indicated a large spike in ammonia that had to be managed. 
The controller responded by reducing dosing drastically, resulting in a rapid drop in storage at 
the front, while the ammonia wave was depleted by incoming NOX.  When storage levels were 
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sufficiently reduced and the NH3 sensor signal returned to normal levels, the controller began to 
increase dosing again to ensure that coverage was maintained. 
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FIGURE 193. COVERAGE PROFILE OF THE SCRF CATALYST OVER HOT-START 
TRANSIENT FTP CYCLE 

The result of this controller behavior on final dosing is shown in Figure 194, in 
comparison to base “stoichiometric DEF demand.”  Stoichiometric DEF demand was calculated 
based on system inlet NOX data, assuming an ANR of 1.  Early in the cycle, the controller was 
“over-dosing” to achieve the desired coverage target.  As the temperature increased, a wave of 
ammonia propagated through the catalyst, and dosing was reduced, most notably in the 600 to 
900 second range.  Later in the cycle, the controller again increased dosing over the ANR 1 level 
to maintain coverage.  The overall DEF injection for this particular cycle was very close to an 
ANR of 1. 
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FIGURE 194. DEF DOSING RATE OVER HOT-START TRANSIENT FTP 
COMPARED TO STOICHIOMETRIC DEMAND (BASED ON ANR 1 AND SYSTEM 

INLET NOX), AVERAGE CYCLE 

An important feature of the final controller was that it was able to manage ammonia 
coverage to achieve high NOx conversion under normal operation.  Even following a high 
temperature event, such as an RMC cycle or a filter regeneration, the controller was able to re-
establish the ammonia coverage needed within the normal two FTP cycle preconditioning tests 
that are permitted in 40 CFR Part 1065. No special preconditioning procedures are needed 
beyond these normal cycles in order to prepare the system for a cold-start FTP.  This behavior is 
illustrated in Figure 195 which shows DEF dosing behavior during the first hot-start 
preconditioning run following a high temperature event (in this case an RMC cycle). Because 
coverage was significantly below targets, the controller increases dosing rapidly in order to re-
establish ammonia coverage.  The overall DEF injection over the cycle in this case was close to 
an ANR of 1.5. 
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FIGURE 195. DEF DOSING RATE OVER HOT-START TRANSIENT FTP 
COMPARED TO STOICHIOMETRIC DEMAND, FOLLOWING HIGH 

TEMPERATURE EVENT 

3.4.2.4 Final Candidate System Configuration 1 – PNA + HD1 + SCRF + SCR + ASC 

The first configuration tested consisted of a PNA upstream for low-temperature NOx 
storage, followed by Heated Dosing System 1 (the full-flow heated dosing system), to enable low 
temperature DEF introduction, followed by the multi-bed SCR system discussed earlier.  This 
configuration had indicated composite emission levels of 0.018 g/hp-hr during screening when 
using the second-generation PNA formulation (designated in screening as PNA2).  A schematic 
of Configuration 1 is shown in Figure 196. 

FIGURE 196. FINAL CANDIDATE CONFIGURATION 1 – 
PNA+HD1+SCRF+SCR+ASC 
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It should be noted that for the initial test configuration, the HD1 system utilized a heater 
capable of 2kW at 24 volts.  The actual measured power draw for the HD1 heater was 1.8 kW 
when it was turned on. The primary purpose of this heater was to provide a heated surface to 
allow the injection of DEF at temperatures as low as 130°C.  However, it did also provide a 
small amount of heat to the exhaust. 

Given that this was the first configuration tested, a considerable amount of effort was 
invested in the initial system integration and start-up. Initial test results indicated cold-start FTP 
levels of roughly 0.15 g/hp-hr, and hot-start levels of roughly 0.015 g/hp-hr.  From this base 
point, additional efforts were put into modification of the engine calibration in order to reduce 
early cold-start NOX levels, and also on the hot-start calibration to minimize cool-down in the 
early idle portions of the test when aftertreatment temperatures could cool below the optimal 
operating point. 

Figure 197 shows an example of a modified cold-start calibration that was attempted in 
an effort to reduce NOX further early in the cycle, before the aftertreatment reached full 
operating temperature.  These modifications were initially successful in reducing cold-start 
tailpipe levels, however after some continued work, it was noted that tailpipe NOX began to 
deteriorate from run to run. 
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FIGURE 197. MODIFIED NOX CALIBRATIONS EARLY IN ENGINE OPTIMIZATION 
– CONFIGURATION 1 
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Although the modified calibration was successful in reducing NOx, it also resulted in the 
brief periods of rich or near-rich operation during transient accelerations. It should be noted that 
this same behavior was observed on the baseline engine, and it was necessary to remove that 
behavior due to the sensitivity of the PNA to these events.  As seen in Figure 198, the modified 
calibration resulted in brief spikes of engine-out CO, indicate such operation. 

It should be noted that this behavior was the result of the combination of factors, 
including the limits of the engine architecture to maintain transient air-fuel ratio with its fixed 
geometry turbocharger and turbo-compound, and the need to maintain adequate transient torque 
response.  The constraints associated with the PNA meant that these excursions could not be 
allowed in order to maintain robust system performance over time.  Therefore, further engine 
calibration changes had to be halted, and engine-out NOX on the cold-start was essentially fixed 
at a level of roughly 2.7 g/hp-hr. 

It should be noted that a different engine architecture using the variable geometry 
turbocharger would have allowed more flexibility to maintain air-fuel ratio during transients, and 
in turn allowed lower NOX levels during this crucial early part of the cold-start.  In addition, an 
aftertreatment strategy that did not utilize a PNA would allow more flexibility in the engine 
calibration. 

FIGURE 198. EARLY COLD CYCLE OXYGEN AND CO LEVELS WITH MODIFIED 
ENGINE CALIBRATION – CONFIGURATION 1 

However, given the low exhaust temperatures associated with the turbo-compound on the 
MD13TC engine, the PNA was required for the aftertreatment system to be able to achieve 0.02 
g/hp-hr, and therefore the constraints had to be accepted. 
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It was initially planned that little or no thermal management would be needed for the hot-
start FTP cycle.  However, due to the low exhaust temperatures with the turbo compound engine, 
aftertreatment temperatures were observed to fall below temperature required for continued 
dosing around the area of the 200-400 second segment of the FTP.  In addition, those 
temperatures also fell just low enough to cause a slight drop in aftertreatment conversion 
efficiency utilizing stored ammonia.  This behavior is illustrated in Figure 199.  This normally 
resulted in small NOX breakthroughs in this same area of the cycle, as shown in Figure 200.  
Tailpipe NOX levels were on the order of 0.03 g/hp-hr as a result of these breakthroughs, 
therefore some amount of thermal management was needed for the hot-start FTP. 

FIGURE 199. HOT-START FTP CYCLE TEMPERATURES UPSTREAM OF DEF 
DOSING POINT AND THE SCRF INLET – CONFIGURATION 1 WITHOUT 

THERMAL MANAGEMENT 

Some of this thermal management could be achieved via minor modifications to the hot-
start calibration, but in this configuration, it was also found that the EHC could be used even at 
only the 1.8kW level, in order to provide sufficient heat to mitigate these issues.  This 
combination of elements allowed hot-start FTP levels of 0.01 g/hp-hr to be achieved, as shown in 
Figure 201.  A hot-start FTP emission level at or below 0.01 g/hp-hr as required for the system to 
be able to meet a composite level of 0.02 g/hp-hr.  However a small impact on CO2 was also 
observed in this case of about 0.8%.  It was likely that this penalty could be reduced with further 
calibration effort. 
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FIGURE 200. HOT-START FTP NOX FOR CONFIGURATION 1 WITHOUT 
THERMAL MANAGEMENT IN EARLY CYCLE 
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FIGURE 201. COMPARISON OF HOT-START FTP TAILPIPE NOX WITH AND 
WITHOUT EHC FOR CONFIGURATION 1 

The final calibration NOX results achieved for this configuration with HD1 operating at 
1.8 kW, are given in Table 64.  Cumulative cold-start NOX emissions for this configuration are 
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shown in Figure 202.  Just over 4 grams of NOx are emitted over the cold-start FTP, while a total 
of 2 grams are required to reach the design target.  Much of this can be seen to occur near the 
200 second mark in the cycle, during the second acceleration event. 

This configuration was able to reach levels just under 0.03 g/hp-hr with the Development 
aged parts.  The net CO2 impact for the cold start, including both the engine calibration and the 
1.8kW EHC was 4.6%, and on the hot-start it was about 0.8%. Therefore, the composite FTP 
CO2 impact for this system was 1.5%. 

TABLE 64. FINAL CANDIDATE CONFIGURATION 1 - FTP CYCLE NOX, G/HP-HR 
(DEVELOPMENT AGED) 

Tailpipe Engine-Out AT Conversion 
Cold-Start 0.152 2.7 94.3% 
Hot-Start 0.009 2.9 99.7% 

Composite 0.029 2.9 99.0% 

FIGURE 202. CUMULATIVE COLD-START NOX MASS EMISSIONS AT VARIOUS 
POINTS IN THE SYSTEM FOR FINAL CANDIDATE CONFIGURATION 1 

More detail on the cold-start performance of this configuration is given in Figure 203.  
NOx in the first transient acceleration was well controlled by the PNA, with only a small release 
near the 60-second point.  By the second acceleration, near the 225-second point, the PNA was 
now hot enough that it begins to release a significant amount of NOX. By this point, it was 
hoped that the SCRF was hot enough to reduce the NOx released from the PNA.  However, as 
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seen in the figure, the SCRF inlet was just reaching 200 °C at the point of this release, while the 
SCRF outlet was still below 150 °C.  As a result, a significant NOX spike was seen coming out of 
the SCRF at 250 seconds, and this was the majority of the mass emitted during the cycle at 
nearly 3 grams of NOX for this single event. From this, it was clear that the SCRF was not hot 
enough in Configuration 1 to reach the target. 
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FIGURE 203. COLD-START NOX AND TEMPERATURE AT VARIOUS POINTS IN 
FINAL CANDICATE SYSTEM CONFIGURATION 1, HD1-1.8KW 

It was considered that additional heat capacity at the position of the EHC system between 
the PNA and the SCRF could help bridge this gap.  The EHC supplier for HD1 was able to 
supply a higher power heater, which would fit in the same package was the 2 kW unit.  This 
updated system was capable of a heat capacity up to 6kW.  Installation of this unit required some 
upgrades to the electrical control system for the EHC to allow for the higher current. 

In addition, it was felt that at such a high power draw, it was necessary to account for the 
impact of the power consumption on fuel consumption directly by applying this load to the 
engine.  Therefore, the test cell system was modified in order to account for the impact of the 
EHC when it was turned on.  The electrical power draw of the EHC was already measured in real 
time at this point in order to properly account for the power draw.  This electrical power was 
translated through an assumed generator efficiency of 55%, and then that power was then 
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utilized with current engine speed to calculate an equivalent torque demand.  That torque 
demand was fed into the control system as a negative torque offset, thus requiring the engine to 
burn more fuel to reach the target torque commanded by the cycle.  In this way, more fuel was 
actually burned by the engine when the EHC was active. That fuel consumption also generated a 
certain amount of heat, and therefore this approach provided an accurate accounting of the 
impact of the EHC on the system. 

The impact of this increased heat input on cold-start NOX and temperatures is illustrated 
in Figure 204.  The temperature at the SCRF was near 200 °C prior to the second acceleration, 
and the SCRF outlet crosses over 150 °C halfway through that event.  Compared to Figure 203, a 
significant amount of NOX conversion over the SCRF can now be seen at the 250-second mark. 
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FIGURE 204. COLD-START NOX AND TEMPERATURE AT VARIOUS POINTS IN 
FINAL CANDICATE SYSTEM CONFIGURATION 1 WITH UPGRADED HEATER, 

HD1-6KW 

Emission results for Configuration 1 with the higher power heater are summarized in 
Table 65. Cumulative NOX mass for Configuration 1 with the 6kW EHC is shown in 
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Figure 205.  The large NOX increase at the second acceleration was reduced to about half its 
previous size.  A slightly larger release, though still small, was seen from the PNA in the first 
acceleration due to the additional heat from the engine that was the result of burning more fuel in 
order to power the EHC.  These changes resulted in an improvement from 94.5% conversion to 
96% conversion.  However, this was still not sufficient to reach the target cold start NOX level of 
0.06 g/hp-hr, which was a 2 gram NOX mass emitted over the cycle.  This configuration results 
in a composite NOX level of 0.024 g/hp-hr. It should be noted that on the hot-start FTP, the EHC 
was still run at the previous lower power level of 1.8kW, which was sufficient for the hot-start 
thermal management requirement. 

TABLE 65. FINAL CANDIDATE CONFIGURATION 1 - FTP CYCLE NOX, G/HP-HR 
HIGHER CAPACITY EHC HEATER (6KW) 

Tailpipe Engine-Out AT Conversion 
Cold-Start 0.116 2.7 95.8% 
Hot-Start 0.009 2.9 99.7% 

Composite 0.024 2.9 99.2% 
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FIGURE 205. CUMULATIVE COLD-START NOX MASS EMISSIONS AT VARIOUS 
POINTS IN SYSTEM FOR FINAL CANDIDATE CONFIGURATION 1 WITH 6KW 

EHC 

However, the increased power requirement of the heater results in a nearly 3% increase in 
cold-start fuel consumption, which was an additional 0.4% on the composite.  This would 
increase the composite FTP impact to 1.9%, and the system still does not quite reach under 0.02 
g/hp-hr. 

Additional thermal calculations were performed which indicated that a heat input of at 
least 10kW would be needed to get Configuration 1 reliably under 0.02 g/hp-hr.  Although more 
heat capacity was available in the form of additional heaters, it was felt at this point that this 
would be problematic for several reasons.  The problem with such a high heat level is that 
ultimately electrical heat is not very efficient in terms of fuel energy consumed for the exhaust 
heat generated.  Generally, only about 25% of the fuel energy was actually realized as exhaust 
heat. 

In addition, 6kW was considered the limit of what could practically be utilized given 
current heavy-duty truck electrical infrastructure.  At a higher power level, significant upgrades 
would need to be made, likely including the use of a second alternator among other things.  At 
that point, system complexity would increase considerably compared to other options. 

Therefore, it was decided to stop experiments with Configuration 1 and move to the next 
configuration.  However, it should be noted that on an engine with a more favorable exhaust 
temperature profile, Configuration 1 with the 6kW EHC would likely have been able to meet the 
0.02 g/hp-hr target.  With the cold-temperatures of the MD13TC engine and its turbo-compound 
waste heat recovery, this was not a viable option. 
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3.4.2.5 Final Candidate System Configuration 2 – HD2 + LOSCR + PNA + SCRF + SCR + ASC 

The second system evaluated a concept that we initially developed during screening as a 
means to enable faster light-off for SCR conversion.  This involved the use of a close-coupled 
light-off SCR (LOSCR) catalyst which was mounted upstream of the PNA (or potentially 
upstream of the DOC).  A schematic of this approach is given below in Figure 206. 

Exhaust from 

FIGURE 206. FINAL CANDIDATE SYSTEM CONFIGURATION 2 – LIGHT-OFF 
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The concept was to move a portion of the SCR catalyst upstream of the thermal inertia of 
the other aftertreatment to enable rapid light-off and reduce the amount of heat input required by 
the system.  Conversion of NOX upstream of the PNA would also reduce the burden on the PNA 
for this system. In order for this concept to work however, multipoint DEF dosing was a 
requirement.  This was because NH3 introduced upstream of the LO-SCR would not survive 
through the PNA to reach the downstream SCR catalysts, and would likely be oxidized into 
NOX.  Therefore, it was crucial in this system approach that significant amounts of NH3 not be 
allowed to slip from the LO-SCR.  A second point of introduction was needed downstream of the 
PNA in order to effect the majority of NOX reduction during warmed-up operation. 

In a practical configuration, this multipoint dosing could be enabled by the use of the 
partial flow dosing system, which was designated HD2 in this program.  This system would 
introduce a small portion of pre-turbine exhaust gases into a reactor, which contains a small 
EHC, which allows rapid warm-up for early DEF introduction.  The reactor contains a hydrolysis 
catalyst, so that it generates a stream of NH3 laden gas at the outlet.  This NH3 rich gas stream 
can be directed to one or more points on the exhaust using fairly simple plumbing.  In addition, 
only gas-phase mixing was required in the primary exhaust stream, allow more compact 
packaging for better thermal characteristics. 

However, due to hardware delays in preparing the HD2 system, the initial evaluation of 
this concept was carried out using a combination of a gaseous NH3 system for the LO-SCR 
point, and the HD1 heated dosing system for the SCRF introduction point. The system evaluated 
for initial on-engine working is shown in Figure 207.  This approach allowed for a final 
evaluation of the LO-SCR concept on engine.  If the configuration proved promising, then the 
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modifications would be made to switch to the HD2 dosing system.  Although this system was 
useable for evaluation of the concept, it was felt that in practice such an approach would be too 
complicated and expensive to be practical in application. 

FIGURE 207. FINAL CANDIDATE SYSTEM CONFIGURATION 2 USED FOR 
CONCEPT EVALUATION ON ENGINE OF LOSCR APPROACH 

Two different LOSCR catalysts were examined in this setup.  Both were utilized in a 
position much closer to the engine than the rest of the aftertreatment, in a location that would 
approximate a firewall mounted installation roughly 3 feet from the turbo-compound outlet.  The 
more compact size of the LOSCR allowed this sort of installation to be considered. 

The initial catalyst examined was a vanadium-based catalyst, which was coated on a 10.5 
X 6 inch substrate.  This formulation was considered due to concerns about long-term sulfur 
poisoning, given that the LOSCR would be mounted upstream of the PNA which would generate 
the exotherm in the system for regeneration.  A vanadium-based SCR catalyst would not be as 
sensitive to sulfur exposure in this location. Unfortunately, initial tests indicated almost no 
activity on the vanadium LOSCR catalyst below temperatures of 225 °C, and significant 
conversion did not begin until 250 °C.  The LOSCR catalyst did not reach 225 °C until 230 
seconds into the cycle, and did not reach 250 °C until 400 seconds into the cycle.  Given this 
initial behavior, the vanadium catalyst was quickly switched out for a zeolite-based catalyst. 

The zeolite-based LOSCR was produced by utilizing one-half of a development aged 
SCR catalyst from one of the MECA suppliers which as cut and re-canned for this purpose.  The 
total volume was 6.5L.  This catalyst demonstrated significantly better performance than the 
vanadium catalyst, and it was used for the remaining evaluation of this concept. 

Figure 208 shows the performance of the LOSCR during the early portion of the cold-
FTP.  Although the LOSCR reaches temperatures at the inlet over 200 °C 50 seconds into the 
cycle, it does not begin to see measureable conversion until after the first acceleration was 
completed, during the subsequent idle period.  By the second acceleration at 220 seconds, 
conversion was improving and was reaching the limits of the dosing amount by about 250 
seconds.  However, in this early portion of the cycle, the PNA was also still active and so this 
ultimately results in less storage in the PNA.  That does help reduce the magnitude of the later 
PNA release in the second acceleration somewhat, but the majority of the early cycle NOX in the 
first acceleration still has to be stored in the PNA.  Therefore, the improvement noted with the 
LOSCR was relatively small. 
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FIGURE 208. COLD-START NOX AND TEMPERATURES BEFORE AND AFTER 
LOSCR, FIRST 300 SECONDS, CONFIGURATION 2 

Gaseous NH3 dosing was started as soon as exhaust reached 130 °C, at about 30 seconds 
into the cycle.  Gaseous dosing continued until 565 seconds into the cycle for this particular test 
run, the point at which the SCRF outlet temperature was reliably above 200 °C, at which it was 
deemed that further dosing upstream of the LOSCR was not needed.  However, the LOSCR 
continued to convert NOX until the supply of stored NH3 was exhausted. It should be noted that 
the more successful strategies involved high rates of NH3 into the LOSCR very early, in order to 
try to achieve reasonable NH3 coverage before backing off.  Very little NH3 slip was seen at the 
LOSCR outlet, generally below 5ppm.  Sufficient NH3 was stored on the LOSCR by the point of 
shutdown that it continued to convert NOX after that point.  This is shown in Figure 209. 

One benefit of this approach was lower tailpipe N2O emissions.  Because the LOSCR 
was upstream of the system DOC (or PNA), nearly all the NOX reduction it performs involves 
NO only, which does not generate significant N2O as a byproduct.  This resulted in lower overall 
system N2O levels, because less N2O was generated over the SCRF. 
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FIGURE 209. LOSCR PERFORMANCE OVER THE FULL COLD-START FTP CYCLE 
(NH3 OFF AT 565 SECONDS), CONFIGURATION 2 

However, one down side of the LOSCR configuration was that while there was 
conversion upstream in the system, the added thermal inertia slows down the light of the 
downstream SCRF and SCR catalysts. Figure 210 illustrates the impact of the LOSCR on 
downstream SCRF temperatures, shown in comparison to Configuration 1. The thermal inertia 
of the LOSCR also lowers the PNA inlet temperature somewhat which does delay the PNA NOX 
release somewhat as well, helping to offset the slower SCRF light-off somewhat. 
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FIGURE 210. SCRF OUTLET TEMPERATURE – LOSCR (CONFIGURATION 2) 
VERSUS CONFIGURATION 1 WITH 6KW EHC 
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Continuous NOX and temperature data for the first 450 seconds of the cold-start FTP with 
the LOSCR configuration are shown in Figure 211.  The PNA-out NOX release was considerable 
smaller than what was seen previously for Configuration 1, downstream but SCRF and SCR 
conversion light-off was also delayed until nearly 325 seconds until the cycle. Cumulative NOX 
emissions for the final calibration that were examined on Configuration 2 are shown in Figure 
212.  
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FIGURE 211. COLD-START FTP NOX AND TEMPERATURES FOR 
CONFIGURATION 2, 0-450 SECONDS 
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FIGURE 212. ACCUMULATED COLD-START FTP NOX MASS FOR 
CONFIGURATION 2 (LO-SCR) AT VARIOUS POINTS IN THE SYSTEM 

NOX emissions for Configuration 2 are summarized below in Table 66.  The system was 
able to achieve slightly better results than Configuration 1 with the higher heat capacity EHC. 
However, the GHG impact was considerably smaller, even with the demonstration system using 
the 1.8kW EHC to allow low temperature dosing.  The net total GHG impact on the cold-FTP for 
this system was 3.5%, or 0.5% on the composite FTP.  Therefore, the primary benefit of the use 
of the LOSCR was a reduced GHG impact for the same emissions level. However, Configuration 
2 as tested was still not quite able to reach emission levels below 0.02 g/hp-hr with the 
Development Aged parts. 

TABLE 66. SUMMARY NOX EMISSIONS FOR CONFIGURATION 2 WITH LO-SCR 

Tailpipe Engine-Out AT Conversion 
Cold-Start 0.105 2.7 96.1% 
Hot-Start 0.008 2.9 99.7% 

Composite 0.022 2.9 99.2% 

It is likely that this system would have been able to reach levels below 0.02 g/hp-hr on a 
non-turbo-compound engine.  However, at the low exhaust temperatures of the MD13TC engine, 
even the LOSCR catalyst did not quite reach high conversion quickly enough.  It was also 
apparent that SwRI did not have the right catalyst formulation on hand to fully exploit the 
potential of this configuration, given that this concept was developed late in the program.  
Configuration 2 with the LOSCR remains a strategy of considerable interest due to the potential 
for high conversion at a smaller GHG impact. 
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Configuration 2 would likely have benefited from additional development, including a 
revised LO-SCR catalyst formulation, different sizing approaches, and more controls work.  
However, by this point in the program, time and budget constraints were beginning to restrict 
how much additional effort could be spent on calibration and hardware.  In order to fully test 
Configuration 2 it was necessary to implement the partial flow heated dosing system, HD2. 
Given that updated catalysts were not available in a timely fashion and the fact that the concept 
systems had not yet reached 0.02 g/hp-hr, it was decided that a different approach was needed in 
order to meet the budget and time constraints of the program. 

Another factor in this decision was that with the copper zeolite catalysts on hand, there 
was some risk associated with long-term sulfur management during final aging.  There was 
information in the literature that sulfur can be managed on an SCR catalyst at temperatures in the 
area of 400°C to 450°C as long as there was NH3 being dosed into the system at the time. 
However, there were not enough resources in the program to investigate this further, and 
therefore it was considered too much of a risk at the time. 

As noted earlier, this configuration could be very promising on a non-turbo-compound 
engine, where inlet temperatures could easily be 30 °C to 50 °C higher. This would allow light-
off during the first acceleration of the cold-FTP, and it might allow for the removal of the PNA 
from the system if conversion is high enough.  Significantly, more development on a different 
engine would be required to examine this possibility further, as well as to find a strategy and 
formulation to deal with the long-term sulfur management question. 

3.4.2.6 Final Candidate System Configuration 3 – PNA + HD1 + SCR + SCRF + SCR + ASC 

This configuration was not on the original list, but it was considered as a modification to 
Configuration 1 that could be examined quickly in the test cell with the parts on hand.  To 
implement this configuration, the 3” zeolite SCR that was used in Configuration 2 was installed 
upstream of the SCRF.  The intent was to bring more SCR closer to the heat source, given that 
the flow through SCR catalyst had more SCR capacity in a smaller volume.  Given the limited 
time available only one configuration was examined, and the HD1 EHC heater was used, but 
with a lower heat setting at 3.5kW.  A schematic of this configuration is given below in Figure 
213. 

FIGURE 213. FINAL CANDIDATE SYSTEM CONFIGURATION 3 – 
PNA+HD1+SCR+SCRF+SCR+ASC 
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This configuration was only examined briefly but it was able to achieve similar 
performance to Configuration 1 with the 6kW EHC (0.025 g/hp-hr composite), but using only 
3.5kW of EHC power.  This indicates that there was some improvement to be gained by moving 
the flow-through SCR catalyst upstream of the SCRF.  However, to fully examine this approach, 
it would have been necessary to reconfigure both the system and the controls, and to relocate the 
NH3 sensor and probe to the SCR outlet. In addition, the tailpipe performance was not yet below 
0.02 g/hp-hr.  Given the time and budget constraints of the program at that point, it was felt that 
this configuration could not be examined further. 

It should be noted that a potential drawback to this approach would be a further 
compromise in passive regeneration on the SCRF.  However, by this point, the SCRF 
regeneration development results were available which indicated that there was already very 
little such activity, so this loss would likely be a minor one with respect to GHG. 

Given the higher efficiency capability of the flow-through SCR that was found during 
screening, it is likely that moving the SCR upstream of the SCRF would improve the likelihood 
of reaching 0.02 g/hp-hr.  However, there were also durability concerns with this approach, such 
as higher temperature exposure for the SCR during active regeneration events.  If more 
development time had been available to examine these issues, this approach could have been 
examined in more detail, but that was not available.  Therefore, it was decided to move to 
another approach. 

3.4.2.7 Final Candidate System Configuration 4 – EHC+DOC + SCRF + SCR + ASC 

A fourth approach was considered during engine testing, but screening work on this 
approach had not yet been completed by the time the on-engine evaluations started.  The intent 
was to use an upstream DOC and supplemental fuel injection (SFI) via the “7th injector,” to 
generate supplemental heat.  Normally cold-start exhaust temperatures would prohibit the early 
use of this approach in the cycle, given that DOC inlet temperatures would need to be over 
230°C or more to allow fuel injection.  In order to allow earlier use, an EHC could be used to 
heat up the front of the DOC.  In addition, a late post-injection could be used for a short period of 
time to generate CO and light HCs to help with early light-off before transitioning to SFI. 

FIGURE 214. FINAL CANDIDATE SYSTEM CONFIGURATION 4 (NOT EXAMINED 
ON ENGINE) – EHC+DOC+SCRF+SCR+ASC 
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This approach was examined on the HGTR in order to look at the potential to generate 
heat rapidly during cold-start.  It was found that the heat capacity was very good, but that 
sufficient heat could not be generated in the first 60 seconds of the cycle to compensate for the 
lack of a PNA in the system. 

This approach could potentially be used downstream of a PNA in order to generate large 
amounts of supplemental heat.  However, this was considered to be too complicated, given that it 
would probably require multiple SFI injectors, because injection on the PNA would also be 
require periodically to generate and exotherm for periodic de-sulfation. It was also felt that this 
combination of hardware was likely to be too complicated and expensive, and it would have 
required considerable development time to implement.  Therefore, this approach was not 
examined on engine.  However, good heat potential was observed on the HGTR, such that this 
approach might be considered for a non-turbo-compound engine. 

3.4.2.8 Final Candidate System Configuration 5 – PNA + MB + SCRF + SCR + ASC 

Given that the other systems did not prove capable of reaching levels 0.02 g/hp-hr in the 
development timeframe available for the program, it was determined that more supplemental 
heat capacity was needed in order to deal with the low exhaust temperatures of the MD13TC 
engine.  Testing in Configuration 1 had indicated that electrical heat was not efficient enough at 
the heat input levels needed.  Therefore, the mini-burner (MB) was utilized instead of the HD1 
heater in order to increase the heat input downstream of the PNA.  A schematic of Configuration 
5 with the mini-burner is shown in Figure 215. 

FIGURE 215. FINAL CANDIDATE SYSTEM CONFIGURATION 5 (FINAL 
APPROACH) – PNA+MB+SCRF+SCR+ASC 

This approach is essentially similar to Configuration 1, but with the mini-burner used in 
place of the EHC from HD1.  Given that, the mini-burner has a heat capacity well in excess of 10 
kW, it was felt that this approach would likely succeed, given how close the 6 kW EHC was able 
to bring the system.  The rapid warm-up available with the mini-burner also meant that heated 
dosing was not required, because the dosing section would reach sufficient temperature for DEF 
dosing very rapidly. 

The installation of the mini-burner is shown in Figure 216 and Figure 217.  For this 
installation, the mini-burner was installed on a 5-inch diameter pipe section (the same diameter 
used for the rest of the engine exhaust tubing), and it occupied a pipe section that was 15 inches 
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Mini-Burner 
(MB) 

long.  A more compact installation was possible, but this was the configuration that had been 
produced for the modular screening systems, and there was not sufficient time or budget 
available to re-engineer the package.  A temperature sensor was mounted at the outlet end of this 
section in order to provide for temperature feedback and for a flame safety to ensure proper 
shutdown in the event of a misfire.  The burner fuel supply was taken from the test cell fuel 
system so that it would be included in the direct measured fuel consumption for the engine.  The 
air supply was driven by an air pump that was designed as a clutched, belt-driven pump.  
However, for these experiments, the air pump was driven by an electric motor.  Both air and fuel 
rates to the burner were directly measured as well to allow for proper accounting of CO2 impact 
later. In the case of air, the CO2 impact was calculated based on the airflow measurements, and 
on the assumption that the air pump would be belt driven, and a clutch would be engaged and 
disengaged as needed. 

FIGURE 216. MINI-BURNER INSTALLATION, DOWNSTREAM OF PNA 

The initial evaluations of this configuration on the FTP cycle were carried out using the 
same preliminary controls used for all other configurations.  The burner was initially calibrated 
using a fixed schedule for these early evaluations for cold-start and hot-start control. As with all 
other systems, the Development Aged parts were used for the preliminary evaluations. 

Figure 218 shows a comparison of the SCRF inlet temperature between the mini-burner 
and Configuration 1 with the 6kW EHC.  The higher heat capacity of the mini-burner was 
evident in the more rapid warm-up and higher temperatures that can been achieved. It should be 
noted that the mini-burner as calibrated generated as much as 20kW of heat in short bursts, 
although it ran most of the time at a heat output rate of 10 – 12 kW when it was on. 
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Continuous NOX and temperature for the early portion of the cold-FTP cycle are given in 
Figure 219.  With the mini-burner, the SCRF inlet temperature reaches 200 °C 90 seconds after 
cold-start, and the SCRF outlet has passed 150 °C before the start of the second acceleration.  As 
seen in the chart, this means that the SCRF can now convert the majority of the NOX released 
from the PNA at that time.  In addition, the downstream SCR was hot enough to begin to 
contribute NOX reduction as well, which helps to trim the high space velocity spikes further.  As 
a result, the mini-burner was able to fully bridge the gap between PNA release and SCRF light-
off with some margin. 

Figure 220 shows cumulative NOX mass for Configuration 5 at various points in the 
system. As with other systems, there was still an initial small NOX release of about 0.5 grams 
from the PNA that cannot be controlled, but the more substantial peaks near the 200-second 
mark have been effectively removed.  There was also a small amount of late cycle NOX due to 
oxidation of a portion of the ammonia that slips from the SCR into NO at higher temperatures. 
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FIGURE 219. COLD-START FTP NOX AND TEMPERATURES FOR 
CONFIGURATION 5 (MINI-BURNER) – 0-450 SECONDS 
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FIGURE 220. COLD-START FTP CUMULATIVE NOX MASS AT VARIOUS POINTS – 
CONFIGURATION 5 WITH DEVELOPMENT AGED PARTS 

This level of cold-start performance was sufficient to produce a composite FTP value 
well below 0.02 g/hp-hr, if it was combined with hot-start FTP levels that are at 0.01 g/hp-hr or 
less.  As mentioned earlier, it was determined that a small amount of thermal management was 
needed to produce a repeatable hot-start level below 0.01 g/hp-hr, due to the low exhaust 
temperatures with the MD13TC engine.  For the purpose of this demonstration, the most efficient 
means of providing this heat was to use the mini-burner during warm-start.  However, a much 
lower heat input rate was needed, and for a significantly shorter period of time.  Figure 221 
shows continuous temperature and NOX data from a hot-start FTP for the preliminary testing on 
the Development Aged parts.  The temperature input of the mini-burner can be seen in the SCRF 
inlet temperature until the point at which it shuts off.  As noted earlier this was also a lower heat 
input than was used for the cold-start, in order to minimize fuel consumption and air demand. 
This early thermal management was sufficient to keep both SCRF and downstream SCR 
temperatures above 200°C, which was the ideal point for near total conversion of NOX. For the 
preliminary tests this heat rate was relatively high, it would be calibrated later to lower the heat 
demand somewhat during the implementation of the final controller.  It should be noted that the 
PNA actually shows some trapping and release activity during the hot-FTP, but this was not 
necessary for the system to operate at very high efficiency. 
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FIGURE 221. HOT-START FTP NOX AND TEMPERATURE FOR CONFIGURATION 5 
– PRELIMINARY RESULTS WITH DEVELOPMENT AGED PARTS 

Figure 222 shows cumulative NOX mass for a hot-start FTP test from the Development 
Aged parts.  There was some breakthrough through the SCRF at high space velocity in the 600-
900 second region of the cycle.  However, the downstream SCR was able to deal with this as 
long as the ammonia coverage was properly managed.  The requirement to maintain coverage 
does results in some late cycle ammonia oxidation into NO across the ASC.  Balancing between 
the maintenance of mid-cycle NOX reduction and late cycle ammonia slip was the primary 
controls challenge for the hot-start FTP.  For the development aged parts, there was sufficient 
separation between these two regimes to allow for the system to be maintained at a level below 
0.01 g/hp-hr.  The NH3 sensor feedback becomes a critical function for the proper maintenance 
of this capability. 
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FIGURE 222. HOT-START FTP CUMULATIVE NOX AT VARIOUS LOCATIONS – 
CONFIGURATION 5 PRELIMINARY DATA WITH DEVELOPMENT AGED PARTS 

As a result of the performance observed with Configuration 5, as well as the time 
constraints of the program, and the favorable GHG efficiency as compared to Configuration 1, 
Configuration 5 with the PNA and mini-burner was chosen as the final configuration to proceed 
into the final demonstration test. Several test repeats were conducted to ensure the repeatability 
of the final values. A summary of the preliminary results for Configuration 5 are given below in 
Table 67.  The table also includes a set of results for the de-greened parts that were subsequently 
sent into the Final Aging process.  Although not given in the table, this configuration also 
produced RMC-SET results at a level of 0.015 g/hp-hr with preliminary controls. 

TABLE 67. SUMMARY OF NOX EMISSIONS FOR CONFIGURATION 5 WITH MINI-
BURNER AND PNA 
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BSCO2, g/hp-hr 

Cold Hot Composite RMC 

Baseline Engine 574 543 547 458 

Final ULN Config 600 547 555 462 

% change 4.5% 0.7% 1.4% 0.9% 

Additional GHG Impacts: 

Mini-burner air 0.5% 0.15% 0.2% 

Increased SCRF Regeneration 0.5% 0.3% 

Total FTP CO2 Impact 2.1% 1.2% 

A preliminary summary of the impact of Configuration 5 on CO2 emissions is given 
below in Table 68.  These values are based on measured CO2 emissions during baseline testing 
and the preliminary tests with Configuration 5.  The additional impacts for increased SCRF 
regeneration are based on the draft values from the screening work, and the mini-burner air was 
based on measured air rates and a calculation based on the use of a clutched, belt-driven air 
pump.  Based on these values, the total composite FTP impact of Configuration 5 was a 2% 
increase in CO2 emissions as compared to the baseline engine. For the RMC cycle, the impact 
was measured at 1.2%. 

In the case of the measured CO2 emissions impact data, it should be noted that these 
measurements are compared to a set of engine baseline measurements that were carried out in a 
different test cell location nearly 2 years before the final measurements were made. It was not 
possible within the scope of the program to go back to repeat baseline measurements in order to 
allow a more precise comparison. 

TABLE 68. PRELIMINARY SUMMARY OF CO2 IMPACT OF CONFIGURATION 5 – 
WITH DEVELOPMENT AGED PARTS 

The monitoring of N2O levels was also an important part of the characterization of the 
system. N2O emissions at various points in the system are shown in Figure 223 for the cold-start 
FTP, and in Figure 224 for the hot-start FTP respectively.  Tailpipe N2O emission levels for the 
Development Aged parts were at 0.075 g/hp-hr for the cold-start FTP, and 0.082 g/hp-hr for the 
hot-start FTP.  As seen in the charts, the primary N2O generation came about as a result of SCR 
reactions across the SCRF itself.  Given the much of the cycle was spent in the range of 200°C to 
250°C, this N2O was likely the lower temperature pathway via the formation and subsequent 
decomposition of nitrates on the surface of the catalyst.  It should be noted that this pathway 
requires NO2 at the catalyst inlet.  Measurements downstream of the PNA generally indicated 
NO2 levels on the order of roughly 40% of total NOx. It should be noted, however, that late in 
the cycle there was an evidence of additional N2O being generated across the ASC.  This was 
likely the result of oxidation of some the ammonia that slips through the downstream SCR.  Most 
of this NH3 was oxidized to nitrogen and water, however a small portion becomes N2O, while an 
even smaller portion was oxidized into NO as discussed earlier. 
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3.4.2.9 Discussion of MB Configuration without PNA (DOC+MB+SCRF+SCR+ASC) 

One option that was considered when the mini-burner was selected was the possibility of 
removing the PNA and replacing it with a DOC, in an effort to reduce system cost and 
complexity.  Given the program time constraints by this point, a brief analysis was conducted to 
look at the probability of success with such a change. 

The removal of the PNA would require that engine-out NOX levels be lowered drastically 
during the first 90 to 100 seconds of the cold-start.  In prior investigations, a modified engine 
calibration was attempted to generate larger engine-out NOX reductions than the one finally 
utilized (which as designated Cold Cal 2).  However, this approach was halted when the PNA 
was selected, due to the fact that its use resulted in the potential for rich excursions during 
accelerations in the early cold-start (thought these were no larger than the ones observed on the 
baseline engine).  It should be noted that this calibration was only applied at low coolant 
temperatures (i.e., below 50 °C after cold-start only).  Removal of the PNA would allow more 
flexibility in the engine calibration to try such modifications. 

An analysis of cumulative NOX in the early cold-start is shown in Figure 225.  The plot 
show the engine-out NOX from the current engine calibration, and what was observed with the 
modified Cold Cal 2 (marked EO_CC2).  The modified Cold Cal 2 resulted in a cumulative NOX 
of 2 grams by 60 seconds into the cycle and 2.5 grams by 100 seconds.  Recall that the SCRF 
does not light-off until about 90 seconds into the cycle with the mini-burner.  While this 
represents a reduction of nearly one third from the current engine calibration, it was still not 
sufficient to get under the cold-start target of 2 grams total even with some early NOX reduction 
from the SCRF.  In addition, no margin would be left for any other NOX emitted anywhere else 
in the cycle. 

6 

5 

4 

Engine Out 

SCRF In 
3 

SCRF Out 

TP 

EO_CC2 
2 

1 

Cu
m

ul
at

iv
e 

N
O

x 
[g

] 

0 100 200 300 400 500 600 
0 

FIGURE 225. CUMULATIVE COLD-START NOX AND ANALYSIS OF COLD CAL 2 
OPTION WITHOUT PNA 

228 
SwRI 03.19503 Final Report 



 
   

  
 

 
 
 

   
 

 
    

    
 

 
 
 

 
 
  

 
  

 
   

     
 

   
   

 
    

  
 
   

  
       

 
 

 
  

  
 

 
  

   
   

   
  

 
 

As a result, this approach was considered too low a probability of success to spend engine 
resources on at this late stage of the program.  However, with a somewhat higher initial engine 
exhaust temperature, perhaps from a non-turbo-compound engine, this could be a viable potential 
approach. 

3.4.3 Final Controls Implementation and Calibration for Final Candidate System 
Configuration 5 

Following the down-selection of Configuration 5 based on the preliminary test results, a 
set of parts was delivered to final aging as described earlier.  While these parts were being aged, 
development in the transient cell continued with the implementation and calibration of the final 
controls.  This work continued on the Development Aged parts while Final Aging was being 
conducted.  While it would have been ideal to complete the controls development and then test 
the final parts again prior to aging, the time constraints of the program did not allow this to be 
done. 

The final controls approach was described in detail earlier, and therefore will not be 
repeated herein.  The primary differences between the Final Controller and the Preliminary 
Controller (used to generate the data previously discussed) were: 

• Use of a model-based SCR controller with integrated NH3 sensor feedback.  This allowed 
a single calibration to be used for the various cycles, as well as getting rid of the need for 
specialized pre-conditioning beyond what was normally permitted in 40 CFR Part 1065 

• The use of a state-machine based burner controller, which was driven by coolant and 
aftertreatment temperatures rather than a fixed schedule. This allowed for the 
development of a single set of calibrations that would be used on all cycles 

• The use of the same state-machine controls to trigger engine changes based on 
temperatures rather than a time basis 

This step was considered essential in order to produce a representative demonstration, as 
well as to enable the assessment of the system on vocational cycles, which were not meant to be 
individually calibrated. As mentioned earlier, a single calibration set was developed for FTP and 
RMC-SET cycles, and that same calibration set was generally used without modification for the 
vocational cycles.  A slightly modified calibration was developed for the WHTC, but it was felt 
that this was appropriate given that a production engine would likely be calibrated for the 
regulatory cycles appropriate to its target market.  Therefore, it is not uncommon for engines 
targeted at U.S. cycles to have different calibrations than those targeted at European cycles, even 
if the overall system architecture is similar. 

During the course of the controller development, there were two incidents that occurred 
which affected the Development Aged parts.  The first was an issue that occurred with a glitch in 
the communication between the engine ECU tools and the Integration Controller.  This resulted 
in a significant post-injection event under cold-start temperatures that resulted in the exposure of 
the PNA to raw fuel.  Although this period was brief, and there were no measured exotherms that 
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Cold Hot Composite RMC 

Preliminary 
g/hp-hr 0.027 0.010 0.012 0.015 

% conv 99.0% 99.7% 99.6% 99.3% 

Final Controller 
g/hp-hr 0.062 0.008 0.016 0.015 

% conv 97.7% 99.7% 99.5% 99.3% 

resulted from this event, it did appear to result in a small loss of storage on the PNA. 
Subsequently, an issue with the mini-burner during software development resulted in a series of 
burner misfire events, during which a small amount of raw fuel was pooled in the exhaust. 
Although this was subsequently evaporated later in the cycle, this may have also resulted in some 
exposure on the PNA.  It should be noted that the SCRF and SCR were not affected by either of 
these occurrences. 

A comparison of results for the Preliminary tests and the Final Controller is shown in 
Table 69.  As noted earlier the primary reason for the difference in cold-start emissions results 
was the shift in PNA performance that was observed as a result of the occurrences discussed 
earlier.  Hot-start results were noted to be more consistent with the final controller, and as noted 
earlier, all the results with the final controller could be achieved using only the standard 
preconditioning procedures that are permitted in 40 CFR Part 1065.  In the case of the FTP, that 
meant two preconditioning hot-FTP cycles with a 20-minute soak between them.  In the case of 
the RMC-SET, the test for record was preceded immediately by a preconditioning RMC-SET 
and there was no dwell time between the two cycles.  With the Final Controller in place, the 
system was still demonstrating emission levels that were below 0.02 g/hp-hr, even with the 
compromise to the PNA in the development aged parts. 

TABLE 69. COMPARISON OF TAILPIPE NOX LEVELS FOR PRELIMINARY AND 
FINAL CONTROLS USING DEVELOPMENT AGED PARTS – FINAL 

CONFIGURATION 

Unlike the Preliminary results, the Final Controller was also tested on the WHTC cycle 
with the Development Aged parts, thus providing an assessment of performance on that cycle 
prior to Final Aging.  Very limited time was available for work on the WHTC, therefore only 
small calibration adjustments were made.  The engine calibration was essentially used as it was 
with a small adjustment made for transient EGR tuning. It was found that the burner settings 
needed to be adjusted slightly in order to achieve a stable light-off performance given that the 
WHTC begins to develop load less than 6 seconds after the start of the cycle.  These settings 
were retained in the future given that they appeared to improve performance on all cycles.  In 
addition, the burner heat rates and trigger temperatures were moved a small amount to optimize 
fuel consumption.  Finally, some small adjustments to SCR storage targets were made in an 
attempt to optimize performance a little better for the WHTC. It was clear that the WHTC 
tailpipe levels could have benefited for a longer optimization effort, but this was not available. 

WHTC emission levels for the Final Controller are given below in Table 70.  As noted 
for the FTP results discussed earlier, these results utilize the same PNA, which had been affected 
by the earlier calibration occurrences. NOX and temperature behavior over the early portion of 
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Cold Hot Composite 

Engine-Out g/hp-hr 3.5 3.4 3.3 

Tailpipe g/hp-hr 0.089 0.008 0.019 

NOx Conversion %conv 97.5% 99.8% 99.4% 

the cold-start WHTC are shown in Figure 226.  The SCRF reaches the point of light-off about 
150 seconds into the cycle, and reaches high conversion rates roughly 30 seconds later. 
However, there is substantial release from the PNA prior to this point, due to the nature of the 
WHTC.  Therefore, the cold-start value is somewhat higher than what was observed with the 
same catalysts on the FTP cycle. It is likely that the WHTC would have benefitted from a more 
aggressive early burner calibration, but there was not sufficient time available to produce this 
calibration. 

TABLE 70. WHTC NOX LEVELS FOR THE FINAL CONTROLLER WITH 
DEVELOPMENT AGED PARTS 
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FIGURE 226. COLD-START WHTC NOX AND TEMPERATURE – DEVELOPMENT 
AGED PARTS AND FINAL CONTROLLER, 0-450 SECONDS 

It was noted that the WHTC cycle appears to push the capacity of the PNA slightly 
harder because of the manner in which it warms up and generates NOX. Figure 227 shows a 
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comparison of cumulative NOX before and after the PNA for cold-start on both cycles.  Although 
the initial FTP engine-out rate is higher, this happens earlier when the PNA is at slightly lower 
temperatures.  The first large increase in engine-out WHTC NOX comes somewhat later when 
the PNA is at slightly higher temperatures.  This leads to an earlier breakthrough of NOX, which 
breakthrough happens before the SCRF reached sufficient temperatures for high efficiency NOX 
conversion.  At the same time, the higher exhaust flows in the early WHTC mean that more heat 
is needed early to achieve full SCRF light-off.  While the FTP breakthrough actually comes 
sooner, it is smaller, and by the 90-second mark in the cycle, the release seen on the WHTC 
overtakes the FTP and continues.  The final impact is not as large as it seems from this 
comparison because it should be noted that the WHTC work denominator is about 70% larger 
than for the FTP for this engine.  Nevertheless, the final brake-specific NOX level is still about 
50% higher on this comparison, although that difference could be reduced with further 
calibration effort.  Given the limited remaining time and resources in the program, and the fact 
that the tailpipe level was at 0.02 g/hp-hr on the WHTC, it was decided to stop the calibration 
effort at that point, in order to prepare for the testing of the Final Aged parts, which were nearly 
ready at that point. 

FIGURE 227. COMPARISON OF EARLY COLD-START CYCLE BEHAVIOR 
ACROSS PNA – WHTC VERSUS FTP 

Hot-start WHTC behavior is shown in Figure 228, which shows temperature and NOX 
over the cycle.  However, both the SCRF and tailpipe NOX levels are essentially not visible on 
this scale.  Therefore, Figure 229 shows both engine-out and tailpipe NOX on separate scales 
with a factor of 100 difference.  At this magnification, it is apparent that the there are several 
small NOX spikes early in the 300 to 600 second range, but the majority of the hot-start NOX is 
emitted at the end of the cycle.  This is again due to late cycle ammonia oxidation into NO across 
the ASC.  Cumulative hot-start WHTC NOX mass is depicted in Figure 230, which shows the 
majority of tailpipe NOX coming at the end of the cycle due to oxidation of ammonia slip. 
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FIGURE 228. TEMPERATURE AND NOX OVER HOT WHTC WITH DEVELOPMENT 
AGED PARTS – FINAL CONFIGURATION 
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FIGURE 230. CUMULATIVE HOT WHTC NOX MASS WITH DEVELOPMENT AGED 
PARTS – FINAL CONFIGURATION 

One interesting contrast that was noted between the hot-start FTP and WHTC cycles was 
that the FTP appeared to rely slightly more on the downstream SCR to deal with high space 
velocity breakthroughs.  Table 71 shows a comparison of the cycle conversion behavior at SCRF 
and Tailpipe locations for the two cycles. Although tailpipe levels are essentially the same, the 
WHTC relies less on the downstream SCR to manage high space velocity spikes.  This could 
indicate an opportunity to downsize that catalyst for certain applications and duty cycles. 

TABLE 71. COMPARISON OF HOT-START CONVERSION BEHAVIOR FOR WHTC 
AND FTP CYCLES 

Location WHTC FTP 
Engine-Out g/hp-hr 3.34 2.91 

SCRF-Out g/hp-hr 0.024 0.029 
% conv 99.3% 99.0% 

Tailpipe g/hp-hr 0.008 0.008 
% conv 99.8% 99.7% 

One difficulty that was noted with the WHTC cycle in particular was that there was a 
measurement related issue driven by the fact that the WHTC protocol specifies only a 10-minute 
soak between cold-start and hot-start tests.  Given the short period of time there was not 
sufficient time to switch to lower analyzer ranges and recalibrate between the cold-start and the 
hot-start.  This meant that all tests had to be run at the cold-start ranges. It was found that this 
appeared to result in a slightly larger amount of drift, and in particular, with issues surrounding 
the accuracy of the background bag read.  Although these issues were small, they were still 
sufficient to create a discrepancy between Raw and Dilute tailpipe measurements.  Similar issues 
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were not observed with the FTP tests, wherein the 20-minute soak period allowed for a switch to 
lower ranges for the hot-start tests.  This was examined in more depth later when looking at the 
larger number of replicates available with the final aged parts. 

3.4.4 Final Aging 

As describe earlier, the Final Aging process was conducted on a mule engine, which was 
a 2009 Cummins ISX 15-liter engine that had been modified in accordance with the DAAAC 
protocol to produce a moderate amount of acceleration to catalyst oil exposure.  The de-greened 
catalysts, which were tested at the end of the down-selection process, were installed on the 
engine, along with a set of the production NOX, NH3, and temperature sensors that were used by 
the final controller. 

DEF dosing was also conducted during the aging, but given the relatively simple nature 
of the durability cycle, this dosing was based in a fixed ANR schedule by mode.  Dosing 
calculations for aging were driven by the measured exhaust flow and the engine-out NOX sensor.  
Given the temperatures of the aging cycle, it was not anticipated that there would be significant 
amounts of NOX storage, therefore the engine-out sensor signal was deemed appropriate to drive 
dosing.  Generally dosing was conducted at an ANR of 1.05, however that ANR was increased to 
2.0 during the SCRF regeneration mode. 

The initial regeneration times were based on experiments conducted with a de-greened 
set of parts looking at both a program DOC-DPF system and the final SCRF that was chosen. 
For the SCRF the experiments were conducted using a PNA to generate the exotherm for 
regeneration, as was the case for the final configuration.  The results of these initial regeneration 
experiments are summarized below in Table 72.  Based on these results, in initial regeneration 
process consisting of 25 minutes at 575°C, followed by a short 5-minute duration at 600°C was 
settled on.  It appeared from the experiments that this would be sufficient to keep the filter clean 
over the long term. 

TABLE 72. RESULTS OF SCRF REGENERATION EXPERIMENTS 

DPF/SCR_F 
(w/DOC) 

Part Volume 
(L) 

Run 
Number 

Test 
Total Fuel 

Consumtion 
(kg) 

Soot On 
Part* (g) 

Percent 
Removed* 

Soot on 
Part* 
(g/L) 

Cycle End 
Weight (g) 

DPF 21.75 

Cleanout 30851.3 
729-731 Loading 93 125.0 5.75 30976.3 

732 550°C-25min; 600°C-5min 19 7.2 94% 0.33 30858.5 
Cleanout 30858.5 

733,734 Loading 114 123.1 5.66 30974.4 
735 575°C-25min; 600°C-5min 18 7.0 94% 0.32 30858.3 

Cleanout 26839.5 
713 Loading 136 125.1 4.74 26964.6 
714 550°C-25min; 600°C-5min 20 42.9 66% 1.63 26882.4 

Cleanout 26842.0 
SCR_F 26.37 716,717 Loading 163 148.8 5.64 26990.8 

718 550°C-25min; 600°C-5min 20 43.0 71% 1.63 26885.0 
Cleanout 26846.2 

723 Loading 142 151.6 5.75 26997.8 
721 or 724 575°C-25min; 600°C-5min 20 14.4 91% 0.55 26860.6 
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The initial aging cycle is depicted below in Figure 231.  As discussed earlier this cycle 
was developed based on the initial calculated regeneration frequency of 1.7% and the 
regeneration process discussed above.  The given regeneration frequency result in a total of 218 
hours of regeneration for full useful life equivalent thermal exposure.  This would be conducted 
over the course of 1000 hours of operating over the cycle shown in Figure 231.  Based on data 
from Volvo and the predicted oil consumption for the DAAAC mule engine, an oil exposure 
acceleration of 2.5 was expected, which would result in roughly 25% full useful life oil exposure. 

Following the initial installation and checkouts of the cycle, durability on this initial cycle 
was started. It should be noted however, that at the start of Final Aging, this configuration had 
not actually been run for extended periods of time due to time and budget constraints.  Several 
issues developed over the course of the durability operation that resulted in the need to modify 
the original aging cycle and regeneration process.  Given the developmental nature of the 
program, and the fact that on-engine aging of this configuration had never been attempted, some 
adjustments were to be expected. 
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FIGURE 231. INITIAL CYCLE FOR FINAL AGING (2.5 HOUR DURATION) 

A summary of the complete history of the Final Aging is given in Table 73.  As noted, 
there were several significant events that occurred over the course of Final Aging that may have 
affected the parts in an abnormal fashion.  These are discussed more below. 

The first issue that developed during the Final Aging occurred relatively quickly after 
starting durability.  Within about 40 hours of operation, it was noted that the delta P across the 
PNA was rising from cycle to cycle, and further that the exotherm was requiring an increasing 
amount of fuel to maintain.  By the point of 70 hours, due to both this and rising SCRF delta P, 
durability was halted.  Upon inspection, it was found that a considerable amount of coke was 
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building up on the front of the PNA, and this was compromising the regeneration capability of 
the system.  It appeared that this was occurring during regeneration and the subsequent cool 
down back to the low temperature mode.  This buildup was successfully removed by operating at 
425°C for a period of about 2 hours on the engine. 

After further discussion and analysis it was determined that in order to manage the 
buildup, a mode would be inserted into the durability cycle consisting of operation at 425°C at 
the PNA inlet.  The duration of this mode would be set in a realistic manner to be consistent with 
the histogram data that was used to develop the initial cycle, although that temperature was 
initially not utilized.  The addition of this mode helped to prevent long-term buildup of coke and 
therefore allow aging to continue.  However, it should be noted that this initial large buildup did 
expose the PNA to high levels of heavy hydrocarbons through several shutdown events before it 
was removed.  This could have resulted in some amount of abnormal degradation on the PNA, 
although it is not known how much this may have actually contributed to changes observed in 
PNA performance. 

TABLE 73. FINAL AGING CHRONOLOGY AND SIGNFICANT EVENTS 

Date Cycle Hours Aging Cycle Notes 
8/29/2016 0 Original 
8/31/2016 40 Original First observation of increasing PNA dP, decreasing exotherm with each cycle 
9/1/2016 70 Original SCRF weight 
9/1/2016 75 Original Large increase in SCRF dP, aging stopped 

Coking on PNA caused decreased exotherm 
Regeneration insufficient for full cleanout 
Passive regeneration and cleanout, decoke PNA at 425C, clean SCRF weight 

9/1/2016 75 Modified 1 575 for 15 min, 600 for 15 min, better but still increasing SCRF dP 
9/4/2016 130 Modified 2 Increase 600 to 40 min 
9/8/2016 225 Modified 3 Current regen is too frequent for long term, increase non-regen 50% 
9/12/2016 325 Modified 4 Further increase in non-regen, reduce 575 mode to 5 min 
9/13/2016 333 Modified 4 SCRF clean weight 
9/17/2016 425 Final Final cycle times reached 
9/23/2016 575 Final SCRF dP slow increase during this period (ash), late in cycle observed more rapid increase 
9/27/2016 585 Final SCRF clean weight 
9/27/2016 590 Final Shut down on SCRF dP 

Evidence of faceplugging and ash, Insufficient exhaust distribution upstream of SCRF 
Installed diffuser inlet upstream of SCRF 

9/28/2016 593 Final Passive regeneration at 425C with no DEF (clean PNA and SCRF soot), clean weight 
10/1/2016 670 Final SCRF dP again at higher levels, passive regeneration at 425 to clean out, mat failure started ? 
10/6/2016 710 Final Shut down on very high SCRF dP and high backpressure, PNA dP data not valid due to over-range 
10/7/2016 Inspection shows canning failure, heavy PNA coking and soot, SCRF plugging via mat 

10/9/2016-10/21/2016 Recovery Efforts 
10/21/2016 710 Final Install re-canned part, allows for proper regeneration and clean SCRF weight 

10/22/2016-10/26/2016 Removal of front ash/mat material plug 
10/27/2016 712 Final Regeneration and clean SCRF weight (to check ash load) 
10/28/2016 712 Final Restart aging (noted early coking issues, test cell heat exchanger and cycle modified) 
11/4/2016 850 Final Aging Completed 

It was noted at this same time that there was also a rapid delta P increase across the 
SCRF.  Initially it was expected that this may have been due to the PNA issue, however, on 
further inspection at was found to be due to incomplete regeneration and cleaning of the soot. 
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After several additional experiments it was determined that more time was needed at 600 °C 
SCRF inlet temperature to affect a thorough cleaning of the filter. The regeneration protocol was 
modified accordingly and durability was resumed.  The overall duration of the regeneration event 
was also lengthened from 30 to 40 minutes.  It should be noted that this change affected the final 
regeneration frequency, and therefore the length of the modes needed to be adjusted in order to 
achieve the desired thermal exposure.  These adjustments were made while the aftertreatment 
was continuing to cycle and accumulate hours.  Therefore, the final duration of the durability had 
to be adjusted as discussed below in order to avoid over-aging of the parts. 

Prior to the re-start of durability, the excess soot was removed from the SCRF by placing 
the engine at a mode that would promote passive regeneration, while at the same time disabling 
DEF injection so that passive soot oxidation could take place.  Once the filter was reduced to a 
reasonable delta P, an active regeneration was run. 

During the course of these experiments, it was also found that the initial soot-loading 
target was set too low.  Given the lack of precious metal on the SCRF, the only source of 
exotherm on the filter itself comes from the oxidation of soot.  It was found that if there was not 
enough soot accumulated on the part prior to the start of regeneration, a thorough exotherm 
would not reach the edges of the part, given its large diameter at 13 inches. In addition, the soot-
loading target was increased from 4 g/liter to 5 g/liter.  This change, along with the change to the 
duration of regeneration, resulted in a re-calculation of the regeneration frequency.  The final 
calculation indicates a slightly lower frequency of 1.7%, but this would be primarily at a higher 
temperature as previously discussed.  Therefore, the overall thermal exposure of the parts was 
increased as compared to the initial aging cycle.  This was necessary however, in order to for the 
aging to represent an accurate regeneration process. 

Considering these various changes, the updated durability cycle is shown in Figure 232.  
The final duration of the various modes was adjusted over time in order to reach the final desired 
frequency. However, these adjustments were made incrementally, while the parts were still 
accumulating hours.  The final cycle was stabilized at the 425 hours mark.  Therefore, in order to 
prevent either over-aging or under-aging of the parts, the actually amount of time at temperature 
was quantified, and the duration of the durability was adjusted in order to achieve the correct 
thermal exposure.  The final regeneration frequency of 1.7% translates to 188 hours of 
regeneration time over full useful life, but the majority of that was at 600 °C at the SCRF inlet. 
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FIGURE 232. FINAL DURABILITY CYCLE USED FOR FINAL AGING (4-HOUR 
DURATION) 

It should be noted that at this temperature, the bed temperature on the PNA where the 
regeneration exotherm is being generated was generally in the range of 640°C to 650°C.  These 
bed temperatures were considered to be sufficiently high to promote regular desulfation of the 
PNA. However, this was primarily observed at the rear of the bed, and the front bed 
temperatures did not generally reach much above 400 °C.  PNA inlet gas temperatures during the 
regeneration mode were in the range of 320 °C to 330 °C. It is therefore possible that some 
sulfur may have been stored over longer periods at the front face of the PNA. 

The next event occurred at the 590-hour mark shortly after a clean-weight was conducted. 
There was evidence on the filter of face-plugging via ash around the edges of the part which was 
abnormal.  This was determined to be the results of poor exhaust distribution at the SCRF inlet 
face.  The inlet cone was modified to include a diffuser of a design that had already been 
incorporated in the development cell to improve inlet distribution of NH3.  The face ash was 
mechanically loosened and a passive regeneration was run to remove the excess soot that had 
built up.  Following this, SCRF delta P returned to normal behavior and durability continued.  It 
was noted that during several of the regenerations leading up to this, SCRF bed temperatures did 
reach levels as high as 660 °C due to high soot levels.  Normally, SCR bed temperatures did not 
exceed 630 °C. 

Durability continued at this point, until increasing delta P was again noted on the filter 
starting at about the 670-hour mark.  However, this was still within normal levels so it was 
monitored over the next day. Near the 710-hour mark, a large increase was noted in both SCRF 
delta P and overall system backpressure, and the system was shut down by test cell safeties. 
Subsequent inspection revealed that the source of these changes was a canning failure on the 
PNA.  Pictures of this failure are shown in Figure 233.  Figure 234 shows pictures of the SCRF 
that was downstream of this failure. 
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FIGURE 233. PNA IMMEDIATELY FOLLOWING CANNING FAILURE 
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Clear evidence of substantial mat material on front face 

FIGURE 234. SCRF INLET FOLLOWING PNA CANNING FAILURE 

The pictures indicate a significant buildup of coke, soot, and matting material used in 
canning on the front face of the PNA.  This likely resulted in another exposure of the PNA to 
significant amounts of heavy HC, which may have affected its performance.  In addition, the 
PNA appeared to have ingested some matting material while failure was progressing, although 
the majority of the material was located on the front face and easily cleaned off. Further 
inspection of the SCRF was carried out in order to determine if the situation was recoverable. 
Figure 235 shows the result of a bore scope analysis conducted from the front face, while Figure 
236 shows the result of a CT-scan analysis of the filter.  Both indicate evidence of unusual 
plugging near the front of the filter, as opposed to the normal pattern of deep ash that is also seen 
in this part (and is typically for aged filters).  This front plug was found to be composed of a 
combination of mat material and ash and is not a normal occurrence in real vehicle driving. 

In order to continue durability it was necessary to recover both parts of possible.  The 
alternative would have been the start the aging process over, but this would have resulted in a 4 
to 6 month program delay while new parts were obtained and re-aged, as well as the need for 
additional funding to support the re-aging process. Therefore, recovery approaches were 
launched. 
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FIGURE 235. BORESCOPE INSPECTION OF SCRF FOLLOWING CANNING 
FAILURE 

FIGURE 236. CT-SCAN ANALYSIS OF SCRF FOLLOWING PNA CANNING 
FAILURE 
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For the PNA the recovery process involved the following steps: 

• The part was left in the can and initially the channels were cleaned via low pressure air 
from the outlet face 

• The cleaned part was place in an oven in order to remove accumulated soot and coke 
from the brick.  It was baked at 425 °C for 30 minutes to remove HC, then at 625 °C to 
remove soot (it is possible that some stored sulfur was removed from the front as well 
during this process). 

• The cleaned PNA was shipped to a canning supplier for removal and re-canning 
• The re-canned part was flanged and new taps installed at SwRI 

Subsequent tests indicated that the re-canned part appeared to retain the same capability 
to generate exotherms and oxidize NO to NO2. NOX sensor readings during warm-up indicated 
that NOX storage behavior was present, but it was not possible to quantify this until the final tests 
were performed.  There was no way to determine what amount of storage change if any was the 
result of previous aging or this failure. 

For the SCRF the recovery process involved the following steps: 

• Initial cleaning of debris from the face of the part 
• Very light vacuum from inlet face with outlet blocked to prevent flow through the part (in 

order to leave deep ash intact0 
• Bore scope and CT-scan analyses 
• When re-canned PNA was again available, run first passive then active regeneration then 

perform clean weight to check ash loading trend 
• Mechanically loosen the abnormal ash plug manually from front (one channel at a time) 

o It was verified with the supplier that this would not disturb the SCR washcoat 
• Very light vacuum from inlet face with outlet blocked to prevent flow through the part 

(again in order to leave deep ash intact). 
• Run a regeneration on engine and re-check clean weight to check ash loading trend 

Throughout this process, the aftertreatment supplier was consulted regularly in order to 
ensure that the parts remained as representative as possible given the unusual nature of this 
failure.  Nevertheless, this remained a significant incident, and the performance of both the PNA 
and the SCRF could have been compromised as a result, although there is no way to be certain of 
this. 

At this point, aging resumed and was run to completion.  Based on previous thermal 
exposure and remaining regeneration time aging was halted at 850 hours with 194 hours of 
actual regeneration time on the parts, mostly at 600 °C SCRF inlet temperature target. Given the 
small number of early hours at the lower 575 °C temperature, calculations indicated that this was 
equivalent to the target of 188 hours on the final aging cycle. 

Given the aging did not run to the full 1000-hour duration, there was some concern about 
reaching the ash loading and oil exposure targets. Figure 237 shows a plot of both SCRF weight 
and oil consumption measurements over the course of durability. 
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FIGURE 237. SCRF WEIGHT AND MEASURED OIL CONSUMPTION OVER THE 
COURSE OF FINAL AGING 

It can be seen that oil consumption increased over time from the initial rate that was 
observed and used as the basis for exposure calculations.  The oil consumption points represent 
oil drain and weigh events, while the points on the weight line indicate clean DPF weights to 
check ash loading.  It should be noted that much of the increase in oil consumption was the result 
of the cycle modifications that were made to lengthen non-regenerating modes in order to reach 
the desired frequency. This resulted in larger portion of time at the higher speed, high oil 
consumption points.  Some of the increase was also due to a change in the oil consumption rate 
of the modified engine, likely due to ring wear.  As a result, the actual oil exposure rate over 
durability averaged an acceleration factor of 2.9 instead of the planned 2.5.  It should be noted 
that largest rate observed was on the order of 4, still within an acceptable range for representative 
exposure (although at the higher end of the range).  Based on these rates, the final oil exposure 
over 850 hours of durability was equivalent to 23% of full useful life, very close to the original 
target. 

Based on the SCRF clean weights the part ended with about 220 grams of ash in it, which 
represents an ash finding ratio (amount of ash weight in filter over amount predicted from oil 
consumption) of about 50% based on oil exposure and measured ash levels.  This is a reasonable 
finding ratio.  The small step change at the 710-hour point represents the remove of about 10 
grams of weight during the recovery process from the canning failure, which is a loss of less than 
5%.  The fact that the weight prior to that process was still on the previous trend-line indicates 
that there was a not a large quantity of matting material trapped in the part after the recovery. In 
addition, measured filter delta P has increased, but by an amount reasonable for this amount of 
ash loading. 
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Taken together these data indicated the from the standpoint of  oil and ash exposure level, 
the Final Aged parts should be representative and reasonable close to the desired target, 
considering the difficulties encountered during the Final Aging process. 

Although there were several unusual incidents during Final Aging, after much discussion 
it was determined that the program would continue into demonstration with these parts as they 
were.  There was not sufficient time available within the program constraints to obtain and age a 
new set of parts, which would have delayed the result by another 4 to 6 months.  Given what this 
set of parts has been exposed to, it is quite possible that some amount of abnormal degradation 
has occurred.  However, given that there is no good way to separate normal and abnormal levels 
of degradation on these parts, the results were examined as they are.  Nevertheless, it is 
important that these incidents be considered when assessing the final results of the program, and 
the implications of those results for the robustness of the final configuration. 

3.4.5 Final Demonstration Testing – FTP, RMC, and CARB Idle 

The Final Aged parts completed durability on November 4, 2016.  A final regeneration 
was run in order to make sure that the parts were at minimum soot loading prior to starting the 
tests.  It should be noted that given the time and budget constraints of the program, a 
regeneration controller was not developed on the Volvo MD13TC for this aftertreatment 
configuration.  Therefore, when it was necessary to perform regeneration, the parts were 
regenerated offline on a different stand.  Generally, this was accomplished using the HGTR to 
provide the exhaust gas conditions appropriate for regeneration. 

The Final Aged parts were installed on the engine for preliminary testing on November 9, 
2016. Because the full controller was not available over the course of the durability operation, 
there was no opportunity to build in a long-term adaptation function, even though this would 
typically be a part of an advanced controller.  For a model-based controller it would typically be 
the case that some form of aging compensation would be built into the controller based in an 
empirical calibration developed by running aged catalysts.  There was not sufficient time with 
the parts to allow for a complete recalibration of the SCR catalyst models for aged catalysts. In 
addition it was felt that calibration of the models to the exact catalysts from Final Aging would 
not be appropriate.  Therefore, the SCR catalysts models were left with the calibrations used 
from previous work.  If the scope and budget permitted the generation of an aging compensation 
algorithm which adapted the SCR kinetic constants and storage capacity, it is possible that aged 
catalyst performance could be improved somewhat. 

It should be noted that the dosing controller used in this program did not incorporate a 
long-term adaptive algorithm (as is typical for many production SCR controllers), because the 
calibration of such an algorithm was beyond the scope and budget of the program.  Therefore, a 
small global adjustment was made in the storage targets in order to manually simulate the action 
of such an algorithm.  Otherwise, the controls were left unchanged. 

Initial test results with the Final Aged parts on the FTP indicated emission levels of 
nominally 0.12 g/hp-hr on the cold-start FTP, and hot-start FTP levels of roughly 0.027 g/hp-hr.  
While the adaptation of the storage targets resulted in some improvement to the hot-start FTP 
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emissions, the cold-start was unaffected by these changes. It was noted that a further reduction 
on cold-start emissions might be achievable through a modification of the burner strategy (i.e., 
increased heat input), but this was not likely to be an adjustment that the controller would make 
for itself based on tailpipe NOX sensor inputs.  Therefore, the burner strategy was left alone for 
the final demonstration tests. 

The final test matrix included the following tests: 

• 5 replicates of an FTP-RMC sequence consisting of: 
o 2 preconditioning FTP hot-cycles 
o overnight cold-soak 
o 1 cold-start FTP test 
o 20-minute soak 
o 3 hot-start FTP tests (with a 20-minute soak between tests) 
o 1 RMC-SET test sequence (1 preconditioning RMC-SET followed immediately 

by 1 RMC-SET for record) 

• 3 replicates of a WHTC sequence consisting of: 
o 2 preconditioning WHTC hot-cycles 
o overnight cold-soak 
o 1 cold-start WHTC test 
o 10-minute soak 
o 3 hot-start WHTC tests (with a 10-minute soak between tests) 

• 3 replicates of the CARB Idle test 
o CARB idle tests were run using an FTP hot-start test as the preconditioning, 

followed immediately by the start of the low idle period 

• 3 replicates of each of the Vocational Cycles 
o NYBCx4 
o Cruise-Creep 
o OCTA bus 

The measurements included parallel measurement of tailpipe emissions using both Dilute 
Continuous and Raw Continuous measurement techniques.  It should be noted that all of the 
baseline and development results given earlier were on the basis of Dilute Continuous 
measurements. It was planned to perform Dilute Bag measurements as well, but unfortunately, 
there was a malfunction with the Dilute Bag measurement system that was unable to be corrected 
in a timely fashion, and the program schedule did not allow the time to correct this measurement. 
Some Dilute Bag measurements were conducted, but a complete data set could not be generated. 
PM measurements were collected via the full-flow CVS double dilute sampling approach. All 
measurements were conducted in accordance with the procedures given in 40 CFR Part 1065. 

Tailpipe measurements of N2O and NH3 were made via raw FTIR sampling.  Additional 
NOX, N2O, and NH3 measurements were also made periodically at different intermediate points 
in the system to facilitate interpretation of the data.  It should be noted that on one of the 
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replicates the FTIR measurement was set to the SCR outlet location, rather than the tailpipe, 
therefore that replicate is not comparable to the other data sets.  Furthermore, during post-
processing an issue was found with the FTIR data from a second replicate for those data points. 
As a result, the data set for tailpipe N2O and NH3 consists of only three replicates instead of five. 

A final note needs to be discussed with respect to CO2 measurement under this program 
for the purposes of assessing the impact of the final configuration on GHG emissions.  Due to 
program requirements and the length of time between the baseline and the final testing, it was 
not possible to test the engine in the same test cell using the same measurement equipment for 
both sets of tests.  In the case of CO2 measurements, this complicates the comparison between 
the baseline and final measurements, due to the fact that we are seeking to characterize relatively 
small changes in fuel consumption, on the order of 1-2%. In examining the results, it was noted 
that the final dilute test data set had a larger carbon balance error than the baseline by about 1%, 
with the final test data having a somewhat larger negative offset as compared to the measured 
fuel flow. 

This would complicate the comparison between the two data sets.  It was not possible 
within the budget and time constraints of the program to redo the baseline testing at the end of 
the program.  Therefore in order to facilitate a proper comparison, the decision was made to 
normalize the CO2 results to account for the average difference in carbon errors between the 
baseline data set and the final data set.  This was done on a test cycle basis, using all of the 
replicates available for both data sets to determine a carbon balance offset.  This offset was 
applied to the Final data set in order to normalize it to the same basis as the baseline. The result 
was a 0.8% increase in the Dilute CO2 result, and a 2% decrease in the Raw CO2 result, which is 
reflected in the data. 

Without any post-processing the two measurements would have provided contradictory 
answers about the effect of the final configuration on CO2 emissions. Furthermore, it is well 
understood that the modifications made to the system would result in some increase in fuel 
consumption over the baseline, therefore it was necessary to put the data in a common basis in 
order to allow for a meaningful assessment of that impact. 

3.4.5.1   Final Results and Analysis for Criteria Pollutants on FTP and RMC-SET 

The final results of the test matrix for the FTP and RMC-SET cycles are summarized 
below in a series of data tables, as described below.  Table 74 contains a summary of the 
regulated pollutant data for the all the individual tests from the test matrix. It should be noted 
that in post-processing, an issue was found with the Raw tailpipe data from the first test day, 
which resulted in the need to void those results.  The table summarizes both the dilute tailpipe 
and raw tailpipe data.  PM data is only given under the dilute results, given that it was generated 
with the full-flow CVS tunnel.  
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Table 75 summarizes the individual test results for the engine-out measurements.  Table 76 gives 
collects the individual test results into an overall summary for all five replicates.  Tailpipe Dilute 
and Raw, and Engine-out average values, standard deviations, and coefficient of variation are 
summarized for each test type.  In addition, the average values are used to compute 
aftertreatment conversion efficiency for each pollutant and test type. Table 77 shows a summary 
of the NOX performance of the Final Aged parts for all five test sets, using the Dilute Tailpipe 
results as a basis for calculation. Table 78 shows a comparison of Tailpipe Dilute and Raw NOX 
measurements based on the overall averages for all five replicates. Finally, 
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Table 79 provides a comparison of the FTP and RMC –SET mean NOX values to earlier data 
sets, including the Development Aged parts and the De-greened performance of the system prior 
to Final Aging. 
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Tailpipe Dilute Tailpipe Raw 

Reoeat Pollutant Units Cold Hot 1 Hot 2 Hot 3 Hot-Avg Composite RMC Cold Hot 1 Hot 2 Hot 3 Hot-Avg Composite RMC 

THC g/ hp·hr 0.045 0.022 0.020 0.019 0.020 0.025 0.000 n/ a n/ a n/ a n/ a n/ a n/ a 0.002 
NMHC g/ hp-hr 0.041 0.022 0.020 0.018 0.020 0.024 0.000 n/ a n/ a n/ a n/ a n/ a n/ a 0.000 

1 
co g/ hp·hr 0.740 0.163 0.138 0.127 0.143 0.245 0.009 n/ a n/ a n/ a n/ a n/ a n/ a 0.004 
NOx g/ hp.hr 0.098 0.020 0.023 0.020 0.021 0.032 0.035 n/ a n/ a n/ a n/ a n/ a n/ a 0.036 
PM g/ hp·hr 0.0014 0.0006 0.0005 0.0004 0.0005 0.0007 0.0002 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 606.3 551.5 548.5 548.5 549.5 559.3 461.9 n/ a n/ a n/ a n/ a n/ a n/ a 458.5 

THC g/ hp·hr 0.034 0.015 0.018 0.016 0.016 0.018 0.000 0.043 0.022 0.024 0.022 0.023 0.026 0.001 
NMHC g/ hp-hr 0.029 0.015 0.017 0.016 0.016 0.017 0.000 0.015 0.003 0.005 0.001 0.003 0.005 0.000 

2 
co g/ hp·hr 0.690 0.127 0.131 0.123 0.127 0.207 0.010 0.747 0.131 0.136 0.125 0.131 0.219 0.004 

NOx g/ hi>-hr o.105 0,020 0,022 0,019 0,020 0,032 0,037 o.103 0,021 0,023 0,020 0,021 0,033 0,037 

PM g/ hp·hr 0.0018 0.0001 0.0005 0.0006 0.0004 0.0003 0.0002 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 605.4 552.1 550.1 549.2 550.5 559.7 463.5 606.4 549.7 546.9 546.2 547.6 556.0 460.5 

THC g/ hp-hr 0.046 0.016 0.012 0.013 0.014 0.020 0.001 0.049 0.018 0.021 0.021 0.020 0.024 0.002 
NMHC g/ hp·hr 0.040 0.016 0.012 0.011 0.013 0.019 0.000 0.015 0.000 0.000 0.008 0.003 0.005 0.000 

3 
co g/ hp·hr o.n 3 0.109 0.118 0.097 0.108 0.197 0.010 0.797 0.113 0.121 0.096 0.110 0.208 0.004 

NOx g/ hp.hr 0.125 0.021 0.020 0.021 0.021 0.036 0.041 0.122 0.020 0.019 0.019 0.020 0.034 0.041 
PM g/ hp·hr 0.0015 0.0007 0.0007 0.0009 0.0008 0.0008 0.0002 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 608.8 554.6 552.1 551.8 552.8 562.3 465.3 610.8 552.5 550.8 549.2 550.8 559.4 465.0 

THC g/ hp-hr 0.037 0.010 0.010 0.013 0.011 0.014 0.000 0.048 0.021 0.019 0.020 0.020 0.024 0.001 
NMHC g/ hp·hr 0.030 0.010 0.010 0.013 0.011 0.013 0.000 0.019 0.000 0.002 0.000 0.001 0.003 0.000 

4 co g/ hp·hr 0.838 0.143 0.127 0.136 0.135 0.242 0.009 0.941 0.153 0.135 0.141 0.143 0.257 0.004 

NOx g/ hp.hr 0.120 0.023 0.022 0.024 0.023 0.037 0.040 0.117 0.022 0.022 0.022 0.022 0.036 0.040 

PM g/ hp·hr 0.0015 0.0010 0.0010 0.0008 0.0009 0.0011 0.0002 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 599.3 545.6 543.3 543.4 544.1 553.2 464.3 610.2 551.4 549.0 548.1 549.5 558.2 465.1 

THC g/ hp·hr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.041 0.016 0.017 0.022 0.018 0.022 0.003 

NMHC g/ hp-hr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.002 0.000 

5 
co g/ hp·hr 0.748 0.122 0.128 0.135 0.128 0.211 0.006 0.832 0.131 0.138 0.143 0.137 0.237 0.004 

NOx g/ hp.hr 0.124 0.020 0.021 0.024 0.022 0.035 0.036 0.123 0.020 0.020 0.022 0.021 0.035 0.036 

PM g/ hp·hr 0.0016 0.0004 0.0007 0.0002 0.0004 0.0006 0.0002 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 602.2 548.5 546.0 546.1 546.9 556.1 463.1 615.9 555.9 553.4 553.1 554.2 563.0 467.2 

TABLE 74. SUMMARY OF INDIVIDUAL DILUTE AND RAW TAILPIPE TEST RESULTS FOR FINAL AGED PARTS – 
FTP AND RMC-SET CYCLES 
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Engine-Out Raw 

Reoeat Pollutant Units Cold Hot 1 Hot 2 Hot 3 Hot-Avg Composi te RMC 

THC g/ hp-hr 0.22 0.14 0.15 0.15 0.15 0.16 0.06 
NMHC g/ hp-hr 0.22 0.14 0.15 0.14 0.14 0.15 0.06 

1 co g/ hp-hr 2.40 1.46 1.40 1.39 1.42 1.59 0.63 

NOx g/ hp-hr 2.74 2.96 3.02 3.01 2.99 2.93 2.07 

CO2 g/ hp-hr 600.4 538.9 536.1 535.9 537.0 547.7 456.0 

THC g/ hp-hr 0.21 0.15 0.16 0.15 0.15 0.16 0.05 

NMHC g/ hp-hr 0.21 0.15 0.15 0.15 0.15 0.16 0.05 
2 co g/ hp-hr 2.27 1.47 1.43 1.39 1.43 1.55 0.75 

NOx g/ hp-hr 2.n 2.99 3.00 3.00 3.00 2.96 1.98 

CO2 g/ hp-hr 597.8 540.2 538.3 536.9 538.5 548.4 457.6 

THC g/ hp-hr 0.21 0.14 0.15 0.15 0.15 0.16 0.05 
NMHC g/ hp-hr 0.21 0.14 0.14 0.15 0.14 0.15 0.05 

3 co g/ hp-hr 2.35 1.53 1.48 1.45 1.49 1.61 0.86 

NOx g/ hp-hr 2.74 3.00 3.02 3.02 3.01 2.97 1.95 

CO2 g/ hp-hr 603.3 544.6 541.8 540.3 542.2 553.0 461.7 

THC g/ hp-hr 0.20 0.15 0.15 0.15 0.15 0.16 0.05 
NMHC g/ hp-hr 0.20 0.15 0.14 0.14 0.15 0.15 0.05 

4 co g/ hp-hr 2.58 1.57 1.53 1.50 1.54 1.68 0.94 

NOx g/ hp-hr 2.74 3.01 3.03 3.02 3.02 2.98 1.92 

CO2 g/ hp-hr 602.6 543.9 541.3 540.8 542.0 552.3 461.5 

THC g/ hp-hr 0.19 0.14 0.14 0.17 0.15 0.16 0.08 
NMHC g/ hp-hr 0.18 0.14 0.14 0.17 0.15 0.15 0.08 

5 co g/ hp-hr 2.45 1.55 1.54 1.53 1.54 1.67 0.90 

NOx g/ hp-hr 2.75 3.03 3.04 3.02 3.03 2.99 1.96 

CO2 g/ hp-hr 606.7 547.9 545.5 545.2 546.2 556.3 464.4 

TABLE 75. SUMMARY OF INDIVIDUAL ENGINE-OUT EMISSION LEVELS FOR FINAL AGED PARTS – FTP AND 
RMC-SET CYCLES 
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Pollutan Units Co ld Hot 1 Hot 2 Hot 3 Hot-Avg !composi te RMC Co ld Hot 1 Hot 2 Hot 3 Hot-Avg Composi te RMC 

THC g/ hp·hr 0.032 0.013 0.012 0.012 0.012 0.016 0.000 0.045 0.019 0.020 0.021 0.020 0.024 0.002 
NMHC g/ hp·hr 0.02& 0.012 0.012 0.012 0.012 0.015 0.000 0.016 0.001 0.002 0.002 0.002 0.004 0.000 

Average 
co g/ hp·hr 0.748 0.133 0.128 0.124 0.128 0.221 0.009 0.829 0.132 0.133 0.126 0.130 0.230 0.004 
NOx g/ hp-hr 0.114 0.021 0.022 0.021 0.021 0.034 0.038 0.117 0.021 0.021 0.021 0.021 0.035 0.038 
PM g/ hp·hr 0.0016 0.0006 0.0007 0.0006 0.0006 0.0007 0.0002 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 604.4 550.4 548.0 547.8 548.8 558.2 463.6 610.8 552.4 550.0 549.1 550.5 559.1 463.3 

THC g/ hp-hr 0.019 0.008 0.008 0.007 0.008 0.010 0.001 0.004 0.002 0.003 0.001 0.002 0.002 0.001 
NMHC g/ hp-hr 0.017 0.008 0.008 0.007 0.008 0.009 0.000 0.002 0.001 0.002 0.004 0.001 0.001 0.000 

Stdev 
co g/ hp-hr 0.05~ 0.021 0.007 0.016 0.013 0.022 0.001 0.082 0.016 0.008 0.022 0.015 0.022 0.000 

NOx g/ hp-hr 0.012: 0.001 0.001 0.002 0.001 0.002 0.003 0.003 0.001 0.002 0.001 0.001 0.001 0.002 
PM g/ hp·hr 0.0002 0.0003 0.0002 0.0003 0.0002 0.0003 0.0000 n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/ hp-hr 3.7 3.5 3.5 3.2 3.4 3.5 1.3 3.9 2.6 2.8 2.9 2.8 2.9 3.6 
THC % avg 58% 65% 66% 59% 62% 62% 224% 8% 13% 15% 6% 9% 7% 33% 
NMHC % avg 59% 65% 66% 61% 63% 63% #OIV/0! 12% 158% 135% 155% 88% 30% #OIV/0! 

CDV 
co % avg 7% 16% 6% 13% 1 0% 10% 16% 10% 12% 6% 17% 11% 9% 3% 
NOx % avg 11% 7% 6% 11% 5% 6% 7% 7% 5% 8% 5% 5% 3% 6% 
PM % avg 10% 60% 30% 49% 38% 39% 0% n/ a n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 % avg 1% 1% 1% 1% 1% 1% 0% 1% 0% 1% 1% 1% 1% 1% 

Engine-Out 

Pollutan Uni ts Co ld Hot 1 Hot 2 Hot 3 Hot·Avg "omposi ti RMC 

THC g/ hp-hr 0.21 0.15 0.15 0.15 0.15 0.16 0.06 Conversion Based on Dilute Tailpipe 

NMHC g/ hp·hr 0.20 0.14 0.15 0.15 0.15 0.15 0.06 Cold Hot 1 Hot 2 Hot 3 Hot·Avg omposit RMC 
Average co g/ hp-hr 2.41 1.52 1.48 1.45 1 .48 1.62 0.82 THC 84% 91% 92% 92% 92% 90% 100% 

NOx g/ hp-hr 2.74 2.99 3.02 3.01 3 .01 2.96 1.97 NMHC 86% 91% 92% 92% 92% 90% 100% 
CO2 g/ hp-hr 602.2 543.1 540.6 539.8 541.2 551.5 460.2 co 69% 91% 91% 91% 91% 86% 99% 
THC g/ hp·hr 0.01 0.01 0.00 0.01 0.00 0.00 0.01 NOx 95.8% 99.3% 99.3% 99.3% 99.3% 98.8% 98.1% 
NMHC g/ hp·hr 0.01 0.01 0.00 0.01 0.00 0.00 0.01 

Stdev co g/ hp·hr 0.11 0.05 0.06 0.06 0.06 0.06 0.13 
NOx g/ hp-hr 0.01 0.03 0.01 0.01 0.01 0.02 0.06 Conversion Based on Raw Tailpipe 

CO2 g/ hp-hr 3.3 3.6 3.6 3.7 3.6 3.5 3.4 Co ld Hot 1 Hot 2 Hot 3 Hot·Avg omposi t RMC 

THC % avg 6.0% 3.9% 3.0% 6.1% 1 .9% 1.8% 19.9% THC 78% 87% 86% 86% 86% 85% 97% 
NMHC % avg 6.0% 3.9% 3.0% 6.1% 1 .9% 1.8% 19.9% NMHC 92% 99% 99% 98% 99% 98% 100% 

CDV co % avg 4.8% 3.3% 4.1% 4.2% 3.8% 3.4% 15.6% co 66% 91% 91% 91% 91% 86% 100% 

NOx % avg 0.3% 0.8% 0.4% 0.3% 0.5% 0.8% 2.8% NOx 95,7% 99.3% 99.3% 99.3% 99.3% 98.8% 98,1% 

CO2 % avg 0.6% 0.7% 0.7% 0.7% 0.7% 0.6% 0.7% 

TABLE 76. OVERALL SUMMARY OF REGULATED TAILPIPE EMISSIONS FOR BOTH RAW AND DILUTE 
MEASUREMENTS – FTP AND RMC-SET CYCLES 
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Repeat Cold Hot Composit e RMC 

engine-out g/hp-hr 2.7 3.0 2.9 2.1 

1 t ailpipe g/hp-hr 0.098 0.021 0.032 0.035 

%conv 96.4% 99.3% 98.9% 98.3% 

engine-out g/hp-hr 2.7 3.0 3.0 2.0 

2 t ailpipe g/hp-hr 0.105 0.020 0.032 0.037 

%conv 96.2% 99.3% 98.9% 98.1% 

engine-out g/hp-hr 2.7 3.0 3.0 1.9 

3 t ailpipe g/hp-hr 0.125 0.021 0.036 0.041 

%conv 95.4% 99.3% 98.8% 97.9% 

engine-out g/hp-hr 2.7 3.0 3.0 1.9 

4 t ailpipe g/hp-hr 0.120 0.023 0.037 0.040 

%conv 95.6% 99.2% 98.8% 97.9% 

engine-out g/hp-hr 2.7 3.0 3.0 2.0 

5 tailpipe g/hp-hr 0.124 0.022 0.035 0.036 

%conv 95.5% 99.3% 98.8% 98.2% 

Overall TP Average 0.114 0.021 0.034 0.038 

Overall TP St dev 0.012 0.001 0.002 0.003 

Cold Hotl Hot2 Hot3 RMC Composite Hot-Avg 

Engine-Out g/hp-hr 2.74 2 ,')') 3.02 3.01 1. ')7 2.96 3.0 1 

Tailpipe Dilute 
g/hp-hr 0 .11'1 0.021 0.022 0 .021 0 .038 0.03,1 0.021 

%conv ~ '>.8% YY.~% Y'cU% YY.:l% Y8.1% 98.8% YY.:l'½ 

g/hp-hr 0 .117 0.021 0.021 0 .021 0 .038 0.035 0.021 
Tailpipe Raw 

%conv 95.7% 99.3% 99.3% 99.3% 98.1% 98.8% 99.3'½ 

TABLE 77. NOX EMISSIONS SUMMARY FOR FTP AND RMC CYCLES, BASED ON 
DILUTE TAILPIPE MEASUREMENTS – FINAL CONFIGURATION, FINAL AGED 

PARTS 

TABLE 78. COMPARISON OF TAILPIPE AND DILUTE NOX MEASUREMENTS 
BASED ON OVERALL AVERAGES FROM FIVE REPLICATES 
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Cold Hot Composite RMC 

Engine-Out g/hp-hr 2.7 3.0 3.0 2.1 

Final Aged 
g/ hp-hr 0.114 0.021 0.034 0.038 

%conv 95.8% 99.3% 98.8% 98.2% 

Development g/hp-hr 0.060 0.010 0.017 0.010 

Targets %conv 97.8% 99.7% 99.4% 99.5% 

Development g/hp-hr 0.027 0.010 0.012 0.015 

Aged Parts %conv 99.0% 99.7% 99.6% 99.3% 

Degreened g/hp-hr 0.027 0.005 0.008 0.010 

Performance %conv 99.0% 99.8% 99.7% 99.5% 

Final Aged Conversion Delta 

vs degreened %conv 3.2% 0.5% 0.9% 1.3% 

vs devel aged %conv 3.2% 0.4% 0.7% 1.1% 

vs target %conv 2.0% 0.4% 0.6% 1.3% 

TABLE 79. COMPARISON OF NOX FROM FINAL AGED PARTS TO EARLIER DATA 
SETS 

It is apparent from the comparisons in 
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Table 79 that the aftertreatment system degraded somewhat as compared to its original 
performance.  FTP composite NOX was now at a level of 0.034 g/hp-hr, versus the de-greened 
performance at 0.008 g/hp-hr.  In addition, the Final Aging appears to have affected the system 
more strongly than the Development Aging used for screening.  Shifts were observed in both 
cold-start performance and hot-start / RMC-SET performance that contributed to the observed 
movement. These are discussed below individually. 

Given some of the unusual events that happened over the course of the Final Aging 
process, it is unclear how much of this movement should be considered normal degradation, and 
how much should be considered abnormal as a result of the issues that occurred during Final 
Aging.  Possibilities for abnormal effects are discussed below, but it should be noted that none of 
these can be stated conclusively without a more thorough post-mortem.  It would likely require a 
repeat of the aging and testing exercise to conclusively separate the two impacts.  Such analysis 
is outside the scope of this report, therefore we will concentrate on evaluating the performance as 
observed in comparison to previous data. 

For the cold-start FTP data, three cases were discussed for comparison purposes.  The 
first case was the Preliminary test results generated using the Development Aged Parts.  The 
second case was the tests on the Final Controller using the Development Aged Parts.  It was 
noted that the Development Aged system had been exposed to unusual levels of exhaust HC at 
low temperatures due to several events that happened during development.  The third case was 
the Final Aged parts. 

Continuous data showing the early cold-start behavior of the PNA for all three cases is 
shown in Figure 238 for the Preliminary data, Figure 239 for the Final Controller tests and 
Figure 240 for the Final Aged parts.  Figure 241 shows a comparison of all three cases in terms 
of the amount of NOX stored on the PNA as a function of time during the cold-start FTP. In this 
last figure, the approximate times for the light-off of the SCRF and the downstream SCR are also 
marked.  It should be noted that these times did not shift substantially for any of these tests, 
including for the Final Aged parts. 

It was apparent from comparing the Final Controller and Preliminary parts that some 
degradation of PNA capacity was observed from the unusual events that resulted in exposure to 
raw fuel and heavy HC at low temperatures.  However, there was some margin to sustain a 
certain amount of loss, and the Final Controller tests still demonstrated a cold-start FTP level of 
0.06 g/hp-hr, which would meet the development target.  However, the Final Aged parts have 
experienced larger loss of NOX storage, which is most evident in the first 100 seconds of the 
cycle where the PNA is relied on most.  After this point, the SCRF can begin to compensate for a 
loss of PNA storage. 
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FIGURE 238. COLD-START PNA BEHAVIOR FOR PRELIMINARY RESULTS ON 
DEVELOPMENT AGED PARTS 
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FIGURE 239. COLD-START PNA BEHAVIOR FOR FINAL CONTROLLER RESULTS 
ON DEVELOPMENT AGED PARTS 
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FIGURE 240. COLD-START PNA BEHAVIOR FOR FINAL AGED PARTS 
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FIGURE 241. COMPARISON OF PNA-STORED NOX FOR ALL THREE CASES IN 
EARLY COLD-START FTP 
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This change results in an additional 1.8 grams of NOX being emitted prior to the point at 
which the downstream system is warm enough to convert it.  An additional 0.8 grams of NOX are 
emitted during the time when the aftertreatment system is still in the process of reaching full 
conversion, resulting in about half of that begin controlled by the downstream SCR system.  This 
represents the majority of the increase in tailpipe NOX that is observed between the Preliminary 
results and the Final Aged results.  There is a small amount of NOX increase, roughly 0.2 grams, 
which can be attributed to late cycle oxidation of ammonia due to an increase in SCR-out 
ammonia slip, but this is a small contribution to the overall change.  Therefore, it is clear that the 
majority of the change in the cold-start FTP level can be attributed to the degradation of PNA 
storage capability at low temperatures. 

It is possible that some of this change was due to the exposure of the PNA to heavy 
hydrocarbons during the initial coking issue.  It is also possible that some of this change was due 
to a similar buildup that was observed following the canning failure of the PNA (this time a 
combination of heavy HC, soot, and matting materials).  It is understood that this PNA is 
formulated to survive being used to generate an exotherm during regeneration, and the supplier 
has experience with this kind of application.  Therefore, it seems unlikely that the regular dosing 
of HC during regeneration was the primary cause of the degradation, given that this always 
happened at inlet temperatures above 300°C in the presence of substantial oxygen.  A review of 
the aging data with the supplier did not indicate exposure to temperatures high enough to cause 
substantial degradation. 

It is also possible that some of this change is due to sulfation at the front face of the PNA 
where the temperatures during regeneration exotherm do not reach over 400 °C (much of the bed 
reaches temperatures in excess of 625 °C during regenerations, but the front inch does not). It 
should be noted however, that during the recovery from the canning failure, the PNA was 
exposed to temperatures of 625 °C in an effort to clean off all soot and materials prior to being 
shipped for re-canning.  It is unclear whether this liberated some, all, or none of the sulfur that 
may have been stored at the front of the PNA.  More thorough post-mortem would be needed to 
identify whether the PNA is currently poisoned by stored sulfur. 

It should be noted that if the coking issue resulted in degradation, there is a 
countermeasure that can be applied in the form of a relatively small layer of precious metal 
catalyst upstream of the PNA itself.  This would help to protect the system from HC exposure by 
oxidizing some of the heavier HC.  Such a measure would also serve to generate more exotherm 
upstream of the PNA in order to ensure that the full brick is exposed to sufficient temperatures 
for desulfation.  It is understood that the formulation of the PNA to reduce sensitivity to HC and 
rich exposure is an on-going area of development. 

Turning to the change in hot-start FTP performance, Figure 242 shows the behavior of 
NOX and temperature over the hot-start FTP for the Development Aged parts, while Figure 243 
shows a similar plot for the Final Aged parts.  Both plots also show the NH3 signal downstream 
of the SCRF.  The Final Aged plot also shows SCR-out NOX and NH3, that data was 
unfortunately not available for the Development Aged parts with the final controls at the point 
the comparison run was made.  Figure 244 shows a comparison of NOX between the two sets of 
parts at the SCRF outlet, while Figure 245 shows a similar comparison at the tailpipe. 
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FIGURE 242. HOT-START FTP NOX AND TEMPERATURE – DEVELOPMENT AGED 
PARTS 
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FIGURE 243. HOT-START FTP NOX AND TEMPERATURE – FINAL AGED PARTS 
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FIGURE 244. COMPARISON OF HOT-START FTP SCRF-OUTLET NOX – 
DEVELOPMENT AGED VERSUS FINAL AGED PARTS 
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FIGURE 245. COMPARISON OF HOT-START FTP TAILPIPE NOX – 
DEVELOPMENT AGED VERSUS FINAL AGED PARTS 
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From these data, several changes become apparent.  There has been some loss in NH3 
storage capacity on both the SCRF and the SCR, as evidenced by the higher slip levels on both 
catalysts at relatively similar temperatures. It should be noted that some of this change is due to 
a small adjustment in storage targets made for the Final Aged parts, as discussed earlier. 
However, the SCRF catalyst is not quite as effective in its use of available NH3, as can be seen in 
Figure 244.  This appears to manifest primarily at higher NOX and space velocity regions of the 
cycle.  However, based on comparison of Figure 244 and Figure 245, it appears there has also 
been a change in the downstream SCR which has reduced its capacity to deal with breakthrough 
events from the SCRF upstream, while these are somewhat larger.  The increased storage target 
may have helped this somewhat, however this resulted in an increase in SCR-out NH3 slip later 
in the cycle. A small amount of the increased NH3 slip was oxidized back into NO, resulting in 
the increased tailpipe NOX seen in Figure 245 in the late portions of the cycle.  Further attempts 
to improve early cycle conversion by increasing dosing would likely result in increased late cycle 
NO, due to a further increase in SCR-out NH3 slip. 

It should be noted that all of these changes are small, but the net effect is to reduce the 
hot-start FTP NOX conversion from 99.7% with the Development Aged parts to 99.3% with the 
Final Aged parts.  While this seems to be a small change, it is sufficient to increase tailpipe NOX 
levels from 0.01 g/hp-hr to 0.02 g/hp-hr. 

Further evidence of these changes can be seen in the RMC-SET behavior of the system. 
Figure 246 shows NOX, NH3, and temperature over the RMC-SET for the Development Aged 
parts, while Figure 247 and Figure 248 show similar plots for the Final Aged parts, but with a 
small difference in dosing strategy between the two run.  The run shown in Figure 248 featured 
and adjust calibration where the storage targets were increased in order to examine the deal with 
some of the remaining transient NOX spikes, especially in the areas observed at 300 and 1200 
seconds.  It should be noted that at the higher temperatures on the RMC-SET it can be more 
difficult to balance NOX reduction against the possibility of NOX generation via ammonia 
oxidation. 

On the Development aged parts, a workable balance is evidenced between NOX reduction 
and ammonia slip.  Although some SCR-out slip is observed, it is low enough that there is only 
small evidence of oxidation into NO at the tailpipe.  For the Final Aged parts, this balance is 
more difficult to manage due to a combination of reduced storage capacity and an increase in the 
tendency of the catalysts to oxidize NH3. The comparison between behavior in Figure 247 and 
Figure 248 illustrates this point.  Compared to the Development Aged parts, the Final Aged parts 
in Figure 247 showed increased SCRF-out and SCR-out NOX, indicating less effective use of 
NH3. However, an attempt to increase NH3 to compensate by increasing storage targets results 
in an increase in SCR-out NH3, part of which is oxidized back into NO.  These two runs 
generated the same tailpipe NOX level of 0.035 g/hp-hr, indicating that there is not much room to 
maneuver to try to lower final NOX levels.  Increased oxidation behavior is also evidence by 
higher N2O levels at the SCRF outlet with the Final Aged parts.  A plot of this is given in Figure 
249.  This increased oxidation behavior at higher temperatures results in less effective use of 
NH3, and it also leaves less NH3 available for storage to absorb transient spikes. 
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FIGURE 246. RMC-SET NOX, NH3, AND TEMPERATURE – DEVELOPMENT AGED 
PARTS 
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FIGURE 247. RMC-SET NOX, NH3, AND TEMPERATURE – FINAL AGED PARTS 

262 
SwRI 03.19503 Final Report 



 
     

 

 
   

 

    

   

  
 

 
 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

0 

50 

100 

150 

200 

250 

300 

350 

400 

0 500 1000 1500 2000 

Te
m

pe
ra

tu
re

, d
eg

C 

N
O

x,
 p

pm
 

Time, sec 

Tailpipe Raw Horiba Calc SCRF Out NOx SCR Out NOx 

SCRF Out NH3 SCR Out NH3 SCRF Inlet T 

SCRF Out T ASC Out T 

FIGURE 248. RMC-SET NOX, NH3, AND TEMPERATURE – FINAL AGED PARTS, 
INCREASED STORAGE TARGETS 
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FIGURE 249. RMC-SET SCRF-OUT N2O – FINAL AGED PARTS VERSUS 
DEVELOPMENT AGED PARTS 
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Further evidence for this change in NH3 oxidation was evident from a brief series of 
experiments conducted at regeneration temperatures of 600°C in the durability cell.  Earlier high 
temperature work with the SCRF indicated that 90% conversion of NOX could be obtained, albeit 
at an increased ANR demand of 2.3.  Experiments with the Final Aged parts at the end of 
durability indicated that an ANR of 3.4 was required to achieve the same 90% conversion of 
NOX.  This is further evidence of an increased tendency towards NH3 oxidation with the Final 
Aged parts. 

The combination of a reduction in storage capacity and increased tendency for NH3 
oxidation has shifted the balance of the SCR system just enough to make it slightly more difficult 
to find the balance point between NOX reduction, with the result being an increase in both hot-
start FTP and RMC-SET tailpipe NOX levels.  The shift is more pronounced on the higher 
temperature RMC-SET. It should be noted that with significantly more calibration time, it is 
likely that the controls could be adjusted to achieve a better balance, resulting in somewhat lower 
tailpipe NOX levels.  However, it is unlikely that those levels could be reduced back below 0.01 
g/hp-hr, and in any case, this kind adjustment would likely be beyond the capability of a 
controller to accomplish without manual intervention. 

There are several possible reasons for the change in behavior observed on the SCRF and, 
to a lesser extent, the downstream SCR catalyst.  Some shift in storage capacity is expected as a 
normal part of degradation, but as long as that shift is not too large, the NH3 sensor feedback can 
react to that shift in order to help maintain performance.  However, this is only the case if other 
catalyst behaviors remain intact. Discussions with the supplier have indicated that the shift in 
storage was expected, but the change in NH3 oxidation behavior was not expected at this level. 

It is possible that this change in behavior is related to the ash stored on the SCRF, 
however, this cannot be ascertained without removing the ash.  If this is the case, periodic ash 
cleaning could mitigate the problem.  At the present stage of development, it is not clear how 
often SCRF requires ash cleaning, and the effect of ash on the SCRF is still being investigated. 

It is also possible that the change in oxidation behavior is the result of migration of 
precious metal from the upstream PNA into the SCRF.  The degradation of the PNA has already 
been established (as well as the canning failure), and if this resulted in the mobilization of 
precious metal onto the downstream SCRF, it would take very little precious metal to effect a 
significant change in oxidation behavior.  There are examples in the literature of this kind of 
behavior from the early development of light-duty systems that featured frequent regeneration 
and a DOC upstream of an SCR catalyst without a filter between them.  Further development of 
the DOC formulations to prevent precious metal loss has helped to mitigate this problem. 

One possible abnormal mechanism for degradation on the SCRF could have been caused 
by the mal-distribution of soot and flow that would have resulted from the temporary plugging of 
channels with the matting material from the PNA canning failure.  There was a high degree of 
soot loading during this incident, and although the limited bed temperature measurements did not 
indicate a major exotherm, it is quite possible that the mal-distribution of soot and flow could 
have caused local exotherms that could impact the SCRF.  Such a failure is not expected under 
normal circumstances. 
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It would take a significant amount of post-mortem analysis to verify many of these 
potential impacts on the SCRF, and it would be difficult to separate normal and abnormal 
degradation mechanisms as noted earlier.  Unfortunately, many of these analyses are destructive 
in nature, and the parts would be unavailable for further planned efforts. 

3.4.5.2 Greenhouse Gas Impact on FTP and RMC-SET Cycles 

In addition to an assessment of the engine-regulated pollutants, another significant 
characterization is the impact of the final system configuration on GHG emissions.  A 
preliminary assessment of the impact of the final configuration was given earlier in Table 68.  
However, it was important to repeat this assessment based on the Final Aged parts, in order to 
account for any shift in the system. A summary of the final calculated impact of the system 
based on Final Aged data is given below in Table 80.  The calculations in this table have been 
updated to account for the final controller durations of all systems, as well as for the revised 
regeneration frequency based on the actual Final Aging cycle. 

TABLE 80. IMPACT OF LOW NOX CONFIGURATION ON CO2 EMISSIONS BASED 
ON FINAL AGED DATA 

It should be noted that the final values in this table show a net increase from the 
preliminary value of 0.4% on average. This is primarily due to small increases in the measured 
CO2 values for both FTP and RMC cycles.  It is surmised that much of this is probably due to 
increased backpressure. 

System backpressure with a clean filter in the final configuration was about 8 kpa higher 
than the baseline aftertreatment system. For the Final Aged part, which was ash loaded after 
Final Aging, this increased to a 12 kpa delta.  In some cases, the soot-loaded parts as tested had 
as much as an 18 kpa delta above the baseline. 

The reason that some of the tests were run at higher backpressure is in fact that a 
regeneration was not run prior to every test replicate for the final test matrix, due to the fact that 
the system must be regenerated offline.  As a result, some of the tests were conducted at 
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increased backpressure levels due to soot loading.  This would not normally be the case for GHG 
Phase 2 testing, however it is likely to have affected the results given above.  However, it is 
likely that this is a small impact on the order of 0.1% to 0.25% depending on the duty cycle (with 
the RMC-SET likely affected more). 

N2O emissions were also monitored as part the Final Aged testing.  As noted earlier, 
there was some increase in N2O at the tailpipe following the final aging. The Final Aged parts 
generally showed an increase of 0.02 g/hp-hr in N2O, as compared to the Development Aged 
parts.  As noted earlier there was an increase on the tendency of the catalysts towards NH3 
oxidation, though some of that shift may have been to sources that can be mitigated (such as 
precious metal migration). The Final Aged parts are essentially at the edge of the 0.10 g/hp-hr 
cap standard for N2O.  It should be noted that under a normal compliance case, it is not required 
to determine N2O emissions as part of deterioration factor testing, and an assumed DF factor of 
0.01 g/hp-hr may be used. 

TABLE 81. TAILPIPE N2O DATA FOR FTP AND RMC-SET CYCLES 

3.4.5.3 Impact of SCRF Regeneration on NOX and IRAF Calculations 

Another factor that needs to be considered in assessing the results of the final 
configuration is the impact of SCRF regeneration on NOX emissions.  This is done via Infrequent 
Regeneration Adjustment Factor (IRAF) calculations.  For the purposes of this program it was 
not possible to conduct emission measurements over cycles during regenerations, because the 
development of a transient regeneration controller for this system was well beyond the scope and 
budget of the program. 

Instead, several experiments were conducted to examine high temperature SCR 
conversion with the final system, and these were used, along with the calculated regeneration 
frequency to predict and Upward Adjustment Factor (UAF) for this system.  These calculations 
are summarized below in Table 82.  The calculations consider the predicted regeneration 
frequency for both FTP and RMC cycles, as well as the measured conversion efficiency from the 
system catalysts at regeneration temperatures. It should be noted that a substantial increase in 
DEF injection is needed to maintain adequate conversion at these temperatures.  These data are 
used to predict tailpipe NOX levels during regeneration, which are then combined with the final 
regeneration frequencies to calculate an upward adjustment factor.  Based on these calculations, 
a UAF of 0.004 g/hp-hr is estimated for both cycles.  This value would be added to the cycle 
emission values summarize earlier to assess final compliance with a standard.  For example, the 
average Final Aged FTP composite emission level was 0.034 g/hp-hr, but with the UAF of 0.004 
added, that value would be come 0.038 g/hp-hr. 
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TABLE 82. SUMMARY OF CALCULATIONS TO DETERMINE UAF FOR THE FINAL 
LOW NOX SYSTEM 

It should be noted that there are several measures that could be taken to mitigate this 
upward adjustment.  One would be to lower engine out NOX during regeneration events, thus 
reducing the emissions during regeneration.  Another approach would be to implement multi-
point dosing, where in some of the DEF could be introduced downstream of the SCRF, which 
would help to enable some passive soot oxidation on a periodic basis.  Finally, the formulation of 
the SCRF can be adjusted to enable more passive regeneration at high temperatures on the 
SCRF, which would shift a slightly larger amount of the burden of high temperature conversion 
to the downstream SCR. 

3.4.5.4 WHTC Cycle Results 

Three replicates of a WHTC test sequence consisting of one cold-start WHTC test and three 
successive hot-start WHTC tests were run on the Final Aged parts.  It should be noted that the 
WHTC includes only a 10-minute soak between successive tests, rather than the 20-minute soak 
used for the FTP.  This shorter soak period had significant implications for measurement at very 
low NOX levels.  The shorter period is insufficient to allow for a recalibration of the gaseous 
benches between cycles, which in turn prevents a change to a lower measurement range between 
cold-start and hot-start cycles.  As shown later, this had an impact on the measurements, and 
created issues that were not observed on the FTP cycle.  These issues will be discussed in more 
detail below. 

WHTC results are summarized in a series of data tables below. Individual tailpipe cold 
and hot start test results are summarized in Table 83, while individual engine-out results are 
given in 
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Table 85 collects the data from all 3 replicates to show both tailpipe and engine-out results 
overall, as well as aftertreatment conversion efficiency. Table 86 shows a summary for just NOX 
emissions, while Table 87 shows a comparison based on overall averages of Raw and Dilute 
results.  Finally, Table 88 compares the final aged NOX results to earlier results with the 
Development Aged parts. 
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Ta ilp ipe Dilute Ta ilp ipe Raw 

Re oeat Pollutant Un its Co ld Hotl Hot2 Hot3 Hot-Avg Compos ite Cold Hotl Hot2 Hot3 Hot-Avg Compos ite 

THC g/hp-hr 0.018 0.000 0.000 0.000 0.000 0.003 0.031 0.005 0.005 0.004 0.005 0.008 

NMHC g/hp-hr 0.018 0.000 0.000 0.000 0.000 0.003 0.030 0.005 0.004 0.004 0.004 0.008 

co g/hp-hr 0.337 0.025 0.024 0.025 0.025 0.068 0.332 0.007 0.007 0.006 0.007 0.052 
1 

g/hp-hr NOx 0.149 0.022 0.022 0.021 0.022 0.040 - 0.019 0.019 0.019 0.019 0.037 

PM g/hp-hr 0.0037 0.0011 0.0008 0.0007 0.0009 0.0013 n/ a n/ a n/ a n/ a n/ a n/ a 

CO2 g/hp-hr 514.3 491.9 490.4 491.0 491.1 494.3 516.6 492.4 490.4 490.7 491.2 494.7 

THC g/hp-hr 0.009 0.000 0.000 0.000 0.000 0.001 0.016 0.003 0.004 0.004 0.004 0.005 

NMHC g/hp-hr 0.009 0.000 0.000 0.000 0.000 0.001 0.015 0.003 0.004 0.004 0.004 0.005 

co g/hp-hr 0.306 0.023 0.021 0.021 0.022 0.061 0.300 0.006 0.006 0.006 0.006 0.047 
2 

g/hp-hr NOx 0.151 0.021 0.020 0.020 0.021 0.039 - 0.017 0.017 0.017 0.017 0.036 

PM g/hp-hr 0.0038 0.0012 0.0011 0.0009 0.0011 0.0014 n/ a n/ a n/ a n/ a n/ a n/ a 

CO2 g/hp-hr 516.4 492.7 491.0 491.0 491.6 495.1 518.8 494.4 492.5 492.5 493.2 496.7 

THC g/hp-hr 0.001 0.000 0.000 0.000 0.000 0.000 0.016 0.002 0.002 0.002 0.002 0.004 

NMHC g/hp-hr 0.001 0.000 0.000 0.000 0.000 0.000 0.016 0.002 0.002 0.002 0.002 0.004 

co g/hp-hr 0.294 0.064 0.069 0.062 0.065 0.097 0.281 0.006 0.006 0.006 0.006 0.044 
3 

g/hp-hr NOx 0.146 0.024 0.021 0.021 0.022 0.039 - 0.017 0.017 0.017 0.017 0.035 

PM g/hp-hr 0.0041 0.0007 0.0006 0.0009 0.0007 0.0012 n/ a n/ a n/ a n/ a n/ a n/ a 

CO2 g/hp-hr 513.6 491.3 490.8 489.9 490.7 493.9 517.3 495.7 493.7 492.2 493.9 497.2 

TABLE 83. SUMMARY OF INDIVIDUAL DILUTE AND RAW TAILPIPE TEST RESULTS FOR FINAL AGED PARTS – 
WHTC CYCLES 

Note:  Raw Cold-WHTC results not valid due to over-range, composites calculated with Dilute Cold-WHTC result 

270 
SwRI 03.19503 Final Report 



  
 

 
 

  

 

Engine-Out Raw 

Re peat Pollutant Units Cold Hot 1 Hot 2 Hot 3 Hot-Avg Composite 

THC g/hp-hr 0 .22 0 .14 0 .15 0.15 0 .15 0 .16 

NMHC g/hp-hr 0 .22 0 .14 0 .15 0.14 0 .14 0 .15 

1 co g/hp-hr 2.40 1.46 1.40 1.39 1.42 1.59 

NOx g/ hp-hr 2.74 2.96 3 .02 3 .01 2.99 2.93 

CO2 g/hp-hr 600.4 538.9 536.1 535.9 537.0 547.7 

THC g/hp-hr 0 .21 0 .15 0.16 0.15 0 .15 0 .16 

NMHC g/hp-hr 0 .21 0 .15 0.15 0.15 0 .15 0 .16 
2 co g/hp-hr 2.27 1.47 1.43 1.39 1.43 1.55 

NOx g/ hp-hr 2.72 2.99 3 .00 3.00 3 .00 2.96 

CO2 g/hp-hr 597.8 540.2 538.3 536.9 538.5 548.4 

THC g/hp-hr 0 .21 0 .14 0 .15 0.15 0 .15 0 .16 
NMHC g/hp-hr 0 .21 0 .14 0 .14 0 .15 0 .14 0 .15 

3 co g/hp-hr 2.35 1.53 1.48 1.45 1.49 1.61 

NOx g/ hp-hr 2.74 3.00 3.02 3 .02 3 .01 2.97 

CO2 g/hp-hr 603.3 544.6 541.8 540.3 542.2 553.0 

TABLE 84. SUMMARY OF INDIVIDUAL RAW ENGINE-OUT TEST RESULTS FOR FINAL AGED PARTS – WHTC 
CYCLES 

271 
SwRI 03.19503 Final Report 



  
 

 

 

Tailpipe Dilute Tailpipe Raw 

Pollutant Units Cold Hotl Hot2 Hot 3 Hot-Avs Composite Cold Hotl Hot2 Hot 3 Hot-Avs Composite 

THC g/hp-hr 0 .0 10 0 .000 0 .000 0 .000 0 .000 0 .001 0 .0 21 0 .003 0 .003 0 .003 0 .003 0 .006 
NMHC g/hp-hr 0 .009 0 .000 0 .000 0 .000 0 .000 0 .001 0 .0 20 0 .003 0 .003 0 .003 0 .003 0 .006 

Average 
co g/hp-hr 0 .312 0 .0 37 0 .0 38 0 .0 36 0 .0 37 0 .0 76 0 .304 0 .007 0 .006 0 .006 0 .006 0 .048 

NOx g/hp-hr 0,149 0,022 0,021 0,021 0,021 0,039 . 0.018 0.018 0.018 0.018 0,036 

PM g/hp-hr 0 .0039 0 .0010 0 .0008 0 .0008 0 .0009 0 .0013 n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/hp-hr S14.8 492.0 490.8 490.6 491.1 494.4 S17.6 494 .2 492.2 491.8 492.7 496.2 

THC g/hp-hr 0 .009 0 .000 0 .000 0 .000 0 .000 0 .001 0 .008 0 .001 0 .001 0 .001 0 .001 0 .002 
NMHC g/hp-hr 0 .008 0 .000 0 .000 0 .000 0 .000 0 .001 0 .008 0 .001 0 .001 0 .001 0 .001 0 .002 

Stdev 
co g/hp-hr 0 .0 22 0 .0 23 0 .0 27 0 .0 23 0 .0 24 0 .0 19 0 .0 26 0 .001 0 .001 0 .000 0 .001 0 .004 

NOx g/hp-hr 0,002 0,001 0,001 0,001 0,001 0,000 . 0,001 0,001 0,001 0,001 0,001 

PM g/hp-hr 0 .0002 0 .0003 0 .0003 0 .0001 0 .0002 0 .0001 n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 g/hp-hr 1.S 0 .7 0 .3 0 .6 o.s 0 .6 1.1 1.7 1.7 1.0 1.4 1.3 

THC % avs 90% #DIV/ 0 ! #DIV/ 0 ! #DIV/ 0 ! #DIV/ 0 ! 90% 41% 3S% 38% 36% 3S% 36% 
NMHC % avs 90% #DIV/ 0 ! #DIV/ 0 ! #DIV/ 0 ! #DIV/ 0 ! 90% 41% 3S% 38% 36% 3S% 36% 

cov co % avs 7% 63% 71% 63% 6S% 2S% 8% 10% 10% 6% 8% 8% 

NOx % avg 29£ S% S% 39£ 49£ 19£ . S% S% 69£ S% 39£ 
PM % avs S% 26% 30% 14% 19% 10% n/ a n/ a n/ a n/ a n/ a n/ a 
CO2 % avs 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Engine-Out 

Pollutant Units Cold Hotl Hot2 Hot 3 Hot-Avs Composite 

THC g/hp-hr 0 .11 0 .08 0 .08 0 .08 0 .08 0 .08 Conversion Based on Dilute Tailpipe 

NMHC g/hp-hr 0 .11 0 .0 7 0 .08 0 .08 0 .08 0 .08 Cold Hotl Hot2 Hot 3 Hot-Avs 
Average co g/hp-hr 2.30 1.74 1.68 1.68 1.70 1.78 THC 91% 100% 100% 100% 100% 

NOx g/hp-hr 3.04 3,40 3,43 3,43 3,42 3.37 NMHC 91% 100% 100% 100% 100% 

co 86% 98% 98% 98% 98% 

THC g/hp-hr 0 .0 2 0 .00 0 .00 0 .00 0 .00 0 .00 NOx 9S,19£ 99.3% 99,49£ 99,49£ 99,49£ 

NMHC g/hp-hr 0 .0 2 0 .00 0 .00 0 .00 0 .00 0 .00 

Stdev co g/hp-hr 0 .04 0 .08 0 .08 0 .0 7 0 .0 7 0 .0 6 

NOx g/hp-hr 0,01 0.03 o.os 0,04 0,04 0,04 Conversion Based on Raw Tailpipe 

Cold Hotl Hot2 Hot 3 Hot-Avs 

THC % avs 21.7% 0 .9% 0 .8% 1.0% 0 .8% 4.8% THC 81% 9S% 96% 96% 96% 
NMHC % avs 21.7% 0 .9% 0 .8% 1.0% 0 .8% 4.8% NMHC 81% 9S% 96% 96% 96% 

cov co % avs 1.7% 4.6% 4.S% 4.0% 4.4% 3.3% co 87% 100% 100% 100% 100% 

NOx % avg O,S9£ 0.8% 1,69£ 1 ,29£ 1 ,29£ 1 ,09£ NOx . 99,S% 99,S% 99,S% 99,S% 

TABLE 85. OVERALL SUMMARY OF REGULATED TAILPIPE EMISSIONS FOR BOTH RAW AND DILUTE – WTHC 
CYCLES 
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Repeat Cold Hot Composite 

engine-out g/hp-hr 3.1 3.5 3.4 

1 tailpipe g/hp-hr 0 .149 0 .019 0 .037 

%conv 95.1% 99.5% 98.9% 

engine-out g/hp-hr 3.0 3.0 3.0 

2 tailpipe g/hp-hr 0 .151 0 .017 0 .036 

%conv 95.0% 99.4% 98.8% 

engine-out g/hp-hr 3.0 3.0 3.0 

3 tailpipe g/hp-hr 0 .146 0 .017 0 .035 

%conv 95.2% 99.4% 98.8% 

Overall TP Average 0 .149 0 .018 0 .036 

Overall TP Stdev 0.002 0.001 0.001 

Cold Holl Hot:! Hot, Composite Hot-Avg 
Engin~-Oul Bl hµ-111 3.01 3.10 3.-13 3.-13 3.37 3.12 

Tollplpc llllut, 
g/hp hr o.14q 0 .11?7 o.nn 0 .11? I n.mq 0.0?1 

~".Jconv 95.1% 99.) % 99.4% 99.4% 98.!!% 99.4% 

Tailpipe 11.aw 
g/hp-hr - 0.018 0 .018 0.018 0.036 0.018 

'nconv . -~5:1.'.>% Y9.:.,% Y9,:.,% 5:!H.5:1% -~5:1.'.>% 

Cold Hot Composite 

Engine-Out g/hp-hr 3.1 3.5 3.4 

Final Aged 
g/ hp-hr 0 .149 0 .018 0 .036 

%conv 95.1% 99.5% 98.9% 

Development g/hp-hr 0.060 0.010 0.017 

Targets %conv 98.0% 99.7% 99.5% 

Development g/hp-hr 0.089 0.008 0.019 

Aged Parts %conv 97.1% 99.8% 99.4% 

Final Aged Conversion Delta 

vs devel aged %conv 2.0% 0.3% 0.5% 

vs target %conv 2.9% 0.2% 0.6% 

TABLE 86. NOX EMISSIONS SUMMARY FOR WHTC CYCLES 

TABLE 87. COMPARISON OF TAILPIPE AND DILUTE WHTC MEASUREMENTS 
BASED ON OVERALL AVERAGES FROM THREE REPLICATES 

TABLE 88. COMPARISON OF FINAL AGED WHTC RESULTS TO EARLIER DATA 
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As noted in the tables, the Raw cold-start WHTC results for these tests were not valid due 
to the fact that the NOX analyzer was over-range during the initial cold-start peak.  The measured 
concentrations were sufficiently high to saturate the analyzer at the 500-ppm range that was used 
chosen for cold-start, although this had not been the case for earlier results and other cycles. 
Given that Dilute results were already available, and the time constraints of the program, it was 
decided to proceed with data generation, rather than to range-find and calibrate a higher range for 
Raw only.  This was especially important because the short WHTC soak would not allow 
changing of ranges between cycles, and therefore a significantly higher range would have further 
implications for accuracy of the hot-start WHTC measurements.  Time was not available within 
the program to investigate and resolve the issue further, therefore measurements proceeded. 
Prior measurements on other cycles, and development WHTC cycles that did not show an over-
range, had indicated that there was no significant difference in cold-start results between Dilute 
and Raw measurements.  Therefore, the Raw composite values are calculated using the Dilute 
cold-start values, and the Raw hot-start values. 

It was apparent that there was a significant discrepancy between Raw and Dilute hot-start 
WHTC results. This was not observed during tests on other cycles, and this measurement 
discrepancy will be discussed further below. 

As was the case with the FTP, the WHTC results clearly indicate some catalyst 
degradation on both cold-start and hot-start results.  As discussed under the FTP results earlier, it 
is not clear how much of this should be considered abnormal due to the issues observed during 
Final Aging.  Therefore, this discussion will focus on assessment of the results based on the 
observed performance in comparison to earlier tests with the Development Aged parts. 

Figure 251 shows NOX at the PNA inlet and outlet, as well as PNA temperatures, both 
the cold-start WHTC on the Development Aged parts.  As noted earlier, the temperature and 
NOX profile of the WHTC is somewhat less favorable for the PNA, given that temperatures 
during the initial cold-start actually rise somewhat faster, and there is somewhat more demand 
for mass storage in the very early cold-start compared to the FTP.  Nevertheless, roughly 2 grams 
of NOX were stored for the Development Aged parts before the temperatures were high enough 
to prevent further storage.  Figure 252 shows a similar chart for the Final Aged parts.  Very little 
NOX storage behavior is apparent on this trace. Figure 253 compares PNA stored NOX during 
the cold-start FTP for the two sets of parts.  For the Final Aged parts, less than 0.2 grams of NOX 
are stored at a similar timeframe.  All of that additional NOX is emitted prior to the advent of 
SCRF light-off, and therefore this would all emerge as tailpipe NOX. 

Given that the total change in tailpipe NOX mass between the Development Aged and 
Final Aged parts is on the order of 2.5 grams, this change in the PNA capability is the primary 
driver of the increase in tailpipe NOX emissions.  The remaining increase appears to be driven be 
a combination of lower ammonia storage capacity on the SCRF, which drove a small loss of 
performance, as well as an increase in the tendency towards ammonia oxidation. Figure 254 
shows SCRF-out NOX mass rates for both Final Aged and Development parts.  A loss of 
conversion is apparent in the range of the cycle after SCRF light-off, roughly after 130 seconds. 
Much of the increased NOX is reduced by the downstream SCR, which still demonstrated 93% 
conversion after light off.  However, the net result was still a small increase in tailpipe NOX, on 
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the order of 0.5 grams of total mass.  This change can be seen in Figure 255 which compares 
tailpipe NOX mass rates for both Final Aged and Development parts. 
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FIGURE 250. CUMULATIVE TAILPIPE NOX COMPARISON – FINAL AGED VERSUS 
DEVELOPMENT AGED 

Engine-Out NOx PNA Out NOx PNA Temperature 

PNA Inlet T PNA Outlet T 

1200 300 

1000 250 

800 

600 

400 

200 

0 

200 

150 

100 

50 

0 

N
O

x,
 p

pm
 

Te
m

pe
ra

tu
re

, d
eg

C 

0 50 100 150 200 250 300 
Time, sec 

FIGURE 251. COLD-START WHTC PNA BEHAVIOR – DEVELOPMENT AGED 
PARTS 

275 
SwRI 03.19503 Final Report 



 
     

 
     

 
  

 

  

 
 

 

 
 

Engine-Out NOx PNA Out NOx PNA Temperature 

PNA Inlet T PNA Outlet T 

N
O

x,
 p

pm
 

1200 

1000 

800 

600 

400 

200 

0 

300 

250 

200 

150 

100 

50 

0 

Te
m

pe
ra

tu
re

, d
eg

C 

0 50 100 150 200 250 300 
Time, sec 

FIGURE 252. COLD-START WHTC PNA BEHAVIOR– FINAL AGED PARTS 
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FIGURE 254. COMPARISON OF WHTC COLD-START SCRF-OUT NOX MASS 
RATES – FINAL AGED PARTS VERSUS DEVELOPMENT PARTS 
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BSCO2, g/ hp-hr 

Cold Hot Composite 

Baseline Engine 496.0 485.0 485.3 

Final ULN Config 514.8 491.1 494.4 

% change 3.8% 1.3% 1.9% 

M ini-burner air 0.4% 0.2% 0.2% 

Increased SCRF Regeneration 0.3% 

Total FTP CO2 Impact 2.4% 

Hot-start WHTC NOX and temperature data are shown in Figure 256 for the 
Development Aged parts and Figure 257 for the Final Aged parts, respectively.  The PNA 
capacity is not significant for the hot-start cycle, and therefore SCRF performance is more likely 
to be the driver of observed performance changes. In comparing the two charts, more 
breakthrough from the SCRF is observed with the Final Aged parts.  Figure 258 shows a 
comparison of SCRF-out NOX mass rates for both sets of parts.  Cycle conversion at the SCRF-
out location over the hot-WHTC was on the order of 96% for the Development Parts, and 86% 
for the Final Aged parts.  The downstream SCR was able to maintain 95% conversion of 
whatever emissions were observed going into it, but this still resulted in a few NOX breakthrough 
events reaching the tailpipe. Figure 259 shows a comparison of tailpipe NOX mass for both sets 
of parts on the hot WTHC.  As seen in the chart, more and larger NOX breakthroughs are seen in 
the early WHTC, as well as a small increase due to late cycle oxidation of ammonia slip.  The 
net result was a change from 99.8% to 99.3% conversion of the hot WHTC. 

This behavior is consistent with the observations on the FTP and RMC-SET cycles, and 
results in overall performance similar to what was observed on those cycles.  As with the FTP, it 
is possible that some of the observed changes are due the abnormal events that occurred during 
the canning failure, and therefore it is not possible to separate representative changes from those 
that are not representative. 

Table 89 summarizes the impact of the final strategy with Final Aged parts on CO2 
emissions over the WHTC cycle.  It should be noted that all of the cell-to-cell measurement 
issues discussed earlier regarding the FTP and RMC-SET cycle comparisons remain valid for the 
WHTC comparison.  As with the previous data, carbon-balance adjusted CO2 emissions are 
given in the table to enable a valid comparison.  It should be noted that the impact of the strategy 
on the cold-start WHTC was actually smaller than what was observed on the FTP.  However, this 
shows up as only a small improvement in the overall composite due to the cold-start weight 
factor.  Overall, the impact of the strategy on the WHTC was similar to that observed for the 
FTP. 

TABLE 89. COMPARISON OF CO2 EMISSIONS ON WHTC CYCLE – FINAL LOW 
NOX CONFIGURATION VERSUS ENGINE BASELINE 
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FIGURE 256. HOT-START WHTC NOX AND TEMPERATURE FOR DEVELOPMENT 
AGED PARTS 
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3.4.5.5 CARB Idle Testing 

Three replicates of the CARB extended idle test were also run on the Final Aged parts. It 
should be noted that this cycle could leverage the re-light feature that was included in the burner 
controls, and this value was set to allow the burner to become active during an extended cool-
down period, in order to help manage NOX emissions.  However, unlike the FTP, RMC, and 
WHTC cycles, there was no specific target value given for this test.  The current standard 
specifies a 30 g/hr NOX mass rate limit during each of the 30-min idle portions.  No calibration 
changes were made prior to this test from the calibration utilized for FTP and RMC testing.  The 
only feature that was calibrated to become active was the burner re-light feature.  The engine 
calibration already included a low NOX idle that was necessary for parts of the hot-start FTP 
cycle when aftertreatment temperatures were lower, to help maintain system heat, and control 
engine-out NOX at lower aftertreatment temperatures. 

It should be noted that the choice of the temperature for the burner re-light feature, and 
the amount of heat and other trigger temperatures are significant with respect to how the system 
behaves. It should also be noted that the thresholds for this feature were set at levels below the 
temperatures encountered during FTP and RMC testing.  The results given represent one choice 
in terms of where to set these thermal management thresholds, but other are possible.  This 
becomes a case of balancing fuel consumption during thermal management against NOX 
performance. In order to help examine this behavior, it was decided to run one of the three 
planned tests with the mini-burner disabled (i.e., without Relight).  This would allow a back-to-
back comparison of the effect of the thermal management on both NOX and fuel consumption. 

A summary of CARB idle test results is given below in Table 90.  The table shows that 
NOX data for both engine-out and tailpipe measurements.  The data in this summary represent 
the integrated average values for each of the 30-minute long idle periods.  The low idle was run 
at the engine’s normal warmed up curb idle speed of 550 rpm, while the PTO idle was run at 
1100 rpm following the test procedure.  Fuel rate data is also shown as the average across the 30-
minute idle segments. 

TABLE 90. SUMMARY OF CARB EXTENDED IDLE TEST RESULTS – FINAL AGED 
VERSUS BASELINE 

An example of continuous data for all three test cases is given below. Figure 260 shows 
the baseline testing, Figure 261 shows the Final Aged configuration with the burner re-light 
feature, and Figure 262 shows the Final Aged configuration with the burner re-light feature 
disabled. 
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FIGURE 260. TEMPERATURE AND NOX MASS FOR BASELINE CARB IDLE TEST 
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FIGURE 261. TEMPERATURE AND NOX MASS FOR FINAL AGED CARB IDLE 
TEST (WITH BURNER RE-LIGHT ENABLED) 
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FIGURE 262. TEMPERATURE AND NOX MASS FOR FINAL AGED CARB IDLE 
TEST (WITH BURNER RE-LIGHT DISABLED) 

At the low idle point, the baseline engine met the 30 g/hr base requirement, but NOX 
dosing had ended much earlier and by the end of the 30-minute idle period, the baseline system 
was nearing a zero conversion state, having begun to run out of both NH3 and temperature about 
1000 seconds into the idle period.  By contrast, the Low NOX engine was able to preserve heat 
longer, as well as having a greater capacity for stored ammonia.  This period was further 
extended by having the engine running in a low NOX idle mode, which featured higher EGR 
rates, resulted in less cooling flow through the system and lower NOX.  Temperatures were above 
the re-light threshold for the entire 30-minute period and therefore, no active thermal 
management was triggered.  This operation did not appear to result in a significant change in fuel 
consumption compared to the baseline engine.  In fact, the measured fuel consumption was lower 
than the baseline, but this difference could also be due to measurement variation given that the 
average fuel rate at this condition was on the order of 1 kg/hr. It should be noted that measured 
CO2 rates did also confirm a small reduction as observed in the fuel rate data. 

At the higher idle point (PTO idle at 1100 rpm), the baseline system did not meet the 30 
g/hr standard, but given that, this was originally a European calibrated engine not normally 
subject to the CARB idle requirement, this is more likely a matter of calibration rather than 
inability of the system to perform.  Given the aftertreatment temperatures, the baseline system 
showed very little NOX reduction across the aftertreatment system at this condition, although 
some amount was detected (possibly due to incidental HC-based reduction, given the 
temperatures and a near 1-to-1 molar ratio of inlet NOX and HC).  The final Low NOX engine 
configuration demonstrated a one-third reduction in engine out NOX, likely due to higher EGR 
rates utilized in this calibration at idle. For the case without the burner, the aftertreatment system 
does not contribute any additional NOX reduction, and in fact, there is a brief increase in NOX 
that occurs due to a small early release from the PNA when conditions change.  Without the 
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added thermal management, the NOX rate at the 1100-rpm idle is just over the 30 g/hr threshold 
of the current standard, therefore additional measures would be required.  Interestingly the 
measured fuel consumption is again very similar between the baseline engine calibration and the 
modified engine calibration.  Measured CO2 rates for both tests actually confirm a small 
reduction, which appears in the fuel rate data. 

However, with the burner re-light enable, the added heat helps the system perform better 
by allowing additional dosing periodically, as well as raising catalyst temperatures.  At this 
higher speed condition, the burner crossed the re-light threshold within the test, and in fact, two 
re-light episodes were observed during the 30-minute test period, as can be seen from the SCRF 
Inlet temperatures in Figure 261.  This behavior enabled a 66% reduction of NOX across the 
aftertreatment system, bringing the tailpipe mass rate down to 14 g/hr. The impact of the added 
thermal management was roughly a 7% increase in them measured fuel rate, compared to the 
original baseline. 

Overall the final Low NOX system appears to be much better at retaining heat at normal 
idle than the baseline system.  At the higher idle, however, thermal management is required to 
maintain higher NOX conversion rates, otherwise the system will cool below its operating 
temperature window and it will run out of stored NH3.  The emission rate for this second idle 
second will depend on the calibration of the thermal management. It would be possible, for 
instance, to calibrate thermal management to come in at higher temperatures and for shorter 
periods of time, thus maintaining the system heat, rather than allowing it to fall below the 
operating window of the SCR system and then heat back up.  In addition, although the min-
burner was used as the primary means of thermal management, other approaches could also be 
utilized in an effort to maintain heat.  From an efficiency standpoint, it would be useful to study 
the relative costs of maintaining heat versus adding heat to a cooled system.  The relative GHG 
impact of such changes is a good subject for further study, and was examined on this engine as 
part of the Stage 2 effort. 

3.4.6 Vocational Cycle Demonstration Testing 

Three replicates of each of the vocational cycles were run. In all cases a pattern was 
followed that was similar to the CARB extended idle testing described earlier.  Two of the 
replicates utilized the strategy that had been developed for the FTP and RMC-SET, and these 
included the re-light calibration that was used for the CARB extended idle test as well.  The third 
replicate was made with the burner re-light function disabled, so that an initial examination could 
be made of the impact of the active thermal management via the mini-burner.  The results for 
each cycle are summarized separately below. 

3.4.6.1 NYBC Cycle 

As described earlier, the NYBC vocational test consists of a preconditioning run of the 
NYBC cycle, followed by a 30-minute idle, followed by the test-for-record over the NYBC 
cycle.  The NYBC cycle actually consists of four repeats of the NYBC duty cycle profile, which 
was derived from transit bus data.  The cycle is intended to examine a profile where the system 
has cooled off during a long idle, after which it is tasked with operating over a highly transient, 
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EO NOx TP NOx NOx Conversion Fuel Rate 

g/hr g/hp-hr g/hr g/ hp-hr % kg/hr 

Baseline Mass Rate 142 6.1 54 2.3 62% 5.29 

Mass Rate 92.1 3.9 8.8 0.38 90% 5.30 
w ith Relight 

% change from base -35% -36% -84% -84% n/a 0% 
Final Aged 

Mass Rate 85 3.6 18.4 0.78 78% 5.18 
w ithout Relight 

% change from base -40% -41% -66% -67% n/a -2% 

relatively light load duty cycle.  The cycle tests how well a system can preserve heat, as well as 
how quickly it can warm back up to operating temperatures.  For reference, the average power 
over this cycle is roughly 17kW, or about 5% of maximum engine power. 

A summary of the NYBC cycle results is given below in Table 91 below.  The table 
shows both engine-out and tailpipe NOX emissions over the test for record, as well as fuel flow 
over that same period.  Baseline results are given, as well as the Final Aged cycle runs for the 
final Low NOX configuration, both with and without the mini-burner re-light function active. 

TABLE 91. SUMMARY OF NYBC VOCATIONAL CYCLE RESULTS 

Continuous NOX and temperature data for the NYBC test is given in Figure 263 for the 
baseline case, Figure 264 for the Final Aged system with the mini-burner re-light active, and 
Figure 265 for the Final Aged system without the mini-burner re-light function.  All three plots 
show both the cycle for record and the preceding 30-minute idle period. In all three cases, the 
beginning of the period show on the plot is at the end of the preconditioning cycle.  For all tests, 
the engine and aftertreatment were essentially at thermal equilibrium with the test cycle before 
starting the 30-minute idle period.  By the end of all three tests for record, the engine and 
aftertreatment had regained that same thermal equilibrium.  For all three configurations, that 
value was roughly 195°C, which represents the stable temperature over many repeats of this 
NYBC duty cycle profile. 

For the baseline engine and aftertreatment system, this was a very difficult cycle. 
Although it entered the cycle operating at roughly 88% conversion efficiency, the aftertreatment 
cooled to a temperature of near 110 °C by the end of the idle period.  The DEF dosing had shut 
off fairly early in this period, and by the end of the idle, there was essentially no NOX conversion 
over the aftertreatment.  The system did start to warm up on the cycle, but DEF dosing did not 
resume until nearly 800 seconds into the cycle.  As a result, the system exhibited very poor 
conversion during the early portions of this cycle, although this slowly improved as the cycle 
continued.  NOX conversion over the cycle was only 62%, although it had improved to 75% by 
the end of the final NYBC profile. 
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FIGURE 263. BASELINE NOX AND TEMPERATURE DATA FOR NYBC 
VOCATIONAL CYCLE 
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FIGURE 264. FINAL AGED NOX AND TEMPERATURE DATA FOR NYBC 
VOCATIONAL CYCLE, WITH RE-LIGHT 
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FIGURE 265. FINAL AGED NOX AND TEMPERATURE DATA FOR NYBC 
VOCATIONAL CYCLE, WITHOUT RE-LIGHT 

By contrast, the final Low NOX configuration as able to maintain NOX conversion for 
nearly the entire idle period, similar to the behavior observed on the extended idle test.  This is in 
part due to the lower engine-out NOX rate from the lower NOX idle calibration that is active at 
lower aftertreatment temperatures.  System temperatures do still cool off to roughly 100°C by the 
end of the idle period, but NOX conversion begins to fade only near the end of the cycle.  DEF 
dosing shuts off fairly early in this period, but there is enough stored NH3 in the catalysts to 
maintain conversion for nearly the whole period.  It should be noted that due to the revised 
engine calibration, engine-out NOX over the NYBC is reduced by 35 to 40%.  Engine-out NOX at 
idle is greatly reduced due to increased EGR at that condition.  However, fuel consumption was 
not significantly different from the baseline engine with the revised calibration, though this is 
likely due to the very light-load nature of the cycle. 

As seen in Figure 267, with the re-light function active, the burner actually does re-light 
before the end of the idle period, at which point DEF dosing actually resumes and conversion is 
actually improving again when the cycle for record actually starts.  There is a brief period of 
poor conversion that last only 70 seconds, and then NOX conversion quickly reaches in excess of 
90%.  The burner stayed lit in this case for roughly five minutes, after which time the shut down 
threshold was reached and it turned off.  Given this cycle profile, the burner did not re-light 
again.  The overall fuel consumption on the cycle with the re-light function is actually very close 
to the baseline engine, and with only the single re-light event, the burner contributes only about 
3% of the total fuel consumed over the test.  The overall effect is an 84% reduction in tailpipe 
NOX over the NYBC cycle. 
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Without the re-light function active, as shown in Figure 268, the period of poor 
conversion after the idle period lasts longer, but conversion still recovers to over 90% after about 
700 seconds into the cycle.  This indicates that the system has better warm-up characteristics 
than the baseline aftertreatment.  Overall, there is still a 66% reduction in tailpipe NOX levels as 
compared to the baseline.  The difference between the tests with and without re-light is about a 
3% change in fuel consumption over the NYBC cycle with re-light functioning. 

Overall, it appeared that the ARB Low NOX configuration resulted in a substantial 
improvement over the baseline over the NYBC cycle without incurring a substantial GHG 
penalty.  Towards the end of the NYBC cycle, this configuration was realizing in excess of 96% 
NOX conversion over this particular duty light-load duty cycle, with NOX rates down to a 
sustained level below 4 g/hr. 

3.4.6.2 Cruise-Creep Cycle 

As described earlier, the Cruise-Creep cycle consists of a Cruise portion, which is 
intended as the preconditioning phase, followed by 10 repeats of the Creep profile that was 
provided by CARB.  This cycle is intended to examine the behavior of a vehicle, which drives to 
a worksite and then begins to do repetitive light-load work.  The system was at a higher 
temperature at the start, but would slowly cool off during the course of the cycle, unless active 
measures were taken to prevent cooling.  The portion of the cycle that is considered to be the 
“test for record” was the sequence of 10 creep repeats. 

A summary of the Cruise-Creep results is given below in Table 92. The table shows both 
average engine-out and tailpipe NOX mass rates overall two different intervals.  The first interval 
is the complete set of 10 creep cycles.  The second interval includes only the last three creep 
cycles, in order to show how the system is behaving at the end of the cycle.  Fuel flow rates are 
also shown.  For reference, the average power over the creep profile for this engine is 6.5 kW, so 
the creep profile is very light load, less than 3% of engine maximum power. 

TABLE 92. SUMMARY OF CRUISE-CREEP VOCATIONAL CYCLE RESULTS 

Continuous NOX and temperature data for the Cruise-Creep cycle are shown in Figure 
266 for the Baseline case, Figure 267 for the Final Aged data with the mini-burner re-light 
function active, and Figure 268 for the Final Aged data with the re-light function disabled. 

On this particular cycle, the baseline aftertreatment slowly cools to an average 
temperature of about 150 °C, but this takes more than half of the cycle to do so.  Good NOX 
control is maintained by the system for about half the cycle, and then a slow increase in tailpipe 
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NOX is observed.  Eventually the system would likely run out of NH3 and exhibit little control, 
but it is still at a level of 62% conversion over the last 3 cycles.  DEF dosing shut off about 600 
seconds into the cycle for the baseline case. 

For the ARB Low NOX configuration, without the mini-burner re-light function, the 
system appears to cool off on this cycle at a similar rate to the baseline case, and it reaches an 
equilibrium temperature of about 150 °C without any active intervention.  Although the engine-
out NOX rate was lower, it appears that on this cycle the system began to lose conversion faster 
on this profile than the baseline system did. This is despite the fact that DEF dosing shut off at 
900 seconds, about 300 seconds later than for the baseline.  Therefore, the conversion over this 
cycle is only about 70%, but the conversion for the last three creep events is only 34%.  This 
indicates that for this cycle, active thermal management was needed for this configuration. 
Interestingly, less fuel was burned on this cycle for the ARB Low NOX configuration than on the 
baseline engine.  The tailpipe NOX in this case was about the same as the baseline engine. 

With the thermal management from the mini-burner re-light active, the system fares 
much better.  The re-light function comes active after about six creep events, and it appears to be 
settling into a stable pattern of lighting every three events.  The temperature increase also allows 
DEF dosing to reactivate for short periods of time.  As a result, conversion performance does not 
continue to decay as with the other two systems, but instead it settles into what looks like an 
oscillation pattern of behavior.  The tailpipe NOX for this cycle was at a level of about half the 
baseline engine, but the conversion on the last three creep events was at a stable level of 72%, 
which would be maintained as long as the system remained operating in this pattern.  Eventually 
this resulted in a large reduction in NOX compared to the baseline, which would eventually decay 
to the point of having little or no conversion over the aftertreatment system.  The fuel 
consumption over this cycle with the re-light active was roughly the same as the baseline engine, 
but the NOX result was about 45% lower. 

It is clear that this cycle could benefit from additional calibration effort to adjust the 
thermal management strategy further.  The comparison of the Cruise-Creep profile to the 
previous NYBC profile helped to illustrate the challenge of finding a workable balance over a 
wide variety of duty cycles.  The ARB Low NOX system as currently calibrated; performed very 
well on the NYBC cycle, but somewhat less so on the Cruise-Creep cycle.  On the other hand, 
the combination of engine calibration and thermal management on the Cruise-Creep cycle 
ultimately proved to be the same in terms of fuel consumption as the baseline engine. 
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FIGURE 266. BASELINE NOX AND TEMPERATURE DATA FOR THE CRUISE-
CREEP VOCATIONAL CYCLE 
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FIGURE 268. FINAL AGED NOX AND TEMPERATURE DATA FOR THE CRUISE-
CREEP VOCATIONAL CYCLE, WITHOUT RE-LIGHT 

3.4.6.3 OCTA Bus Cycle 

As described earlier, the OCTA bus cycle consists of a profile derived from a transit bus 
operating in the Orange County area.  The profile was run twice, once was a preconditioning, 
and then again as the test for record.  There was no dwell between the profiles.  The intent of the 
cycle was to capture highly transient operation, but it was not intended to test the low 
temperature capabilities of the system by design.  The OCTA bus cycle had a higher load factor 
than the other two vocational cycles, and essentially represented hot running operation.  For 
reference the average power over this duty cycle was 53 kW or about 15% of maximum engine 
power. It was therefore, still a lower duty factor than the FTP, however, not nearly as light load 
as the other two cycles. 

A summary of OCTA bus cycle results is given below in 
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Table 93.  Because the load factor of this cycle was high enough, the use of brake-specific 
emission results became meaningful, and therefore the results are reported in that fashion, similar 
to other regulatory cycles.  Engine-out and Tailpipe NOX results are given, as well as BSCO2 
over the cycle. 
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EO NOx TP NOx NOx Conversion CO2 

g/ hp-hr g/ hp-hr % g/ hp-hr 

Baseline Emissions 3.8 0.023 99.4% 529 

with Relight 
Emissions 2.7 0.006 99.8% 534 

% change from base -28% -74% n/ a 0.9% 
Final Aged 

Emissions 2.7 0.011 99.6% 543 
wit hout Relight 

% change from base -28% -52% n/ a 2.6% 

Note: wit hout Relight conducted j ust prior to SCRF regenerat ion at higlh backpressures 

4000

3000

2000

1000

TABLE 93. SUMMARY OF OCTA BUS VOCATIONAL CYCLE RESULTS 

Continuous temperature and NOX data are given below for the Baseline case in Figure 
269, and for the Final Aged case in Figure 270.  In both cases, the sustained temperature on this 
cycle was between 225 °C and 250 °C, and therefore, despite the highly transient nature of the 
duty cycle, both systems were able to handle the OCTA bus cycle with relative ease.  There was 
no difference between the Final Aged system with and without the mini-burner because that 
function did not come into play at all on the OCTA bus cycle.  Therefore, no example is given 
for that case. 

There did appear to be an increase in CO2 emissions as a result of the hot-start calibration 
of the CARB Low NOX engine for this particular duty cycle.  One note on these results is that the 
repeat conducted with the relight function was run when the SCRF was almost fully loaded with 
soot, and the increased backpressure did appear to shift those results upward. 
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4.0 SUMMARY AND CONCLUDING REMARKS 

This section of the report presents the program results in a summary format, and includes 
additional comments with regard to the implications of the data and recommendations for next 
steps and further efforts.  Each of the two engine platforms is summarized and discussed in a 
separate section below. 

4.1 CNG Engine – Cummins ISX12-G 

The development of the CNG engine platform to meet ultra-low NOx (ULN) levels was 
generally more straightforward than the diesel platform.  Although a considerable amount of 
development effort was still required, the fact that the engine was a stoichiometric spark ignition 
(SI) unit allowed the use of the more mature TWC technology that is capable of very high NOX 
reduction, as long as the engine’s air-fuel ratio (AFR) can be appropriately controlled. 

The baseline engine was a throttle body injected SI engine, and there was some 
discussion in the earlier phase of the program of the possible need to move to port-fuel injection 
(PFI).  Taking that step was ultimately proven to be unnecessary, and sufficient control was 
achieved with an advanced form of throttle body injection.  However, advanced injection 
hardware and controls were not available from the OEM during the program, thus an advanced 
third-party system produced by EControls was installed on the engine that used a model-based 
control approach and employed proprietary injection and mixing hardware. As the ISX 12-G 
engine employed a high-pressure loop EGR system that complicated air-fuel ratio control, the 
proprietary mixing hardware was essential to achieve very good mixing between the main air-
fuel and EGR flows. 

The final catalyst system chosen was a combination of close-coupled three way catalyst 
(ccTWC) and conventional under-floor TWC (ufTWC), which is similar to configurations used 
on Tier 2 gasoline light-duty passenger vehicles.  A schematic of the system is show in the figure 
below. 
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FIGURE 271. SCHEMATIC OF FINAL LOW NOX CNG ENGINE AFTERTREATMENT 
SYSTEM 

The tables below show the results of the final tests on the Low NOX demonstration 
engine using the Final Aged parts, as compared to the Baseline Engine.  Table 94 shows a 
comparison of tailpipe NOX emissions between the Low NOX and Baseline engines over 
regulatory test cycles.  In general the results show roughly an order of magnitude reduction in 
tailpipe NOX emissions for the Low NOX engine, as compared to the Baseline.  For all regulatory 
test cycles, tailpipe NOX emissions were below the 0.02 g/hp-hr target.  

TABLE 94. CNG ENGIE NOX EMISSIONS COMPARISON – LOW NOX ENGINE 
(FINAL AGED PARTS) VERSUS BASELINE, G/HP-HR 

Engine FTP RMC-SET WHTC 
Cold Hot Composite Cold Hot Composite 

Baseline 0.247 0.093 0.115 0.012 0.310 0.308 0.308 
Low NOX 

Engine 0.065 0.001 0.010 0.001 0.043 0.006 0.011 

% Reduction 74% 99% 91% 92% 86% 98% 96% 

Table 95 shows a summary of GHG and NH3 emissions for both the Low NOX and 
Baseline engines.  The Low NOX engine generally showed significantly lower NH3 and methane 
emissions, as compared to the Baseline engine, which can be attributed to the improved air-fuel 
ratio control.  The CO2 emissions impact varied by the cycle, but in general there was an increase 
of about 1% on duty cycles which featured a cold-start, due to the impact of the rapid cold-start 
warm-up strategy.  However, this was generally offset by lower methane emissions in terms of 
overall GHG impact. 

TABLE 95. CNG ENGINE COMPARISON OF GHG AND NH3 EMISSIONS – LOW 
NOX ENGINE (FINAL AGED PARTS) VERSUS BASELINE 

Engine Pollutant FTP RMC-SET WHTC 
CH4, g/hp-hr 0.96 1.20 1.54 

Baseline NH3, avg ppm 76 162 100 
CO2, g/hp-hr 542 454 510 
CH4, g/hp-hr 0.15 0.93 0.10 

Low NOX Engine NH3, avg ppm 52 37 44 
CO2, g/hp-hr 547 445 513 

% Change from 
Baseline 

CH4 -84% -23% -94% 
NH3 -32% -77% -56% 
CO2 0.9% -2.0% 0.6% 
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It should be noted that the cycle average NH3 concentration did exceed the program 
target of 10 ppm, even on the Low NOX engine.  However, this was due to a shortcoming of the 
AFR controller, which did not include an oxygen storage model for the catalysts at the time of 
development.  However, such controls technology is in production on Tier 2 gasoline engines, 
and could be added to a heavy-duty CNG engine given sufficient development time and 
resources.  The resulting improved AFR control would likely result in lower NH3 emissions. 
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Table 96 shows a summary of the test results of both the Low NOX and Baseline engines over 
vocational cycles, namely the NYBC, Cruise Creep and OCTA cycles.  The Low NOX CNG 
engine is able to achieve NOX levels below 0.02 g/hp-hr over all the cycles, as well as generally 
lower methane and NH3 levels compared to the baseline.  This result implies that the CNG 
engine will be able to provide sustained low NOX levels even during lower load field duty cycles. 
In addition, while the highly transient nature of some of these cycles proved problematic for the 
controls on the Baseline engine, the improved air-fuel ratio control on the Low NOX engine was 
more robust to this kind of operation.  That said, there is still room for improvement as 
evidenced by the NH3 emission levels observed on some of these cycles. It should be noted that 
the same improvements discussed earlier, such as the inclusion of a robust oxygen storage 
model, would benefit these cycles as well. 
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TABLE 96. CNG ENGINE VOCATIONAL CYCLE EMISSIONS – LOW NOX ENGINE 
(FINAL AGED PARTS) VERSUS BASELINE 

Cycle Baseline Low NOX Engine 
NOX, g/hp-hr NH3, ppm CH4, g/hp-hr NOX, g/hp-hr NH3, ppm CH4, g/hp-hr 

NYBC 0.91 12 1.9 0.002 25 0.5 
Cruise Creep 0.07 124 1.6 0.002 85 1.0 

OCTA 0.11 92 1.1 0.0003 47 0.04 

Overall, the results indicate the feasibility of reaching NOX levels below 0.02 g/hp-hr on 
a CNG engine.  While the catalysts are somewhat larger than those used on current 2010 CNG 
engines, this can be improved over time.  The required improvements in air-fuel ratio control are 
achievable using available control technologies, and controls can be further improved via the 
incorporation of more control approaches already in use for light-duty gasoline engines.  In 
addition, further improvements in performance are likely available via the adoption of port fuel 
injection approaches, although this did not prove necessary to reach 0.02 g/hp-hr on ISX12-G 
engine.  Based on the data shown above and what is available in the public domain, it appears 
that some form of limit on NH3 emissions may be important in ensuring robust air-fuel ratio 
controls. 

It should be noted that the advent of heavy-duty OBD requirements for CNG engines in 
the 2018 timeframe will introduce additional work effort on the introduction of a low NOX CNG 
engine.  However, the oxygen-storage based approaches used for TWC catalyst monitoring on 
smaller gasoline catalysts should be applicable, although they will need to be calibrated and 
tested.  Misfire monitoring should also be noted as a challenge on engines of this size that will be 
installed in a variety of different larger applications. 

4.1.1 CNG Engine Recommendations and Next Steps 

The CNG engine demonstration effort was generally successful in showing the feasibility 
of meeting a 0.02 g/hp-hr level with a stoichiometric CNG engine. The demonstration was 
accomplished with technologies available in the marketplace, and with systems feasible for 
production.  Given that there is a production CNG engine now available that is certified to a level 
of 0.02 g/hp-hr under the CARB Voluntary Low NOX standard, it is unlikely that further 
development efforts are needed regarding demonstration. 

It is understood that there are some similarities between the current program engine and 
the now certified Cummins 9L CNG engine.  Both engines are stoichiometric CNG engines 
equipped with EGR, and both engine approaches did not require the use of port fuel injection. 
The engine for this program was a larger engine at a 12L displacement, with a relatively low 
power rating.  The catalyst strategy was different, in that the program 12L engine utilized a 
close-coupled light-off catalyst in addition to an under-floor main catalyst, whereas the 9L 
engine utilizes a single catalyst bed.  The information from both engines indicate that there are 
multiple ways to approach ULN NOx levels with a CNG engine, with regard to aftertreatment 
architecture and controls.  Manufacturers will determine which options are most efficient for 
each given engine. 
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The results of the program, as well as information available about the certified 9L engine, 
do imply some areas that should be monitored in the event of a widespread deployment of CNG 
engines to meet a 0.02 g/hp-hr level, even under the voluntary program. 

• Tailpipe NH3 emissions – Tailpipe ammonia levels, while lower than the baseline engine, 
were still quite high in certain situations.  This was the case for both regulatory cycles 
and some of the vocational cycles.  It is understood that this is the case for production 
offerings as well at the moment.  This can generally be mitigated by improved air-fuel 
ratio controls, but the question remains whether such controls will be deployed in the 
absence of a regulatory driver.  Given that NH3 is itself an irritant, and can also be a 
precursor for secondary PM formation, it may be important to ensure that tailpipe NH3 
remains well controlled in the event of a large-scale adoption of CNG engines. 

• Methane emissions – While CH4 emissions were generally lower on the Low NOX engine 
than for the Baseline, methane was still above the 0.1 g/hp-hr cap for Phase 1 and Phase 2 
GHG standards, in some cases by a significant amount, including on some Vocational 
cycles.  While the total GHG emissions were below the 2017 Phase 1 targets, the 
methane emissions nevertheless offset some of the GHG benefit of the CNG fuel.  Given 
that the increased methane can also be mitigated at least in part by improved AFR 
controls, it may be important to ensure that such controls are deployed in the event of a 
large-scale adoption of CNG engines. 

• It is apparent from the results that even a small loss of air-fuel ratio control can result in 
large increases in NOX and other emissions (such as ammonia and methane).  Given the 
importance of air-fuel ratio control in maintaining low NOX levels, it will be important to 
that this control is maintained over time. It is understood that HD-OBD requirements 
will apply to CNG engines starting in 2018, and robust AFR monitoring will be important 
to insuring that the low NOX potential of stoichiometric CNG engines is realized in the 
field.  The level of effort associated with such robust OBD monitoring should not be 
underestimated, and this may be an area where future development or demonstration 
could be warranted.  It is assumed that the same methodology associated with light-duty 
gasoline will be applicable, but it may be important to validate this assumption. 
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4.2 Diesel Engine – Volvo MD13TC 

The diesel engine platform presented a much greater challenge to achieving ULN 
emissions levels.  As with all diesel engines, the combination of lean exhaust and lower exhaust 
temperatures makes NOX control particularly difficult.  However, the Volvo MD13TC engine 
utilized for this program was a particularly challenging platform due to its use of high 
temperature waste heat recovery via a mechanical turbocompound system.  This resulted in very 
low exhaust temperatures which made reaching ULN levels particularly challenging.  The 
architecture of the system prevented any method of bypassing the system for cold-start and low 
temperature operation from being implemented within the scope and budget of the program. 
This likely resulted in a more complicated aftertreatment system. 

Although this engine is representative of one OEM’s approach to upcoming GHG 
standards for certain applications in 2017 and beyond, at this point it appears that this engine 
architecture represents something of a corner case with respect to the broader industry.  As such, 
the resulting technology approach to achieving ULN levels should likely be viewed as closer to a 
“worst-case” example of what is required to reach 0.02 g/hp-hr, rather than a typical application. 
Nevertheless, an example of this type of engine is currently in production in the U.S., and 
therefore this case remains a useful one in illustrating the challenge that can be presented by 
adopting different approaches to meeting engine system efficiency targets. 

4.2.1 Implications of Aftertreatment Screening Results 

The large number of diesel aftertreatment system options that were screened in the 
program provided a useful body of information for examining the potential of reaching ULN 
levels, both on this engine platform and on other platforms.  Figure 272, which is repeated from 
earlier in the report, provides a good summary of the potential of various approaches for reaching 
composite FTP NOX levels near or below 0.02 g/hp-hr.  The final configuration demonstrated on 
the engine required SCRF, a PNA for cold-temperature NOX storage, and a large amount of 
supplemental heat addition in the form of a mini-burner to reach levels below the 0.02 g/hp-hr 
target.  This system raised concerns with regard to both complication and robustness.  However, 
a significant number of less complicated options were able to reach levels of 0.03 g/hp-hr, 
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without large amounts of supplemental heat addition.  Those results indicate that with a more 
favorable exhaust temperature profile, some of these options may be viable for reaching levels 
below 0.02 g/hp-hr. 

FIGURE 272.  COMPOSITE ULTRA-LOW NOX POTENTIAL OF VARIOUS 
TECHNOLOGY CONFIGURATIONS 

A limited set of screening tests were conducted to simulate such an environment, and 
these indicated a reduced need for supplemental heat, possibly permitting a simpler system 
configuration.  However, given that such a change was not possible for the MD13TC engine, this 
possibility was not pursued further, due to time and budget constraints.  Nevertheless, it would 
be valuable to examine these options in the context of a different engine platform that could be 
modified to present a more favorable exhaust temperature profile. 

4.2.2 Diesel Engine NOX Emission Results and Discussion 

The final results for the diesel Low NOX engine are summarized in the tables below, 
along with the Baseline engine results for comparison.  Results are given for the final 
demonstration parts in both the Fresh and Final Aged states.  Results for the Development Aged 
parts are also shown for comparison.  Table 97 presents a comparison of tailpipe NOX results, 
while Table 98 shows the aftertreatment performance in terms of NOX reduction from the 
engine-out emission levels. 

As can be seen in the tables, the Development Aged parts were able to demonstrate 
emission levels below the 0.02 g/hp-hr target.  However, although the Final parts demonstrated 
levels at half the target when fresh, the Final Aged parts were not below the target, and generally 
demonstrated a tailpipe level on the order of 0.034 to 0.038 g/hp-hr, depending on the cycle. 
This represented a loss of roughly 0.9% conversion over the FTP cycle in NOX conversion.  The 
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change observed on the WHTC was very similar, while the RMC-SET showed a 1.3% loss of 
conversion. Nevertheless, the Final Aged system still produced a tailpipe NOX reduction of 70 
to 75% from the Baseline on transient cycles, and 55% on the RMC, despite the difficulties 
encountered in the final aging process. 

TABLE 97. DIESEL ENGINE NOX EMISSIONS COMPARISON –LOW NOX ENGINE 
VERSUS BASELINE, G/HP-HR 

Engine FTP RMC-
SET 

WHTC 
Cold Hot Composite Cold Hot Composite 

Baseline 0.710 0.047 0.140 0.084 0.492 0.049 0.115 

Low NOX 

Engine 

Devel 
Aged 0.0621 0.008 0.0161 0.015 0.0891 0.008 0.019 

Final 
Parts 
Fresh 

0.027 0.005 0.008 0.010 n/a n/a n/a 

Final 
Parts 
Aged 

0.114 0.021 0.034 0.038 0.149 0.018 0.036 

% Reduction 
from 

Baseline 

Devel 
Aged 91% 83% 89% 82% 82% 84% 83% 

Final 
Aged 84% 55% 76% 55% 70% 63% 69% 

1 Note:  Development PNA was slightly compromised by raw fuel exposure due to a cold-start engine 
malfunction that occurred during development. 

TABLE 98. DIESEL ENGINE NOX AFTERTREATMENT PERFORMANCE – LOW 
NOX ENGINE VERSUS BASELINE 

Engine FTP RMC-SET WHTC 
Cold Hot Composite Cold Hot Composite 

Baseline 
Engine-Out, 

g/hp-hr 2.8 3.0 3.0 2.6 3.1 3.5 3.4 

% Conversion 75% 98.4% 95.2% 96.7% 84% 98.6% 96.7% 

Low NOX 

Engine 

Engine-Out, 
g/hp-hr 2.8 3.0 3.0 2.0 3.0 3.4 3.4 

Devel Aged, % 
Conversion 97.7% 99.7% 99.5% 99.3% 97.5% 99.8 99.4% 

Final Parts 
Fresh, % 

Conversion 
99.0% 99.8% 99.7% 99.5% n/a n/a n/a 

Final Parts 
Aged, % 

Conversion 
95.8% 99.3% 98.8% 98.2% 95.1% 99.5% 98.8% 

% Conversion calculated as [Engine-Out – Tailpipe] / Engine-Out, based on TP results from table above 

303 
SwRI 03.19503 Final Report 



   
 
 
 

  
   

 
 
     

 
  

  
 

    

 
 

 
    

  
 
 

   
  
 

 
   

 
  

  
 

  
   

   
  

   
   

 
 

 
     

   
 
 
 
 

 
 

About half of the change in the composite FTP can be attributed to a 3% loss of cold-start 
FTP conversion efficiency, which was due primarily to a loss of storage capacity on the PNA.  It 
is not known how much of this change was the result of normal aging, and how much could be 
the result of the large soot and HC exposure that occurred during the canning failure.  The results 
for the Development parts in comparison to the Fresh results indicate that it is possible to lose 
some storage capacity on the PNA and still produce results under 0.02 g/hp-hr, if hot-start 
performance remains stable. 

The other half of the change can be attributed to a 0.5% loss of hot-start FTP conversion 
performance, primarily due a combination of degradation on the SCRF, and a small increase in 
the tendency of the system to oxidize ammonia into NO. It is not clear how much of this 
degradation was the result of normal aging, and how much could have resulted from high soot 
loadings and localized exotherm due to the matting material from the canning failure.  The 
change in hot performance could also be related to migration of precious metal from the PNA to 
the SCRF, however this cannot be verified without a destructive post-mortem analysis of the 
parts.  The RMC-SET results indicate similar mechanisms of degradation to the hot-start FTP, 
but to a slightly larger degree due to the higher cycle temperatures. 

Overall, the Low NOX Engine was able to achieve substantial reductions in tailpipe NOX 
levels, on the order of 60 to 75% from the Baseline engine, generally demonstrating a level of 
0.035 g/hp-hr with aged parts.  This level was demonstrated on a test article with unusually low 
exhaust temperatures (due to the mechanical turbocompound system), and with parts that may 
have been compromised in part by an unusual canning failure during the aging process. The 
results with the Development Aged parts indicate that more performance is potentially available 
if the robustness of some of the aftertreatment components can be improved somewhat. 

It should be further noted that the robustness of these aftertreatment components remains 
an area for further development.  The improvement of the PNA formulation to make the 
technology more robust during exposure to rich conditions is an active development area. 
Furthermore, the incorporation of a small precious metal layer upstream of the PNA could be an 
effective countermeasure to prevent degradation due to localized exposure to higher molecular 
weight hydrocarbons, which occurred during the early aging process due to coke and soot 
buildup.  In a similar fashion, the durability of SCRF is another very active current area of 
development, given the interest in that technology for a number of applications beyond the Low 
NOX application explored in this program.  Therefore it is reasonable to assume that these 
systems can be made more durable in the future. Whether such developments will be sufficient 
to ensure durable performance at tailpipe levels below 0.02 g/hp-hr is a valid question, but the 
performance of the Final Aged parts even in the face of an abnormal failure is a source of some 
encouragement. 

Given the results shown for the Final Aged parts, it is clear that the development of a 
robust system for this low temperature engine platform at a tailpipe NOX level below 0.02 g/hp-
hr is a significant challenge.  The margin for loss of performance due to degradation on this 
engine is small, only about 0.3% composite conversion.  Even with more flexibility on a 
different engine platform that margin is unlikely to be greater than 0.5%.  However, due to the 
unusual failure that occurred during the Final Aging process, it is not clear exactly what the level 
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of conversion performance loss would have been if Final Aging had proceeded without incident. 
Discussions with the catalyst supplier have indicated that the change in hot-start and RMC-SET 
performance appeared unusual based on the aging conditions that were seen outside of the failure 
itself. If time and budget were available for a repeat of the Final Aging experiment and 
demonstration tests, it would be possible to resolve some of the questions related to the final 
performance level. 

The final aftertreatment configuration was highly influenced by the low engine-out 
exhaust temperatures due to the presence of the mechanical turbocompound WHR system on the 
MD13TC engine.  With regard to the key system components described earlier, it is likely that 
the SCRF would remain a key component for reaching ULN levels, even on a different engine 
platform.  However, it is likely that the requirement for both low temperature NOX storage (in 
the form of a PNA) and a large amount of supplemental heat addition (in the form of the mini-
burner) would not be as great on a different engine platform.  A higher engine-out exhaust 
temperature, or greater flexibility to increase exhaust temperature could reduce the need for 
supplemental heat addition, and thus allow the use of a less complicated heat system than the 
mini-burner.  Alternatively, more flexibility on the engine platform in terms of both temperature 
and NOX could permit the removal of the PNA, or at least could allow for reduced reliance on 
the NOX storage function.  Lessons learned, and information gained from this program could be 
leveraged to allow the examination of ULN solutions for other engine platforms, if time and 
funding are available to do so.  The results of the extensive screening effort conducted on this 
program indicate a number of potential directions for future development of ULN technologies. 

4.2.3 Diesel Engine GHG Results and Discussion 

A comparison of GHG emissions between the Low NOX engine and the Baseline engine 
is given below in 
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Table 99.  These results summarize CO2 and N2O emissions over the various regulatory cycles. 

The N2O emissions show an increased tendency towards N2O generation with the final 
Low NOX configuration, and the Final Aged parts indicated N2O levels just at the 0.1 g/hp-hr cap 
standard specified for GHG Phases 1 and 2.  However, this increase for the Final Aged parts may 
be due in part to precious metal migration, and it is not clear how much of that may have resulted 
from the canning failure incident during Final Aging.  It is clear, however, that the Low NOX 
Engine would have been well over the 0.05 g/hp-hr limit that was originally proposed for the 
GHG Phase 2 program, even without this possible noise factor. 
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TABLE 99. DIESEL ENGINE COMPARISON OF GHG EMISSIONS – LOW NOX 
ENGINE VERSUS BASELINE 

Engine Pollutant FTP RMC-SET WHTC 
Composite Cold Hot Composite 

Baseline CO2, g/hp-hr 574 543 547 458 485 
N2O, g/hp-hr 0.024 0.047 0.044 0.05 0.06 

Low NOX 

Engine 

Devel Aged CO2, g/hp-hr 600 547 555 462 491 
N2O, g/hp-hr 0.075 0.087 0.085 0.033 0.085 

Final Aged CO2, g/hp-hr 604 549 558 464 494 
N2O, g/hp-hr 0.101 0.108 0.107 0.055 0.086 

For the FTP cycle, which is used to assess Vocational applications, the Final Aged values 
indicate an increase in GHG emissions over the baseline of 5.3% on the cold-start FTP and 1.1% 
on the hot-start FTP, resulting in a composite increase of 2%.  The cold-start increase is due to a 
combination of 2.5% from engine calibration changes and 2 to 2.5 % from fuel consumption by 
the mini-burner. A small amount is also likely due to increased backpressure, likely due to ash 
loading on the SCRF.  The hot-start increase is due to a combination of about 0.5% to 0.7% fuel 
consumed by the mini-burner for thermal management, with the remainder attributed to 
increased backpressure.  However, these values should be adjusted upwards by a further 0.6% to 
account for the impact of increased SCRF regeneration and the fuel consumption required to 
drive the air for the mini-burner.  Therefore the final composite FTP impact on GHG is on the 
order of a 2.5% increase on the FTP.  The WHTC is very similar at 2.4%. 

The RMC-SET, which is the cycle relevant for Tractor application, showed an increase of 
1.3% for the Final Aged parts, likely due primarily to the increased backpressure of the final 
system.  This should again be adjusted to account for increased SCRF regeneration, which would 
result in a final GHG impact of 1.6% on the RMC-SET cycle.  It should be noted that the mini-
burner did not activate on the RMC-SET due to the elevated temperature of that cycle. 

These values represent a substantial increase in GHG emissions and fuel consumption 
compared to the baseline engine, especially in light of the upcoming Phase 2 GHG limits.  It is 
likely that a portion of this could be mitigated by improved thermal packaging of the 
aftertreatment system to reduce the need for supplemental heat, and from an improved mixing 
design that helps to lower overall system backpressure. 

However, it should be noted that a significant portion of the GHG increase observed was 
due to the need to add substantial amounts of heat to the exhaust in order to counteract the loss of 
exhaust heat due to the presence of the mechanical turbocompound system on the MD13TC 
engine.  Given that the system could not be bypassed or modified, the presence of the 
turbocompound likely increased the GHG impact of the final Low NOX approach for this engine. 
In the case of the FTP cycle, the need for supplemental heat addition essentially eliminated the 
likely benefit of the turbocompound system.  For the RMC-SET there is still likely a net gain 
from the turbocompound, but its presence still results in a more complicated aftertreatment 
system.  Given that this engine architecture does not appear to represent the mainstream 
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approaches to meeting upcoming GHG limits, it is likely that the GHG impact observed on this 
engine is at the high end of the spectrum as compared to other engines. 

Nevertheless, it does appear that some level of impact in GHG emissions should be 
anticipated as a consequence of adopting a Low NOx standard on the order of 0.02 g/hp-hr.  This 
would result in the likely need to expend more effort to meet GHG Phase 2 standards than would 
otherwise be the case. However, the magnitude of this impact is also likely to be smaller than 
what was observed during this program, on this particular engine. 

Further development efforts to apply ULN technologies to other platforms would be 
beneficial in determining the impact of a given Low NOX standard on the overall industry effort 
required to meet Phase 2 GHG targets.  Such information will be important in determining where 
an eventual regulatory standard should be set. 

4.2.4 Diesel Engine Vocational Cycle Results and Discussion 

The results for the three Vocational cycles are shown in Table 100 below.  Different 
behaviors were observed for each of the three cycles, as can be seen from the results in the table, 
but certain consistent trends were still apparent in all three cycles. First, the Low NOX engine 
had consistently lower tailpipe emissions than the Baseline engine for all three cycles, though the 
amount of reduction varied.  Second, on two of the three cycles, the NYBC and the Cruise 
Creep, while performance on the Low NOX engine was better, aftertreatment conversion was still 
not as high as the levels observed on the FTP and RMC cycles.  NOX conversion on these two 
cycles for the Low NOX engine was 90% and 82% respectively.  While better than the baseline, 
this is not nearly as good as the 98 to 99% conversion observed on the regulatory cycles, 
indicating room for further improvement.  It should be noted that the performance of both 
engines on these two cycles could likely be improved with further calibration effort, although it 
appears that the Low NOX engine likely has more flexibility to reach lower levels. Interestingly, 
on these cycles, little impact on fuel consumption and CO2 was observed when comparing the 
Low NOX engine to the Baseline. 

TABLE 100. DIESEL ENGINE VOCATIONAL CYCLE EMISSIONS – LOW NOX 
ENGINE (FINAL AGED PARTS) VERSUS BASELINE 

Cycle 

Baseline Low NOX Engine 
% TP NOX 

Reduction EO NOX, 
g/hp-hr 

TP NOX, 
g/hp-hr 

Fuel 
Rate, 
kg/hr 

CO2, 
g/hp-hr 

EO NOX, 
g/hp-hr 

TP NOX, 
g/hp-hr 

Fuel 
Rate, 
kg/hr 

CO2, 
g/hp-hr 

NYBC 6.1 2.3 5.3 3.9 0.4 5.3 83% 
OCTA 3.8 0.023 529 2.7 0.006 534 74% 

NOX, 
g/hr 

Fuel 
Rate, 
kg/hr 

NOX, 
g/hr 

Fuel 
Rate, 
kg/hr 

Cruise 
Creep - 10 72 13.3 2.8 41 7.5 2.8 44% 

cycles 
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Cruise 
Creep - last 

3 cycles 
71 27 40 11.3 58% 

On the NYBC cycle, the Low NOX engine performed very well, and demonstrated an 
83% reduction in tailpipe emission from the Baseline, relatively similar to what was observed for 
the reduction observed on the regulatory cycles, albeit starting from a much higher baseline 
emission rate. It appeared that the updated engine calibration was slightly more efficient under 
these operating conditions, which likely offset the relatively minor use of the thermal 
management system on the NYBC cycle. In the case of both engines, the fact that average 
engine power is only 5% of maximum on this cycle makes the brake-specific NOX values seem 
quite large. 

The Cruise Creep cycle was less favorable for the Low NOX engine with its current 
calibration, and the engine was much more reliant on the thermal management system calibration 
to maintain improved NOX performance.  Still, the Low NOX engine was able to achieve roughly 
a 50% reduction in tailpipe NOX, without a measureable penalty on fuel consumption.  It should 
be noted that the Cruise Creep NOX is reported as mass rate because the work is so low that the 
brake-specific NOX becomes arbitrarily large. 

The OCTA bus cycle, while being highly transient in nature had a significantly higher 
load factor than the other two vocational cycles.  Both the Baseline and Low NOX engines were 
well within their operating range for these cycles, and both had tailpipe emissions well below the 
levels observed on the Regulatory cycles.  The Low NOx engine was well below 0.02 g/hp-hr, 
but there was a 1% increase in CO2 emissions on this cycle, likely the result of a combination of 
engine calibration and backpressure.  Thermal management was not active on this cycle, as 
temperatures were well above the range where it was needed. 

Overall these results indicate that there is much work that can be done to reduce the 
emission performance gap between regulatory cycle operation and low load field cycle 
operation.  The Stage 2 program effort will examine the effect of further optimization of the Low 
NOX engine for low load cycles. However, these results do provide some very encouraging 
indications with respect to the potential for further emission reductions on low load cycles. 

4.2.5 Diesel Engine Recommendation and Next Steps 

Overall, the diesel program results indicate that there is technology available to achieve 
ULN NOX levels substantially lower than current tailpipe NOX levels, with a 0.035 g/hp-hr 
demonstrated using aged parts, despite a challenging low temperature platform and unusual 
failure during aging.  The results indicate that there is available technology to reach levels at or 
near 0.02 g/hp-hr, but there are some significant challenges with respect to system robustness 
and complexity.  The Final Aged system was not below the target level of 0.02 g/hp-hr, however 
it did still demonstrate significant NOX reduction, especially over some of the low temperature 
Vocational cycles. 
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More effort could also be directed at reducing the GHG impact observed in the program, 
which was on the order of 1.5% to 2.5% depending on the regulatory cycle, although it should be 
noted that the Vocational cycles indicated either no impact on GHG or a much smaller impact 
than the regulatory cycles.  Several important questions are left open at the conclusion of the 
program, and these suggest direction for further efforts. 

• Final Aging issues and the NOX potential of the final configuration for the MD13TC 
engine – as detailed earlier, the abnormal issues that were encountered during Final 
Aging, and especially the canning failure, leave some question as to whether at least 
some of the observed degradation in the aftertreatment system was not representative.  In 
order to answer these questions, if time and budget were available it would be desirable 
to repeat the Final Aging and testing experiment on another set of parts.  This would 
answer questions regarding abnormal versus normal degradation and provide a more 
definitive answer regarding the robustness of the system. 

• Performance potential of ULN technology – The low temperature presented by the 
MD13TC platform, and the limited options for addressing that on engine, likely resulted 
in a more complicated aftertreatment system technology package being needed to reach 
ULN levels.  As discussed earlier, this package is likely to represent more of a worst case 
of the level of effort required to reach ULN levels.  In order to make a more broadly 
applicable assessment, it would be useful to look at a second engine platform that is more 
representative of the broader industry approach to GHG Phase 2 targets.  Such an effort 
could leverage the information and lessons learned from the current program in order to 
generate another valuable data point for determining the technical feasibility for ULN 
levels. 

• GHG Impact of ULN technology – the MD13TC platform represents a particular 
challenging case due to the use of the turbocompound technology.  This drove the 
development of a system with a significant GHG impact due to the need for large 
amounts of supplemental heat addition.  While this is useful for looking at a worst case 
example, it would be preferable to look at another more representative platform in order 
to make a more broadly applicable determination of the impact of a given Low NOX 
standard on the overall industry effort required to meet Phase 2 GHG targets.  The 
knowledge gained and lessons learned from the current effort could be leveraged to apply 
ULN technology on a more flexible and representative engine platform. 

• Low load and vocational field cycles – The current program was focused primarily on 
regulatory cycles, given that these are the primary current targets for any emissions 
development.  The Vocational cycle tests give some insight into the potential for low load 
cycle emission controls, and there are some promising initial signs, but much more work 
can be done in this area.  A significant amount of information is needed with regard to the 
potential for low load cycle emissions controls, and the associated GHG impact of those 
controls.  The Stage 2 effort which is just getting under way will provide some of this 
information, but more effort in this area is recommended.  Any other efforts on a 
different engine platform should incorporate low load cycle NOX control as a target, 
rather as a relatively small demonstration test.  A robust regulatory scheme to insure real 
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world NOX reductions on low load duty cycles will hopefully be an important feature of 
any upcoming NOX regulation. 

• Measurement and testing variation – The current program has produced a test article that 
can generate emissions at ULN levels, with hot-start emissions in the area of 0.01 g/hp-hr 
in some cases.  The program provided an initial data set regarding the repeatability the 
test and measurement process at these levels, but this remains a limited data set that 
leaves several questions open with regard to the test process.  These include questions 
regarding the influence of different preconditioning approaches, test cell environment, 
and other factors.  In addition, other portions of the regulatory process, such as in-use 
measurement and PEMS, will need to be examined at these much lower levels.  A robust 
effort to examine these issues would be recommended, and this is an area where a 
cooperative program could prove valuable.  The current test article could be used to 
examine such issues, and the data set from the current program could be analyzed in 
detail to look at measurement related questions. It should be noted that these issues apply 
not only to NOX measurement, but also to the accurate determination of small changes in 
CO2 that are critical for assessing the GHG impact, wherein even changes less than 0.5% 
are considered very important. 

While this program has provided much valuable information regarding the potential for 
ultra-low NOX levels, additional investigation in the recommended areas would be valuable to 
help fully inform future low NOX regulatory efforts. 
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APPENDIX A 
SECOND-BY-SECOND VOCATIONAL CYCLE SCHEDULES 
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TABLE A-1.  NYBCX4 CYCLE 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 
1 0 0 51 0 0 101 0 0 151 0 0 
2 0 0 52 0 0 102 0 0 152 0 0 
3 0 0 53 0 0 103 0 0 153 0 0 
4 0 0 54 0 0 104 0 0 154 0 0 
5 0 0 55 0 0 105 0 0 155 0 0 
6 0 0 56 0 0 106 0 0 156 0 0 
7 0 0 57 0 0 107 0 0 157 0 0 
8 0 0 58 0 0 108 0 0 158 0 0 
9 0 0 59 0.758929 27.89713 109 0 0 159 0 0 

10 0 0 60 29.44643 75.07435 110 0 0 160 0 0 
11 0 0 61 67.60714 50.77779 111 0 0 161 0 0 
12 0 0 62 78.41071 71.45981 112 0 0 162 0 0 
13 0 0 63 66.99107 46.06938 113 0 0 163 0 0 
14 0 0 64 73.83036 62.58143 114 0 0 164 0 0 
15 8.428571 73.96348 65 29.20536 -1 115 0 0 165 1.357143 44.63394 
16 49.66964 49.90602 66 29.20536 9.52581 116 0 0 166 29.92857 40.36464 
17 77.85714 75.56562 67 33.30357 28.09184 117 0 0 167 56.69643 55.01315 
18 56.54464 -1 68 38.55357 36.13183 118 0 0 168 76.88393 60.86539 
19 13.46429 22.34273 69 40.54464 17.24001 119 0 0 169 29.49107 -1 
20 2.651786 5.967185 70 39.60714 5.164195 120 0 0 170 3.330357 20.42918 
21 8.8125 12.24594 71 36.58036 -1 121 0 0 171 5.017857 6.094688 
22 18.16964 2.275748 72 33.73214 14.25033 122 0 0 172 7.910714 8.695512 
23 44.5625 21.53246 73 38.375 28.35443 123 0 0 173 0 0 
24 64.40179 42.07195 74 40.57143 16.18787 124 0 0 174 0 0 
25 69.59821 53.42187 75 52.92857 80.68386 125 0 0 175 0 0 
26 18.13393 0 76 67.89286 99.66096 126 0 0 176 0 0 
27 6.125 19.16606 77 84.70536 98.27023 127 0 0 177 0 0 
28 3.357143 7.496072 78 96.4375 96.8401 128 0 0 178 0 0 
29 8.276786 14.03339 79 69.19643 98.44166 129 0 0 179 0 0 
30 0 0 80 80.39286 98.84011 130 0 0 180 0 0 
31 0 0 81 84.58036 -1 131 0 0 181 0 0 
32 0 0 82 75.1875 8.727714 132 0 0 182 0 0 
33 0 0 83 58.28571 19.40349 133 0 0 183 0 0 
34 0 0 84 37.69643 40.39512 134 0 0 184 0 0 
35 0 0 85 40.4375 30.46129 135 0 0 185 0 0 
36 0 0 86 40.84821 33.72064 136 0 0 186 0 0 
37 0 0 87 37.63393 -1 137 0 0 187 0 0 
38 0 0 88 31.11607 -1 138 0 0 188 0 0 
39 0 0 89 23.49107 -1 139 0 0 189 0 0 
40 0 0 90 20.5 -1 140 0 0 190 0 0 
41 0 0 91 14.25893 -1 141 0 0 191 0 0 
42 0 0 92 33.59821 -1 142 0 0 192 0 0 
43 0 0 93 22.80357 -1 143 0 0 193 0 0 
44 0 0 94 9.169643 10.00105 144 0 0 194 0 0 
45 0 0 95 2.705357 7.576401 145 0 0 195 0 0 
46 0 0 96 5.553571 6.960098 146 0 0 196 0 0 
47 0 0 97 0 0 147 0 0 197 0 0 
48 0 0 98 0 0 148 0 0 198 0 0 
49 0 0 99 0 0 149 0 0 199 0 0 
50 0 0 100 0 0 150 0 0 200 0 0 
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205

210

215

220

225

230

235

240

245

250

255

260

265

270

275

280

285

290

295

300

305

310

315

320

325

330

335

340

345

350

355

360

365

370

375

380

385

390

395

400

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 

TIME 
(seconds) 

FINAL 
SPEED 

1hz 

FINAL 
TORQUE 

1hz 
201 0 0 251 0 0 301 0 0 351 0 0 
202 0 0 252 0 0 302 0 0 352 0 0 
203 0 0 253 0 0 303 0 0 353 0 0 
204 0 0 254 0 0 304 0 0 354 0 0 

0 0 0 0 0 0 0 0 
206 0 0 256 0 0 306 0 0 356 0 0 
207 0 0 257 0 0 307 0 0 357 0 0 
208 0 0 258 0 0 308 0 0 358 0 0 
209 0 0 259 0 0 309 0 0 359 0 0 

12.55357 71.51749 0 0 0 0 0 0 
211 54.8125 49.91657 261 0 0 311 0 0 361 0 0 
212 86.63393 84.39607 262 0 0 312 0 0 362 0 0 
213 92.33036 60.38129 263 0 0 313 0 0 363 0 0 
214 63.83929 38.44917 264 0 0 314 0 0 364 0 0 

42.91071 21.51204 0 0 0 0 0 0 
216 31.10714 1.28921 266 0 0 316 0 0 366 0 0 
217 31.65179 9.204982 267 0 0 317 0 0 367 0 0 
218 34.11607 26.71505 268 0 0 318 0 0 368 0 0 
219 37.40179 28.55656 269 0 0 319 0 0 369 0 0 

37.76786 8.597729 0 0 0 0 0 0 
221 33 -1 271 0 0 321 0 0 371 0 0 
222 29 -1 272 0 0 322 0 0 372 0 0 
223 14.92857 -1 273 0 0 323 0 0 373 0 0 
224 5.705357 10.24958 274 0 0 324 0 0 374 0 0 

0 0 0 0 0 0 0 0 
226 0 0 276 0 0 326 0 0 376 0 0 
227 0 0 277 0 0 327 0 0 377 0 0 
228 0 0 278 0 0 328 0 0 378 0 0 
229 0 0 279 0 0 329 0 0 379 0 0 

0 0 0 0 0 0 0 0 
231 0 0 281 0 0 331 46.10714 68.05551 381 0 0 
232 0 0 282 0 0 332 81.74107 90.26944 382 0 0 
233 13.26786 51.39829 283 0 0 333 90.78571 62.83144 383 0 0 
234 42.78571 40.59021 284 0 0 334 75.83929 66.3202 384 0 0 

60.79464 48.50009 0 0 32.21429 -1 0 0 
236 67.42857 -1 286 44.0625 64.95887 336 32.53571 -1 386 0 0 
237 31.32143 -1 287 79.85714 93.37173 337 33.83036 23.4417 387 0 0 
238 11.51786 10.19789 288 97.39286 64.20672 338 37.72321 32.78956 388 0 0 
239 12.97321 2.957214 289 69.9375 41.90339 339 41.63393 37.11298 389 0 0 

2.258929 4.244089 45.44643 24.87013 43.00893 14.91014 7.517857 47.40657 
241 4.303571 35.26 291 31.5 5.79369 341 40.42857 4.043395 391 38.38393 41.06525 
242 35.35714 36.91512 292 29.89286 3.573217 342 36.95536 -1 392 65.5 60.1887 
243 62.82143 54.84601 293 34.875 32.05164 343 33.04464 -1 393 82.97321 63.77762 
244 69.875 -1 294 39.4375 33.91503 344 18.15179 -1 394 28.25893 0 

18.23214 -1 33.29464 -1 6.196429 9.805506 13.13393 2.657795 
246 10.40179 8.996902 296 22.67857 -1 346 1.107143 11.42281 396 10.98214 8.270442 
247 4.383929 1.499816 297 6.696429 8.306632 347 0 0 397 2.714286 10.85727 
248 0 4.59275 298 3.375 12.40402 348 0 0 398 6.035714 7.222359 
249 0 0 299 6.383929 3.632256 349 0 0 399 45.875 22.99262 

0 0 0 0 0 0 67.57143 45.08743 

A-2 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
401 73.10714 52.51843
402 16.17857 0
403 1.491071 13.09488
404 3.428571 18.83206
405 5.75 6.976592
406 0 0
407 0 0
408 0 0
409 0 0
410 0 0
411 0 0
412 0 0
413 0 0
414 0 0
415 0 0
416 0 0
417 0 0
418 0 0
419 0 0
420 0 0
421 0 0
422 0 0
423 0 0
424 0 0
425 0 0
426 0 0
427 0 0
428 0 0
429 0 0
430 0 0
431 0 0
432 0 0
433 0 0
434 0 0
435 0 0
436 32.88393 44.18858
437 57.19643 55.07564
438 80.78571 74.1373
439 90.76786 -1
440 17.85714 27.09979
441 0 4.345105
442 7.464286 20.15004
443 0 0
444 0 0
445 0 0
446 0 0
447 0 0
448 0 0
449 0 0
450 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
451 0 0
452 0 0
453 0 0
454 0 0
455 0 0
456 0 0
457 0 0
458 0 0
459 0 0
460 0 0
461 0 0
462 0 0
463 0 0
464 0 0
465 0 0
466 0 0
467 0 0
468 0 0
469 0 0
470 0 0
471 0 0
472 0 0
473 0 0
474 0 0
475 0 0
476 0 0
477 0 0
478 0 0
479 0.142857 29.72761
480 0.660714 41.7899
481 41.625 80.45899
482 75.10714 82.16039
483 83.35714 56.17033
484 67.27679 58.82357
485 23.25 -1
486 10.83929 11.94045
487 25.875 34.00432
488 30.60714 40.49481
489 35.99107 30.68264
490 36.21429 4.338795
491 33.83036 9.927051
492 38.5625 37.14431
493 47.69643 52.84161
494 56.25893 55.74333
495 59.09821 17.09889
496 56.16964 -0.13126
497 55.47321 12.47459
498 60.51786 36.95595
499 63.16964 47.8089
500 33.14286 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
501 31.14286 -1
502 28.88393 -1
503 26.16071 -1
504 12.34821 8.574993
505 19.25 -1
506 0 4.348675
507 0 0
508 0 0
509 0 0
510 0 0
511 0 0
512 0 0
513 0 0
514 0 0
515 0 0
516 0 0
517 0 0
518 0 0
519 0 0
520 0 0
521 0 0
522 0 0
523 0 0
524 0 0
525 0 0
526 0 0
527 0 0
528 0 0
529 0 0
530 0 0
531 0 0
532 0 0
533 0 0
534 0 0
535 0 0
536 0 0
537 0 0
538 0 0
539 0 0
540 0 0
541 0 0
542 0 0
543 0 0
544 0 0
545 0 0
546 0 0
547 0 0
548 0 0
549 0 0
550 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
551 0 0
552 0 0
553 0 0
554 0 0
555 6.526786 62.09521
556 50.96429 50.53358
557 68.40179 62.28794
558 60.83929 29.97316
559 47.55357 -1
560 6.910714 18.46374
561 8.026786 8.01328
562 11.09821 20.49628
563 24.79464 32.60014
564 45.13393 38.1572
565 49.07143 27.07767
566 11.26786 0
567 17.07143 11.53371
568 0 9.848402
569 0 0
570 0 0
571 0 0
572 0 0
573 0 0
574 0 0
575 0 0
576 0 0
577 0 0
578 0 0
579 0 0
580 0 0
581 0 0
582 0 0
583 0 0
584 0 0
585 0 0
586 0 0
587 0 0
588 0 0
589 0 0
590 0 0
591 0 0
592 0 0
593 0 0
594 0 0
595 0 0
596 0 0
597 0 0
598 0 0
599 0 0
600 0 0

A-3 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
601 0 0
602 0 0
603 0 0
604 0 0
605 0 0
606 0 0
607 0 0
608 0 0
609 0 0
610 0 0
611 0 0
612 0 0
613 0 0
614 0 0
615 0 0
616 26.47321 51.41794
617 54.11607 41.49141
618 78.85714 63.72672
619 83.71429 -1
620 16.89286 23.51446
621 6.008929 4.024013
622 4.357143 9.364796
623 31.41071 31.40225
624 65.95536 37.4745
625 64.03571 56.70517
626 13.82143 -1
627 0 13.54386
628 0 0
629 0 0
630 0 0
631 0 0
632 0 0
633 0 0
634 0 0
635 0 0
636 0 0
637 0 0
638 0 0
639 0 0
640 0 0
641 0 0
642 0 0
643 0 0
644 0 0
645 0 0
646 0 0
647 0 0
648 0 0
649 0 0
650 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
651 0 0
652 0 0
653 0 0
654 0 0
655 0 0
656 0 0
657 0 0
658 0 0
659 0 0
660 0.723214 68.32194
661 45.08036 50.57481
662 80.83929 93.81209
663 99.25893 72.95122
664 72.99107 48.74006
665 28.46429 -1
666 22.17857 0
667 29.84821 34.79725
668 37.0625 44.92511
669 45.00893 48.00707
670 41.30357 -1
671 38.03571 -1
672 33.8125 -1
673 31.1875 25.73414
674 46.69643 78.33681
675 62.4375 98.31289
676 79.09821 98.86766
677 95.77679 98.41694
678 68.61607 95.74533
679 77.64286 98.52749
680 87.13393 99.63082
681 89.70536 -1
682 79.75 -1
683 76.01786 11.2657
684 78.32143 31.94492
685 56.14286 45.7674
686 39.5 -1
687 38.92857 -1
688 36.8125 -1
689 23.375 -1
690 17.91964 -1
691 31.1875 -1
692 37.08929 -1
693 19.96429 -1
694 8.285714 7.85392
695 1.491071 11.32235
696 3.839286 7.322971
697 0 0
698 0 0
699 0 0
700 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
701 0 0
702 0 0
703 0 0
704 0 0
705 0 0
706 0 0
707 0 0
708 0 0
709 0 0
710 0 0
711 0 0
712 0 0
713 0 0
714 0 0
715 0 0
716 0 0
717 0 0
718 0 0
719 0 0
720 0 0
721 0 0
722 0 0
723 0 0
724 0 0
725 0 0
726 0 0
727 0 0
728 0 0
729 0 0
730 0 0
731 0 0
732 0 0
733 0 0
734 0 0
735 0 0
736 0 0
737 0 0
738 0 0
739 0 0
740 0 0
741 0 0
742 0 0
743 0 0
744 0 0
745 0 0
746 0 0
747 0 0
748 0 0
749 0 0
750 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
751 0 0
752 0 0
753 0 0
754 0 0
755 0 0
756 0 0
757 0 0
758 0 0
759 0 0
760 0 0
761 0 0
762 0 0
763 0 0
764 0.392857 27.7661
765 0 46.02924
766 42.32143 67.92143
767 66.70536 50.92311
768 70.55357 42.02064
769 50.33929 -1
770 9.714286 16.02236
771 3.776786 7.96541
772 7.910714 13.91494
773 0 0
774 0 0
775 0 0
776 0 0
777 0 0
778 0 0
779 0 0
780 0 0
781 0 0
782 0 0
783 0 0
784 0 0
785 0 0
786 0 0
787 0 0
788 0 0
789 0 0
790 0 0
791 0 0
792 0 0
793 0 0
794 0 0
795 0 0
796 0 0
797 0 0
798 0 0
799 0 0
800 0 0
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
801 0 0
802 0 0
803 0 0
804 0 0
805 0 0
806 0 0
807 0 0
808 0 0
809 0 0
810 0 0
811 49.41071 64.26155
812 84.26786 85.96649
813 88.47321 52.76315
814 57.91964 33.25397
815 32.17857 20.44849
816 26.77679 9.838795
817 29.63393 29.09699
818 34.82143 37.60643
819 38.91071 26.12552
820 40.61607 13.93323
821 36.02679 -1
822 30.73214 -1
823 11.75893 10.14018
824 3.107143 4.966126
825 2.875 7.537771
826 0 0
827 0 0
828 0 0
829 0 0
830 0 0
831 0 0
832 0 0
833 2.660714 51.88372
834 35.64286 40.47402
835 60.63393 53.31521
836 71.45536 -1
837 25.48214 -1
838 8.428571 10.98085
839 12.02679 4.341372
840 1.419643 16.44308
841 25.03571 35.69006
842 48.23214 42.6313
843 63.35714 48.71458
844 25.41071 -1
845 11.15179 -1
846 14.78571 7.3122
847 0 0
848 0 0
849 0 0
850 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
851 0 0
852 0 0
853 0 0
854 0 0
855 0 0
856 0 0
857 0 0
858 0 0
859 0 0
860 0 0
861 0 0
862 0 0
863 0 0
864 0 0
865 0 0
866 0 0
867 0 0
868 0 0
869 0 0
870 0 0
871 0 0
872 0 0
873 0 0
874 0 0
875 0 0
876 0 0
877 0 0
878 0 0
879 0 0
880 0 0
881 0 0
882 0 0
883 0 0
884 0 0
885 0 0
886 42.08036 62.20518
887 75 87.1732
888 92.11607 90.88087
889 70.04464 54.19471
890 54.5 30.78292
891 34.5 14.39845
892 32.34821 4.490809
893 36.88393 29.55773
894 40.42857 30.59292
895 35.84821 -1
896 21.58929 -1
897 9.107143 11.4225
898 1.473214 4.903504
899 2.214286 9.408853
900 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
901 0 0
902 0 0
903 0 0
904 0 0
905 0 0
906 0 0
907 0 0
908 0 0
909 0 0
910 0 0
911 0 0
912 0 0
913 0 0
914 0 0
915 0 0
916 0 0
917 0 0
918 0 0
919 0 0
920 0 0
921 0 0
922 0 0
923 0 0
924 0 0
925 0 0
926 0 0
927 0 0
928 0 0
929 0 0
930 0 0
931 44.74107 66.93528
932 80.88393 86.67591
933 88.59821 65.91627
934 84 81.92274
935 87.26786 62.37512
936 42.80357 -1
937 39.83929 -1
938 41.84821 29.28379
939 46.02679 34.83414
940 39.33036 -1
941 35.47321 -1
942 31.30357 -1
943 27.38393 -1
944 7.580357 13.34234
945 0 0
946 0 0
947 0 0
948 0 0
949 0 0
950 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
951 0 0
952 0 0
953 0 0
954 0 0
955 0 0
956 0 0
957 0 0
958 0 0
959 0 0
960 0 0
961 0 0
962 0 0
963 0 0
964 0 0
965 0 0
966 0 0
967 0 0
968 0 0
969 0 0
970 0 0
971 0 0
972 0 0
973 0 0
974 0 0
975 0 0
976 0 0
977 0 0
978 0 0
979 0 0
980 0 0
981 0 0
982 0 0
983 0 0
984 0 0
985 0 0
986 0 0
987 0 0
988 0 0
989 0 0
990 1.991071 76.83954
991 53.09821 51.08036
992 75.82143 74.60623
993 63.0625 26.57645
994 29.97321 -1
995 8.133929 19.6905
996 6.3125 8.393946
997 6.366071 6.753592
998 18.57143 -1
999 53.09821 43.65882

1000 80.13393 63.96407
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1001 63.34821 -1
1002 8.946429 -1
1003 16.05357 15.36013
1004 3.205357 4.848713
1005 8.419643 9.091319
1006 0 0
1007 0 0
1008 0 0
1009 0 0
1010 0 0
1011 0 0
1012 0 0
1013 0 0
1014 0 0
1015 0 0
1016 0 0
1017 0 0
1018 0 0
1019 0 0
1020 0 0
1021 0 0
1022 0 0
1023 0 0
1024 0 0
1025 0 0
1026 0 0
1027 0 0
1028 0 0
1029 0 0
1030 0 0
1031 0 0
1032 0 0
1033 0 0
1034 0 0
1035 0 0
1036 51.90179 65.76352
1037 78.0625 77.39016
1038 64.8125 26.68724
1039 20.55357 0
1040 8.017857 16.30588
1041 4.553571 6.254236
1042 7.883929 11.77985
1043 0 0
1044 0 0
1045 0 0
1046 0 0
1047 0 0
1048 0 0
1049 0 0
1050 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1051 0 0
1052 0 0
1053 0 0
1054 0 0
1055 0 0
1056 0 0
1057 0 0
1058 0 0
1059 0 0
1060 0 0
1061 0 0
1062 0 0
1063 0 0
1064 0 0
1065 0 0
1066 0 0
1067 0 0
1068 0 0
1069 0 0
1070 0 0
1071 0 0
1072 0 0
1073 0 0
1074 0 0
1075 0 0
1076 0 0
1077 0 0
1078 0 0
1079 0 0
1080 1.5 77.63581
1081 49.01786 51.34575
1082 83.59821 91.0819
1083 93.32143 50.82922
1084 60.00893 34.57959
1085 31.28571 -1
1086 19.73214 12.13045
1087 26.28571 44.56935
1088 34.05357 52.33126
1089 37.28571 16.33087
1090 32.07143 -1
1091 33.67857 24.62684
1092 38.16071 38.26598
1093 47.52679 57.28766
1094 58.74107 60.61614
1095 63.0625 -1
1096 30.45536 -1
1097 32.75 18.28491
1098 33.32143 31.40992
1099 35.85714 35.1179
1100 31.8125 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1101 30.9375 -1
1102 28.48214 -1
1103 25.26786 -1
1104 13.03571 -1
1105 19.50893 7.405141
1106 2.678571 6.157287
1107 4.794643 9.480974
1108 0 0
1109 0 0
1110 0 0
1111 0 0
1112 0 0
1113 0 0
1114 0 0
1115 0 0
1116 0 0
1117 0 0
1118 0 0
1119 0 0
1120 0 0
1121 0 0
1122 0 0
1123 0 0
1124 0 0
1125 0 0
1126 0 0
1127 0 0
1128 0 0
1129 0 0
1130 0 0
1131 0 0
1132 0 0
1133 0 0
1134 0 0
1135 0 0
1136 0 0
1137 0 0
1138 0 0
1139 0 0
1140 0 0
1141 0 0
1142 0 0
1143 0 0
1144 0 0
1145 0 0
1146 0 0
1147 0 0
1148 0 0
1149 0 0
1150 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1151 0 0
1152 0 0
1153 0 0
1154 0 0
1155 3.794643 68.40281
1156 55.26786 51.13847
1157 88.02679 87.71945
1158 48.32143 -1
1159 11.89286 18.67051
1160 7.25 4.397709
1161 7.232143 6.626455
1162 5.741071 5.160807
1163 13.26786 29.44979
1164 37.05357 39.42559
1165 56.84821 49.02293
1166 15.75 -1
1167 14.40179 11.92348
1168 2.696429 4.614777
1169 5.660714 10.87554
1170 0 0
1171 0 0
1172 0 0
1173 0 0
1174 0 0
1175 0 0
1176 0 0
1177 0 0
1178 0 0
1179 0 0
1180 0 0
1181 0 0
1182 0 0
1183 0 0
1184 0 0
1185 0 0
1186 0 0
1187 0 0
1188 0 0
1189 0 0
1190 0 0
1191 0 0
1192 0 0
1193 0 0
1194 0 0
1195 0 0
1196 0 0
1197 0 0
1198 0 0
1199 0 0
1200 0 0
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1201 0 0
1202 0 0
1203 0 0
1204 0 0
1205 0 0
1206 0 0
1207 0 0
1208 0 0
1209 0 0
1210 0 0
1211 0 0
1212 0 0
1213 0 0
1214 0 0
1215 0 0
1216 35.98214 72.839
1217 71.83929 83.20851
1218 88.29464 -1
1219 18.64286 23.20295
1220 4.053571 6.114949
1221 6.160714 15.93983
1222 8.964286 9.52081
1223 49.19643 25.37106
1224 63.27679 45.47725
1225 71.23214 63.1878
1226 13.0625 0
1227 0 19.02924
1228 3.901786 12.29613
1229 6.1875 13.36595
1230 0 0
1231 0 0
1232 0 0
1233 0 0
1234 0 0
1235 0 0
1236 0 0
1237 0 0
1238 0 0
1239 0 0
1240 0 0
1241 0 0
1242 0 0
1243 0 0
1244 0 0
1245 0 0
1246 0 0
1247 0 0
1248 0 0
1249 0 0
1250 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1251 0 0
1252 0 0
1253 0 0
1254 0 0
1255 0 0
1256 0 0
1257 0 0
1258 0 0
1259 0 0
1260 11.57143 72.74
1261 56.875 68.83651
1262 88.90179 96.53806
1263 100 82.30012
1264 77.875 51.21042
1265 28.86607 -1
1266 33.91071 -1
1267 26.61607 12.29811
1268 31.08036 34.38368
1269 38.11607 46.17486
1270 41.40179 -1
1271 34.86607 -1
1272 30.70536 -1
1273 30.51786 20.81551
1274 72.33036 78.4503
1275 93.22321 99.67111
1276 73.13393 99.24124
1277 89.32143 99.84054
1278 94.39286 95.93896
1279 67.61607 99.91193
1280 82.57143 95.92338
1281 86.02679 -1
1282 76.52679 7.394806
1283 58.01786 7.845392
1284 38.11607 32.72696
1285 41.17857 55.70852
1286 43.83036 56.76874
1287 40.61607 -1
1288 40.16071 -1
1289 27.97321 -1
1290 16.58929 -1
1291 32.59821 -1
1292 34.0625 -1
1293 25.40179 -1
1294 8.410714 10.98563
1295 2.196429 6.420486
1296 5.383929 11.08758
1297 0 0
1298 0 0
1299 0 0
1300 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1301 0 0
1302 0 0
1303 0 0
1304 0 0
1305 0 0
1306 0 0
1307 0 0
1308 0 0
1309 0 0
1310 0 0
1311 0 0
1312 0 0
1313 0 0
1314 0 0
1315 0 0
1316 0 0
1317 0 0
1318 0 0
1319 0 0
1320 0 0
1321 0 0
1322 0 0
1323 0 0
1324 0 0
1325 0 0
1326 0 0
1327 0 0
1328 0 0
1329 0 0
1330 0 0
1331 0 0
1332 0 0
1333 0 0
1334 0 0
1335 0 0
1336 0 0
1337 0 0
1338 0 0
1339 0 0
1340 0 0
1341 0 0
1342 0 0
1343 0 0
1344 0 0
1345 0 0
1346 0 0
1347 0 0
1348 0 0
1349 0 0
1350 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1351 0 0
1352 0 0
1353 0 0
1354 0 0
1355 0 0
1356 0 0
1357 0 0
1358 0 0
1359 0 0
1360 0 0
1361 0 0
1362 0 0
1363 0 0
1364 0 0
1365 0 0
1366 30.52679 69.72746
1367 64.29464 51.57929
1368 70.375 35.35375
1369 51.36607 -1
1370 6.339286 22.66572
1371 2.991071 8.909513
1372 8.401786 18.56506
1373 0 0
1374 0 0
1375 0 0
1376 0 0
1377 0 0
1378 0 0
1379 0 0
1380 0 0
1381 0 0
1382 0 0
1383 0 0
1384 0 0
1385 0 0
1386 0 0
1387 0 0
1388 0 0
1389 0 0
1390 0 0
1391 0 0
1392 0 0
1393 0 0
1394 0 0
1395 0 0
1396 0 0
1397 0 0
1398 0 0
1399 0 0
1400 0 0
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1401 0 0
1402 0 0
1403 0 0
1404 0 0
1405 0 0
1406 0 0
1407 0 0
1408 0 0
1409 0 0
1410 13.29464 64.53132
1411 58.24107 50.76175
1412 91.83036 91.91419
1413 78.96429 61.84945
1414 68.25 45.22799
1415 32.50893 -1
1416 29.74107 -1
1417 31.24107 22.03279
1418 33.25 29.1886
1419 37.57143 27.29773
1420 37.34821 -1
1421 32.41964 -1
1422 25.23214 -1
1423 6.9375 9.821295
1424 3.116071 6.597274
1425 4.464286 9.512467
1426 0 0
1427 0 0
1428 0 0
1429 0 0
1430 0 0
1431 0 0
1432 0 0
1433 16.46429 51.53612
1434 44.92857 40.91166
1435 69.73214 57.90537
1436 44.88393 -1
1437 24.88393 -1
1438 10.14286 11.32193
1439 14.53571 1.355486
1440 1.267857 4.408767
1441 0 43.24842
1442 36.46429 32.97404
1443 63.47321 54.95534
1444 69.34821 -1
1445 13.50893 -1
1446 1.223214 13.03713
1447 5.973214 0
1448 0 0
1449 0 0
1450 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1451 0 0
1452 0 0
1453 0 0
1454 0 0
1455 0 0
1456 0 0
1457 0 0
1458 0 0
1459 0 0
1460 0 0
1461 0 0
1462 0 0
1463 0 0
1464 0 0
1465 0 0
1466 0 0
1467 0 0
1468 0 0
1469 0 0
1470 0 0
1471 0 0
1472 0 0
1473 0 0
1474 0 0
1475 0 0
1476 0 0
1477 0 0
1478 0 0
1479 0 0
1480 0 0
1481 0 0
1482 0 0
1483 0 0
1484 0 0
1485 0 0
1486 44.95536 77.09519
1487 80.10714 93.48338
1488 100 99.96936
1489 79.40179 50.26767
1490 26.52679 -1
1491 23.99107 -1
1492 27.4375 20.48296
1493 30.125 26.6537
1494 34.35714 33.32182
1495 39.25 33.03888
1496 32.58036 -1
1497 17.72321 -1
1498 3.035714 14.04469
1499 0 0
1500 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1501 0 0
1502 0 0
1503 0 0
1504 0 0
1505 0 0
1506 0 0
1507 0 0
1508 0 0
1509 0 0
1510 0 0
1511 0 0
1512 0 0
1513 0 0
1514 0 0
1515 0 0
1516 0 0
1517 0 0
1518 0 0
1519 0 0
1520 0 0
1521 0 0
1522 0 0
1523 0 0
1524 0 0
1525 0 0
1526 0 0
1527 0 0
1528 0 0
1529 0 0
1530 1.375 80.04261
1531 49.22321 50.82491
1532 79.38393 90.56137
1533 91.79464 99.39374
1534 77.35714 96.02209
1535 30.51786 -1
1536 28.55357 -1
1537 27.91964 16.46415
1538 31.22321 27.49736
1539 37.64286 44.89388
1540 44.19643 46.96855
1541 39.27679 -1
1542 34.67857 -1
1543 24.91964 -1
1544 14.44643 -1
1545 3.428571 12.34138
1546 0 0
1547 0 0
1548 0 0
1549 0 0
1550 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1551 0 0
1552 0 0
1553 0 0
1554 0 0
1555 0 0
1556 0 0
1557 0 0
1558 0 0
1559 0 0
1560 0 0
1561 0 0
1562 0 0
1563 0 0
1564 0 0
1565 0 0
1566 0 0
1567 0 0
1568 0 0
1569 0 0
1570 0 0
1571 0 0
1572 0 0
1573 0 0
1574 0 0
1575 0 0
1576 0 0
1577 0 0
1578 0 0
1579 0 0
1580 0 0
1581 0 0
1582 0 0
1583 0 0
1584 0 0
1585 0 0
1586 0 0
1587 0 0
1588 0 0
1589 0 0
1590 1.116071 58.94269
1591 45.375 74.65141
1592 62.53571 37.0402
1593 53.58036 26.19319
1594 61.9375 24.17271
1595 14.73214 -1
1596 4.875 20.98802
1597 6.4375 8.10626
1598 7.821429 20.40657
1599 30.91071 35.58283
1600 53.94643 47.8497
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1601 59.70536 -1
1602 12.69643 12.75559
1603 4.348214 -1
1604 0 7.798852
1605 0 0
1606 0 0
1607 0 0
1608 0 0
1609 0 0
1610 0 0
1611 0 0
1612 0 0
1613 0 0
1614 0 0
1615 0 0
1616 0 0
1617 0 0
1618 0 0
1619 0 0
1620 0 0
1621 0 0
1622 0 0
1623 0 0
1624 0 0
1625 0 0
1626 0 0
1627 0 0
1628 0 0
1629 0 0
1630 0 0
1631 0 0
1632 0 0
1633 0 0
1634 0 0
1635 1.919643 44.07816
1636 32.45536 40.98214
1637 60.29464 56.75943
1638 82.63393 64.91779
1639 84.89286 -1
1640 19.60714 22.16283
1641 3.348214 2.830346
1642 8.258929 15.03946
1643 0 0
1644 0 0
1645 0 0
1646 0 0
1647 0 0
1648 0 0
1649 0 0
1650 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1651 0 0
1652 0 0
1653 0 0
1654 0 0
1655 0 0
1656 0 0
1657 0 0
1658 0 0
1659 0 0
1660 0 0
1661 0 0
1662 0 0
1663 0 0
1664 0 0
1665 0 0
1666 0 0
1667 0 0
1668 0 0
1669 0 0
1670 0 0
1671 0 0
1672 0 0
1673 0 0
1674 0 0
1675 0 0
1676 0 0
1677 0 0
1678 0 0
1679 0 0
1680 0.875 76.92959
1681 49.3125 50.13353
1682 85.20536 90.45539
1683 91.91964 58.8283
1684 62.77679 37.16589
1685 20.08929 0
1686 26.54464 10.13538
1687 28.03571 41.31702
1688 35.22321 48.21994
1689 37.24107 -1
1690 31.70536 -1
1691 29.50893 15.93708
1692 35.73214 42.79652
1693 45.5625 54.82486
1694 55.5 57.1601
1695 60.69643 -1
1696 53.00893 11.4117
1697 58.05357 30.95332
1698 62.45536 35.95922
1699 37.39286 39.34046
1700 33.82143 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1701 31.5 -1
1702 29.26786 -1
1703 25.10714 -1
1704 12.875 7.050251
1705 19.45536 -1
1706 0 5.640433
1707 0 0
1708 0 0
1709 0 0
1710 0 0
1711 0 0
1712 0 0
1713 0 0
1714 0 0
1715 0 0
1716 0 0
1717 0 0
1718 0 0
1719 0 0
1720 0 0
1721 0 0
1722 0 0
1723 0 0
1724 0 0
1725 0 0
1726 0 0
1727 0 0
1728 0 0
1729 0 0
1730 0 0
1731 0 0
1732 0 0
1733 0 0
1734 0 0
1735 0 0
1736 0 0
1737 0 0
1738 0 0
1739 0 0
1740 0 0
1741 0 0
1742 0 0
1743 0 0
1744 0 0
1745 0 0
1746 0 0
1747 0 0
1748 0 0
1749 0 0
1750 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1751 0 0
1752 0 0
1753 0 0
1754 0 0
1755 0.375 27.77797
1756 29.83036 72.07997
1757 59.57143 46.35377
1758 67.85714 57.16961
1759 68.58929 26.49933
1760 6.946429 -1
1761 12.86607 18.77466
1762 7.803571 6.320429
1763 20.97321 29.84974
1764 41.48214 37.08594
1765 50.54464 40.62182
1766 8.1875 -1
1767 17.44643 13.90859
1768 1.732143 2.938514
1769 5.892857 11.21772
1770 0 0
1771 0 0
1772 0 0
1773 0 0
1774 0 0
1775 0 0
1776 0 0
1777 0 0
1778 0 0
1779 0 0
1780 0 0
1781 0 0
1782 0 0
1783 0 0
1784 0 0
1785 0 0
1786 0 0
1787 0 0
1788 0 0
1789 0 0
1790 0 0
1791 0 0
1792 0 0
1793 0 0
1794 0 0
1795 0 0
1796 0 0
1797 0 0
1798 0 0
1799 0 0
1800 0 0
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1801 0 0
1802 0 0
1803 0 0
1804 0 0
1805 0 0
1806 0 0
1807 0 0
1808 0 0
1809 0 0
1810 0 0
1811 0 0
1812 0 0
1813 0 0
1814 0 0
1815 8.428571 73.96348
1816 49.66964 49.90602
1817 77.85714 75.56562
1818 56.54464 -1
1819 13.46429 22.34273
1820 2.651786 5.967185
1821 8.8125 12.24594
1822 18.16964 2.275748
1823 44.5625 21.53246
1824 64.40179 42.07195
1825 69.59821 53.42187
1826 18.13393 0
1827 6.125 19.16606
1828 3.357143 7.496072
1829 8.276786 14.03339
1830 0 0
1831 0 0
1832 0 0
1833 0 0
1834 0 0
1835 0 0
1836 0 0
1837 0 0
1838 0 0
1839 0 0
1840 0 0
1841 0 0
1842 0 0
1843 0 0
1844 0 0
1845 0 0
1846 0 0
1847 0 0
1848 0 0
1849 0 0
1850 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1851 0 0
1852 0 0
1853 0 0
1854 0 0
1855 0 0
1856 0 0
1857 0 0
1858 0 0
1859 0.758929 27.89713
1860 29.44643 75.07435
1861 67.60714 50.77779
1862 78.41071 71.45981
1863 66.99107 46.06938
1864 73.83036 62.58143
1865 29.20536 -1
1866 29.20536 9.52581
1867 33.30357 28.09184
1868 38.55357 36.13183
1869 40.54464 17.24001
1870 39.60714 5.164195
1871 36.58036 -1
1872 33.73214 14.25033
1873 38.375 28.35443
1874 40.57143 16.18787
1875 52.92857 80.68386
1876 67.89286 99.66096
1877 84.70536 98.27023
1878 96.4375 96.8401
1879 69.19643 98.44166
1880 80.39286 98.84011
1881 84.58036 -1
1882 75.1875 8.727714
1883 58.28571 19.40349
1884 37.69643 40.39512
1885 40.4375 30.46129
1886 40.84821 33.72064
1887 37.63393 -1
1888 31.11607 -1
1889 23.49107 -1
1890 20.5 -1
1891 14.25893 -1
1892 33.59821 -1
1893 22.80357 -1
1894 9.169643 10.00105
1895 2.705357 7.576401
1896 5.553571 6.960098
1897 0 0
1898 0 0
1899 0 0
1900 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1901 0 0
1902 0 0
1903 0 0
1904 0 0
1905 0 0
1906 0 0
1907 0 0
1908 0 0
1909 0 0
1910 0 0
1911 0 0
1912 0 0
1913 0 0
1914 0 0
1915 0 0
1916 0 0
1917 0 0
1918 0 0
1919 0 0
1920 0 0
1921 0 0
1922 0 0
1923 0 0
1924 0 0
1925 0 0
1926 0 0
1927 0 0
1928 0 0
1929 0 0
1930 0 0
1931 0 0
1932 0 0
1933 0 0
1934 0 0
1935 0 0
1936 0 0
1937 0 0
1938 0 0
1939 0 0
1940 0 0
1941 0 0
1942 0 0
1943 0 0
1944 0 0
1945 0 0
1946 0 0
1947 0 0
1948 0 0
1949 0 0
1950 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1951 0 0
1952 0 0
1953 0 0
1954 0 0
1955 0 0
1956 0 0
1957 0 0
1958 0 0
1959 0 0
1960 0 0
1961 0 0
1962 0 0
1963 0 0
1964 0 0
1965 1.357143 44.63394
1966 29.92857 40.36464
1967 56.69643 55.01315
1968 76.88393 60.86539
1969 29.49107 -1
1970 3.330357 20.42918
1971 5.017857 6.094688
1972 7.910714 8.695512
1973 0 0
1974 0 0
1975 0 0
1976 0 0
1977 0 0
1978 0 0
1979 0 0
1980 0 0
1981 0 0
1982 0 0
1983 0 0
1984 0 0
1985 0 0
1986 0 0
1987 0 0
1988 0 0
1989 0 0
1990 0 0
1991 0 0
1992 0 0
1993 0 0
1994 0 0
1995 0 0
1996 0 0
1997 0 0
1998 0 0
1999 0 0
2000 0 0
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2001 0 0
2002 0 0
2003 0 0
2004 0 0
2005 0 0
2006 0 0
2007 0 0
2008 0 0
2009 0 0
2010 12.55357 71.51749
2011 54.8125 49.91657
2012 86.63393 84.39607
2013 92.33036 60.38129
2014 63.83929 38.44917
2015 42.91071 21.51204
2016 31.10714 1.28921
2017 31.65179 9.204982
2018 34.11607 26.71505
2019 37.40179 28.55656
2020 37.76786 8.597729
2021 33 -1
2022 29 -1
2023 14.92857 -1
2024 5.705357 10.24958
2025 0 0
2026 0 0
2027 0 0
2028 0 0
2029 0 0
2030 0 0
2031 0 0
2032 0 0
2033 13.26786 51.39829
2034 42.78571 40.59021
2035 60.79464 48.50009
2036 67.42857 -1
2037 31.32143 -1
2038 11.51786 10.19789
2039 12.97321 2.957214
2040 2.258929 4.244089
2041 4.303571 35.26
2042 35.35714 36.91512
2043 62.82143 54.84601
2044 69.875 -1
2045 18.23214 -1
2046 10.40179 8.996902
2047 4.383929 1.499816
2048 0 4.59275
2049 0 0
2050 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2051 0 0
2052 0 0
2053 0 0
2054 0 0
2055 0 0
2056 0 0
2057 0 0
2058 0 0
2059 0 0
2060 0 0
2061 0 0
2062 0 0
2063 0 0
2064 0 0
2065 0 0
2066 0 0
2067 0 0
2068 0 0
2069 0 0
2070 0 0
2071 0 0
2072 0 0
2073 0 0
2074 0 0
2075 0 0
2076 0 0
2077 0 0
2078 0 0
2079 0 0
2080 0 0
2081 0 0
2082 0 0
2083 0 0
2084 0 0
2085 0 0
2086 44.0625 64.95887
2087 79.85714 93.37173
2088 97.39286 64.20672
2089 69.9375 41.90339
2090 45.44643 24.87013
2091 31.5 5.79369
2092 29.89286 3.573217
2093 34.875 32.05164
2094 39.4375 33.91503
2095 33.29464 -1
2096 22.67857 -1
2097 6.696429 8.306632
2098 3.375 12.40402
2099 6.383929 3.632256
2100 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2101 0 0
2102 0 0
2103 0 0
2104 0 0
2105 0 0
2106 0 0
2107 0 0
2108 0 0
2109 0 0
2110 0 0
2111 0 0
2112 0 0
2113 0 0
2114 0 0
2115 0 0
2116 0 0
2117 0 0
2118 0 0
2119 0 0
2120 0 0
2121 0 0
2122 0 0
2123 0 0
2124 0 0
2125 0 0
2126 0 0
2127 0 0
2128 0 0
2129 0 0
2130 0 0
2131 46.10714 68.05551
2132 81.74107 90.26944
2133 90.78571 62.83144
2134 75.83929 66.3202
2135 32.21429 -1
2136 32.53571 -1
2137 33.83036 23.4417
2138 37.72321 32.78956
2139 41.63393 37.11298
2140 43.00893 14.91014
2141 40.42857 4.043395
2142 36.95536 -1
2143 33.04464 -1
2144 18.15179 -1
2145 6.196429 9.805506
2146 1.107143 11.42281
2147 0 0
2148 0 0
2149 0 0
2150 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2151 0 0
2152 0 0
2153 0 0
2154 0 0
2155 0 0
2156 0 0
2157 0 0
2158 0 0
2159 0 0
2160 0 0
2161 0 0
2162 0 0
2163 0 0
2164 0 0
2165 0 0
2166 0 0
2167 0 0
2168 0 0
2169 0 0
2170 0 0
2171 0 0
2172 0 0
2173 0 0
2174 0 0
2175 0 0
2176 0 0
2177 0 0
2178 0 0
2179 0 0
2180 0 0
2181 0 0
2182 0 0
2183 0 0
2184 0 0
2185 0 0
2186 0 0
2187 0 0
2188 0 0
2189 0 0
2190 7.517857 47.40657
2191 38.38393 41.06525
2192 65.5 60.1887
2193 82.97321 63.77762
2194 28.25893 0
2195 13.13393 2.657795
2196 10.98214 8.270442
2197 2.714286 10.85727
2198 6.035714 7.222359
2199 45.875 22.99262
2200 67.57143 45.08743
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2201 73.10714 52.51843
2202 16.17857 0
2203 1.491071 13.09488
2204 3.428571 18.83206
2205 5.75 6.976592
2206 0 0
2207 0 0
2208 0 0
2209 0 0
2210 0 0
2211 0 0
2212 0 0
2213 0 0
2214 0 0
2215 0 0
2216 0 0
2217 0 0
2218 0 0
2219 0 0
2220 0 0
2221 0 0
2222 0 0
2223 0 0
2224 0 0
2225 0 0
2226 0 0
2227 0 0
2228 0 0
2229 0 0
2230 0 0
2231 0 0
2232 0 0
2233 0 0
2234 0 0
2235 0 0
2236 32.88393 44.18858
2237 57.19643 55.07564
2238 80.78571 74.1373
2239 90.76786 -1
2240 17.85714 27.09979
2241 0 4.345105
2242 7.464286 20.15004
2243 0 0
2244 0 0
2245 0 0
2246 0 0
2247 0 0
2248 0 0
2249 0 0
2250 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2251 0 0
2252 0 0
2253 0 0
2254 0 0
2255 0 0
2256 0 0
2257 0 0
2258 0 0
2259 0 0
2260 0 0
2261 0 0
2262 0 0
2263 0 0
2264 0 0
2265 0 0
2266 0 0
2267 0 0
2268 0 0
2269 0 0
2270 0 0
2271 0 0
2272 0 0
2273 0 0
2274 0 0
2275 0 0
2276 0 0
2277 0 0
2278 0 0
2279 0.142857 29.72761
2280 0.660714 41.7899
2281 41.625 80.45899
2282 75.10714 82.16039
2283 83.35714 56.17033
2284 67.27679 58.82357
2285 23.25 -1
2286 10.83929 11.94045
2287 25.875 34.00432
2288 30.60714 40.49481
2289 35.99107 30.68264
2290 36.21429 4.338795
2291 33.83036 9.927051
2292 38.5625 37.14431
2293 47.69643 52.84161
2294 56.25893 55.74333
2295 59.09821 17.09889
2296 56.16964 -0.13126
2297 55.47321 12.47459
2298 60.51786 36.95595
2299 63.16964 47.8089
2300 33.14286 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2301 31.14286 -1
2302 28.88393 -1
2303 26.16071 -1
2304 12.34821 8.574993
2305 19.25 -1
2306 0 4.348675
2307 0 0
2308 0 0
2309 0 0
2310 0 0
2311 0 0
2312 0 0
2313 0 0
2314 0 0
2315 0 0
2316 0 0
2317 0 0
2318 0 0
2319 0 0
2320 0 0
2321 0 0
2322 0 0
2323 0 0
2324 0 0
2325 0 0
2326 0 0
2327 0 0
2328 0 0
2329 0 0
2330 0 0
2331 0 0
2332 0 0
2333 0 0
2334 0 0
2335 0 0
2336 0 0
2337 0 0
2338 0 0
2339 0 0
2340 0 0
2341 0 0
2342 0 0
2343 0 0
2344 0 0
2345 0 0
2346 0 0
2347 0 0
2348 0 0
2349 0 0
2350 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
2351 0 0
2352 0 0
2353 0 0
2354 0 0
2355 6.526786 62.09521
2356 50.96429 50.53358
2357 68.40179 62.28794
2358 60.83929 29.97316
2359 47.55357 -1
2360 6.910714 18.46374
2361 8.026786 8.01328
2362 11.09821 20.49628
2363 24.79464 32.60014
2364 45.13393 38.1572
2365 49.07143 27.07767
2366 11.26786 0
2367 17.07143 11.53371
2368 0 9.848402
2369 0 0
2370 0 0
2371 0 0
2372 0 0
2373 0 0
2374 0 0
2375 0 0
2376 0 0
2377 0 0
2378 0 0
2379 0 0
2380 0 0
2381 0 0
2382 0 0
2383 0 0
2384 0 0
2385 0 0
2386 0 0
2387 0 0
2388 0 0
2389 0 0
2390 0 0
2391 0 0
2392 0 0
2393 0 0
2394 0 0
2395 0 0
2396 0 0
2397 0 0
2398 0 0
2399 0 0
2400 0 0

A-12 



 

      

Cycle 
Time Speed Torque Mode

1 0 0 Cruise
2 0 0 Cruise
3 0 0 Cruise
4 0 0 Cruise
5 0 0 Cruise
6 0 0 Cruise
7 0 0 Cruise
8 0 0 Cruise
9 0 0 Cruise
10 0 0 Cruise
11 0 0 Cruise
12 0 0 Cruise
13 0 0 Cruise
14 0 0 Cruise
15 0 0 Cruise
16 0 0 Cruise
17 0 0 Cruise
18 0 0 Cruise
19 0 0 Cruise
20 0 0 Cruise
21 0 0 Cruise
22 0 0 Cruise
23 0 0 Cruise
24 0 0 Cruise
25 0 0 Cruise
26 0 0 Cruise
27 0 0 Cruise
28 0 0 Cruise
29 2 9 Cruise
30 10 19 Cruise
31 7 29 Cruise
32 17 35 Cruise
33 9 -5 Cruise
34 26 22 Cruise
35 33 22 Cruise
36 43 19 Cruise
37 58 13 Cruise
38 61 9 Cruise
39 62 17 Cruise
40 81 33 Cruise
41 87 11 Cruise
42 88 -3 Cruise
43 86 9 Cruise
44 87 9 Cruise
45 87 2 Cruise
46 87 3 Cruise
47 86 5 Cruise
48 87 2 Cruise
49 87 0 Cruise
50 87 1 Cruise
51 86 -4 Cruise
52 75 -5 Cruise
53 62 -5 Cruise
54 49 -5 Cruise
55 25 -5 Cruise
56 5 -5 Cruise
57 0 -5 Cruise
58 0 0 Cruise
59 0 0 Cruise
60 0 0 Cruise
61 30 19 Cruise
62 32 21 Cruise
63 17 -5 Cruise
64 24 33 Cruise
65 48 25 Cruise
66 68 24 Cruise
67 81 4 Cruise
68 56 -5 Cruise
69 29 -5 Cruise
70 55 22 Cruise
71 66 36 Cruise
72 78 48 Cruise
73 85 32 Cruise
74 75 -5 Cruise
75 42 -5 Cruise

Cycle 
Time Speed Torque Mode

76 52 30 Cruise
77 67 48 Cruise
78 80 46 Cruise
79 86 10 Cruise
80 62 -5 Cruise
81 48 -5 Cruise
82 57 47 Cruise
83 60 63 Cruise
84 71 74 Cruise
85 79 65 Cruise
86 85 37 Cruise
87 81 -5 Cruise
88 46 -5 Cruise
89 53 61 Cruise
90 60 82 Cruise
91 67 91 Cruise
92 73 92 Cruise
93 79 80 Cruise
94 83 32 Cruise
95 60 -5 Cruise
96 60 41 Cruise
97 52 -5 Cruise
98 55 92 Cruise
99 59 93 Cruise

100 63 95 Cruise
101 66 97 Cruise
102 70 97 Cruise
103 71 38 Cruise
104 71 -5 Cruise
105 69 -5 Cruise
106 68 0 Cruise
107 67 8 Cruise
108 66 25 Cruise
109 65 16 Cruise
110 65 -5 Cruise
111 64 -5 Cruise
112 61 -5 Cruise
113 57 -5 Cruise
114 51 -5 Cruise
115 46 -5 Cruise
116 41 -5 Cruise
117 37 -5 Cruise
118 37 -5 Cruise
119 34 -5 Cruise
120 29 -5 Cruise
121 45 -5 Cruise
122 52 -5 Cruise
123 46 -5 Cruise
124 37 -5 Cruise
125 32 -5 Cruise
126 32 30 Cruise
127 35 42 Cruise
128 33 15 Cruise
129 36 -5 Cruise
130 27 -5 Cruise
131 24 -5 Cruise
132 20 -5 Cruise
133 20 9 Cruise
134 19 0 Cruise
135 17 -5 Cruise
136 17 -5 Cruise
137 18 15 Cruise
138 17 47 Cruise
139 19 60 Cruise
140 22 69 Cruise
141 26 81 Cruise
142 31 86 Cruise
143 37 90 Cruise
144 44 90 Cruise
145 51 90 Cruise
146 58 90 Cruise
147 65 43 Cruise
148 39 -5 Cruise
149 43 25 Cruise
150 37 -5 Cruise

Cycle 
Time Speed Torque Mode
151 41 87 Cruise
152 45 93 Cruise
153 48 93 Cruise
154 52 93 Cruise
155 56 93 Cruise
156 60 93 Cruise
157 64 96 Cruise
158 67 98 Cruise
159 71 37 Cruise
160 41 -5 Cruise
161 37 -5 Cruise
162 40 93 Cruise
163 42 93 Cruise
164 44 93 Cruise
165 46 93 Cruise
166 48 93 Cruise
167 49 93 Cruise
168 51 93 Cruise
169 53 93 Cruise
170 55 93 Cruise
171 56 93 Cruise
172 58 93 Cruise
173 60 93 Cruise
174 61 94 Cruise
175 63 95 Cruise
176 65 96 Cruise
177 66 98 Cruise
178 67 98 Cruise
179 69 99 Cruise
180 71 99 Cruise
181 72 99 Cruise
182 73 99 Cruise
183 75 99 Cruise
184 76 98 Cruise
185 83 38 Cruise
186 44 -5 Cruise
187 49 80 Cruise
188 46 93 Cruise
189 47 93 Cruise
190 48 93 Cruise
191 49 93 Cruise
192 49 93 Cruise
193 50 93 Cruise
194 50 93 Cruise
195 51 93 Cruise
196 52 93 Cruise
197 52 93 Cruise
198 53 93 Cruise
199 54 93 Cruise
200 54 93 Cruise
201 55 93 Cruise
202 56 93 Cruise
203 56 93 Cruise
204 57 93 Cruise
205 57 93 Cruise
206 58 93 Cruise
207 59 93 Cruise
208 59 65 Cruise
209 59 48 Cruise
210 59 75 Cruise
211 60 88 Cruise
212 60 60 Cruise
213 60 42 Cruise
214 59 56 Cruise
215 60 69 Cruise
216 60 71 Cruise
217 60 64 Cruise
218 60 33 Cruise
219 60 11 Cruise
220 60 38 Cruise
221 59 64 Cruise
222 59 82 Cruise
223 60 91 Cruise
224 60 69 Cruise
225 60 40 Cruise

Cycle 
Time Speed Torque Mode
226 60 23 Cruise
227 59 24 Cruise
228 59 34 Cruise
229 59 64 Cruise
230 59 73 Cruise
231 59 74 Cruise
232 59 58 Cruise
233 59 31 Cruise
234 59 37 Cruise
235 59 40 Cruise
236 59 51 Cruise
237 59 71 Cruise
238 59 76 Cruise
239 59 63 Cruise
240 59 37 Cruise
241 59 17 Cruise
242 59 12 Cruise
243 58 15 Cruise
244 57 17 Cruise
245 57 34 Cruise
246 57 46 Cruise
247 56 37 Cruise
248 57 23 Cruise
249 56 34 Cruise
250 56 42 Cruise
251 56 48 Cruise
252 56 50 Cruise
253 56 61 Cruise
254 56 74 Cruise
255 56 93 Cruise
256 56 87 Cruise
257 57 100 Cruise
258 57 100 Cruise
259 57 99 Cruise
260 58 100 Cruise
261 58 100 Cruise
262 58 100 Cruise
263 58 100 Cruise
264 59 100 Cruise
265 59 87 Cruise
266 59 82 Cruise
267 59 84 Cruise
268 59 85 Cruise
269 60 78 Cruise
270 60 79 Cruise
271 60 83 Cruise
272 59 80 Cruise
273 60 70 Cruise
274 60 54 Cruise
275 59 23 Cruise
276 59 63 Cruise
277 59 58 Cruise
278 59 55 Cruise
279 59 58 Cruise
280 58 68 Cruise
281 59 52 Cruise
282 58 67 Cruise
283 58 73 Cruise
284 58 85 Cruise
285 59 85 Cruise
286 59 83 Cruise
287 59 83 Cruise
288 59 78 Cruise
289 59 54 Cruise
290 59 63 Cruise
291 59 55 Cruise
292 59 56 Cruise
293 58 77 Cruise
294 59 77 Cruise
295 59 77 Cruise
296 59 75 Cruise
297 59 72 Cruise
298 59 58 Cruise
299 59 58 Cruise
300 59 60 Cruise

TABLE A-2.  CRUISE-CREEPX10 CYCLE 
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Cycle 
Time Speed Torque Mode
301 58 65 Cruise
302 58 63 Cruise
303 58 64 Cruise
304 58 71 Cruise
305 58 82 Cruise
306 58 82 Cruise
307 58 83 Cruise
308 58 82 Cruise
309 58 82 Cruise
310 58 80 Cruise
311 58 82 Cruise
312 58 82 Cruise
313 59 80 Cruise
314 59 82 Cruise
315 59 81 Cruise
316 59 71 Cruise
317 59 73 Cruise
318 59 70 Cruise
319 59 70 Cruise
320 59 71 Cruise
321 59 80 Cruise
322 59 86 Cruise
323 59 80 Cruise
324 59 80 Cruise
325 59 80 Cruise
326 59 83 Cruise
327 59 85 Cruise
328 59 75 Cruise
329 59 77 Cruise
330 59 78 Cruise
331 59 75 Cruise
332 59 77 Cruise
333 59 78 Cruise
334 59 77 Cruise
335 59 77 Cruise
336 59 77 Cruise
337 59 77 Cruise
338 59 80 Cruise
339 59 82 Cruise
340 59 82 Cruise
341 59 82 Cruise
342 59 81 Cruise
343 59 75 Cruise
344 59 75 Cruise
345 59 75 Cruise
346 59 77 Cruise
347 59 77 Cruise
348 59 77 Cruise
349 59 78 Cruise
350 59 75 Cruise
351 59 77 Cruise
352 60 78 Cruise
353 59 78 Cruise
354 60 77 Cruise
355 60 70 Cruise
356 60 72 Cruise
357 60 73 Cruise
358 60 73 Cruise
359 60 72 Cruise
360 60 72 Cruise
361 60 72 Cruise
362 60 71 Cruise
363 60 75 Cruise
364 60 82 Cruise
365 60 72 Cruise
366 60 72 Cruise
367 60 74 Cruise
368 60 79 Cruise
369 60 84 Cruise
370 60 87 Cruise
371 60 88 Cruise
372 60 82 Cruise
373 61 60 Cruise
374 60 71 Cruise
375 60 76 Cruise

Cycle 
Time Speed Torque Mode
376 60 81 Cruise
377 60 82 Cruise
378 61 77 Cruise
379 61 80 Cruise
380 61 80 Cruise
381 61 72 Cruise
382 61 75 Cruise
383 61 81 Cruise
384 61 75 Cruise
385 61 75 Cruise
386 61 76 Cruise
387 61 80 Cruise
388 61 76 Cruise
389 61 71 Cruise
390 61 74 Cruise
391 61 62 Cruise
392 61 65 Cruise
393 61 65 Cruise
394 61 65 Cruise
395 61 65 Cruise
396 61 65 Cruise
397 60 65 Cruise
398 60 65 Cruise
399 60 68 Cruise
400 60 72 Cruise
401 60 73 Cruise
402 60 73 Cruise
403 60 81 Cruise
404 60 83 Cruise
405 60 78 Cruise
406 60 79 Cruise
407 60 80 Cruise
408 60 73 Cruise
409 60 78 Cruise
410 60 84 Cruise
411 60 85 Cruise
412 60 85 Cruise
413 60 85 Cruise
414 61 82 Cruise
415 61 81 Cruise
416 60 78 Cruise
417 61 74 Cruise
418 61 75 Cruise
419 60 77 Cruise
420 60 78 Cruise
421 61 78 Cruise
422 60 79 Cruise
423 61 80 Cruise
424 61 80 Cruise
425 60 78 Cruise
426 60 78 Cruise
427 61 78 Cruise
428 61 78 Cruise
429 61 78 Cruise
430 61 78 Cruise
431 61 78 Cruise
432 60 77 Cruise
433 61 69 Cruise
434 61 70 Cruise
435 61 68 Cruise
436 61 66 Cruise
437 61 68 Cruise
438 61 68 Cruise
439 60 68 Cruise
440 60 68 Cruise
441 60 69 Cruise
442 61 71 Cruise
443 62 70 Cruise
444 62 68 Cruise
445 63 66 Cruise
446 63 63 Cruise
447 64 61 Cruise
448 64 59 Cruise
449 65 57 Cruise
450 65 58 Cruise

Cycle 
Time Speed Torque Mode
451 66 69 Cruise
452 66 57 Cruise
453 67 52 Cruise
454 67 46 Cruise
455 68 37 Cruise
456 68 41 Cruise
457 69 39 Cruise
458 69 38 Cruise
459 70 36 Cruise
460 71 34 Cruise
461 71 28 Cruise
462 72 25 Cruise
463 71 25 Cruise
464 71 25 Cruise
465 71 25 Cruise
466 71 25 Cruise
467 71 25 Cruise
468 71 25 Cruise
469 71 25 Cruise
470 71 25 Cruise
471 71 25 Cruise
472 71 25 Cruise
473 71 25 Cruise
474 71 25 Cruise
475 70 25 Cruise
476 71 25 Cruise
477 71 25 Cruise
478 70 25 Cruise
479 70 25 Cruise
480 70 25 Cruise
481 70 25 Cruise
482 68 10 Cruise
483 69 26 Cruise
484 69 31 Cruise
485 69 56 Cruise
486 69 51 Cruise
487 70 38 Cruise
488 70 37 Cruise
489 70 37 Cruise
490 70 37 Cruise
491 70 24 Cruise
492 70 24 Cruise
493 70 24 Cruise
494 69 24 Cruise
495 69 19 Cruise
496 69 17 Cruise
497 69 32 Cruise
498 69 32 Cruise
499 69 26 Cruise
500 69 25 Cruise
501 69 26 Cruise
502 69 26 Cruise
503 69 33 Cruise
504 69 35 Cruise
505 69 35 Cruise
506 69 35 Cruise
507 70 35 Cruise
508 70 35 Cruise
509 70 35 Cruise
510 70 34 Cruise
511 70 34 Cruise
512 70 34 Cruise
513 70 34 Cruise
514 71 34 Cruise
515 71 34 Cruise
516 71 34 Cruise
517 71 34 Cruise
518 71 34 Cruise
519 71 34 Cruise
520 71 37 Cruise
521 72 41 Cruise
522 72 41 Cruise
523 72 40 Cruise
524 72 40 Cruise
525 73 39 Cruise

Cycle 
Time Speed Torque Mode
526 72 35 Cruise
527 72 31 Cruise
528 72 28 Cruise
529 72 26 Cruise
530 72 25 Cruise
531 72 26 Cruise
532 72 27 Cruise
533 72 27 Cruise
534 72 28 Cruise
535 72 28 Cruise
536 72 28 Cruise
537 72 25 Cruise
538 72 15 Cruise
539 72 15 Cruise
540 71 15 Cruise
541 71 15 Cruise
542 71 22 Cruise
543 71 29 Cruise
544 71 29 Cruise
545 71 29 Cruise
546 71 29 Cruise
547 71 32 Cruise
548 71 34 Cruise
549 71 36 Cruise
550 71 37 Cruise
551 71 35 Cruise
552 71 35 Cruise
553 71 35 Cruise
554 71 35 Cruise
555 71 35 Cruise
556 71 33 Cruise
557 71 24 Cruise
558 71 24 Cruise
559 71 24 Cruise
560 71 31 Cruise
561 71 32 Cruise
562 71 32 Cruise
563 71 32 Cruise
564 71 32 Cruise
565 71 33 Cruise
566 71 31 Cruise
567 71 31 Cruise
568 71 31 Cruise
569 71 31 Cruise
570 71 30 Cruise
571 71 23 Cruise
572 71 23 Cruise
573 71 23 Cruise
574 71 23 Cruise
575 71 23 Cruise
576 71 23 Cruise
577 71 23 Cruise
578 71 23 Cruise
579 71 25 Cruise
580 71 27 Cruise
581 70 27 Cruise
582 70 27 Cruise
583 70 27 Cruise
584 70 27 Cruise
585 70 27 Cruise
586 71 27 Cruise
587 70 27 Cruise
588 70 27 Cruise
589 70 27 Cruise
590 70 27 Cruise
591 70 28 Cruise
592 70 29 Cruise
593 70 29 Cruise
594 70 29 Cruise
595 70 31 Cruise
596 70 31 Cruise
597 70 31 Cruise
598 70 31 Cruise
599 71 31 Cruise
600 71 31 Cruise

A-14 



 

     

Cycle 
Time Speed Torque Mode
601 70 31 Cruise
602 70 31 Cruise
603 71 31 Cruise
604 71 31 Cruise
605 71 31 Cruise
606 71 31 Cruise
607 70 31 Cruise
608 71 31 Cruise
609 71 32 Cruise
610 71 32 Cruise
611 71 32 Cruise
612 71 32 Cruise
613 71 33 Cruise
614 71 35 Cruise
615 71 39 Cruise
616 71 40 Cruise
617 71 39 Cruise
618 72 39 Cruise
619 72 39 Cruise
620 72 33 Cruise
621 72 33 Cruise
622 72 33 Cruise
623 72 33 Cruise
624 72 34 Cruise
625 72 34 Cruise
626 72 34 Cruise
627 72 34 Cruise
628 72 34 Cruise
629 72 34 Cruise
630 72 32 Cruise
631 72 31 Cruise
632 72 30 Cruise
633 72 29 Cruise
634 72 29 Cruise
635 73 28 Cruise
636 72 29 Cruise
637 72 29 Cruise
638 72 28 Cruise
639 72 28 Cruise
640 72 30 Cruise
641 72 31 Cruise
642 72 30 Cruise
643 73 30 Cruise
644 73 32 Cruise
645 73 33 Cruise
646 73 32 Cruise
647 73 36 Cruise
648 74 38 Cruise
649 74 36 Cruise
650 74 37 Cruise
651 73 40 Cruise
652 73 29 Cruise
653 75 30 Cruise
654 73 48 Cruise
655 73 44 Cruise
656 73 39 Cruise
657 74 32 Cruise
658 73 52 Cruise
659 74 55 Cruise
660 74 56 Cruise
661 74 50 Cruise
662 75 35 Cruise
663 74 46 Cruise
664 74 61 Cruise
665 75 68 Cruise
666 76 55 Cruise
667 75 -9 Cruise
668 75 18 Cruise
669 73 75 Cruise
670 74 54 Cruise
671 72 9 Cruise
672 72 2 Cruise
673 70 -5 Cruise
674 68 -5 Cruise
675 67 -5 Cruise

Cycle 
Time Speed Torque Mode
676 64 -5 Cruise
677 61 -5 Cruise
678 59 -5 Cruise
679 57 -5 Cruise
680 56 -5 Cruise
681 54 -5 Cruise
682 53 -5 Cruise
683 53 13 Cruise
684 52 60 Cruise
685 53 65 Cruise
686 51 26 Cruise
687 53 -5 Cruise
688 52 -5 Cruise
689 53 5 Cruise
690 50 30 Cruise
691 51 29 Cruise
692 50 24 Cruise
693 51 23 Cruise
694 50 10 Cruise
695 49 5 Cruise
696 49 6 Cruise
697 48 4 Cruise
698 47 -5 Cruise
699 46 5 Cruise
700 45 1 Cruise
701 44 19 Cruise
702 44 15 Cruise
703 43 -5 Cruise
704 43 1 Cruise
705 42 16 Cruise
706 41 12 Cruise
707 41 -5 Cruise
708 41 14 Cruise
709 39 45 Cruise
710 36 28 Cruise
711 64 -5 Cruise
712 70 33 Cruise
713 70 51 Cruise
714 70 4 Cruise
715 68 -5 Cruise
716 67 -5 Cruise
717 63 -5 Cruise
718 93 -5 Cruise
719 100 -5 Cruise
720 95 -5 Cruise
721 90 -5 Cruise
722 82 -5 Cruise
723 73 -5 Cruise
724 63 -5 Cruise
725 51 -5 Cruise
726 85 -5 Cruise
727 84 -5 Cruise
728 68 -5 Cruise
729 53 -5 Cruise
730 39 -5 Cruise
731 21 -5 Cruise
732 1 -5 Cruise
733 0 0 Cruise
734 0 0 Cruise
735 0 0 Cruise
736 0 0 Cruise
737 0 0 Cruise
738 0 0 Cruise
739 0 0 Cruise
740 0 0 Cruise
741 0 0 Cruise
742 0 0 Cruise
743 0 0 Cruise
744 0 0 Cruise
745 0 0 Cruise
746 0 0 Cruise
747 0 0 Cruise
748 0 0 Cruise
749 0 0 Cruise
750 0 0 Cruise

Cycle 
Time Speed Torque Mode
751 0 0 Cruise
752 0 0 Cruise
753 0 0 Cruise
754 0 0 Cruise
755 0 0 Cruise
756 0 0 Cruise
757 0 0 Cruise
758 0 0 Cruise
759 0 0 Cruise
760 0 0 Cruise
761 0 0 Creep
762 0 0 Creep
763 0 0 Creep
764 0 0 Creep
765 0 0 Creep
766 0 0 Creep
767 0 0 Creep
768 0 0 Creep
769 0 0 Creep
770 0 0 Creep
771 0 0 Creep
772 0 0 Creep
773 0 0 Creep
774 0 0 Creep
775 0 0 Creep
776 0 0 Creep
777 0 0 Creep
778 0 0 Creep
779 0 0 Creep
780 0 0 Creep
781 0 0 Creep
782 0 0 Creep
783 0 0 Creep
784 0 0 Creep
785 0 0 Creep
786 0 0 Creep
787 0 0 Creep
788 0 0 Creep
789 0 0 Creep
790 0 0 Creep
791 0 0 Creep
792 0 0 Creep
793 0 0 Creep
794 0 0 Creep
795 0 0 Creep
796 0 0 Creep
797 0 0 Creep
798 0 0 Creep
799 0 0 Creep
800 0 0 Creep
801 0 0 Creep
802 0 0 Creep
803 0 0 Creep
804 0 0 Creep
805 0 0 Creep
806 0 0 Creep
807 10 28 Creep
808 12 32 Creep
809 12 48 Creep
810 23 37 Creep
811 39 24 Creep
812 59 29 Creep
813 72 26 Creep
814 81 23 Creep
815 83 7 Creep
816 67 0 Creep
817 51 0 Creep
818 30 0 Creep
819 23 0 Creep
820 0 0 Creep
821 0 0 Creep
822 0 0 Creep
823 0 0 Creep
824 0 0 Creep
825 0 0 Creep

Cycle 
Time Speed Torque Mode
826 0 0 Creep
827 0 0 Creep
828 0 0 Creep
829 0 0 Creep
830 0 0 Creep
831 0 0 Creep
832 0 0 Creep
833 0 0 Creep
834 0 0 Creep
835 0 0 Creep
836 0 0 Creep
837 0 0 Creep
838 0 0 Creep
839 0 0 Creep
840 0 0 Creep
841 0 0 Creep
842 0 0 Creep
843 0 0 Creep
844 0 0 Creep
845 0 0 Creep
846 0 0 Creep
847 0 0 Creep
848 0 0 Creep
849 0 0 Creep
850 0 0 Creep
851 0 0 Creep
852 0 0 Creep
853 0 0 Creep
854 0 0 Creep
855 0 0 Creep
856 0 0 Creep
857 0 0 Creep
858 0 0 Creep
859 0 0 Creep
860 0 0 Creep
861 0 0 Creep
862 0 0 Creep
863 0 0 Creep
864 0 0 Creep
865 0 0 Creep
866 0 0 Creep
867 0 0 Creep
868 0 0 Creep
869 0 0 Creep
870 0 0 Creep
871 12 23 Creep
872 9 8 Creep
873 12 6 Creep
874 18 10 Creep
875 15 6 Creep
876 14 6 Creep
877 14 8 Creep
878 13 13 Creep
879 19 13 Creep
880 20 8 Creep
881 20 12 Creep
882 22 7 Creep
883 22 5 Creep
884 20 4 Creep
885 20 5 Creep
886 18 6 Creep
887 19 6 Creep
888 19 6 Creep
889 20 6 Creep
890 19 6 Creep
891 21 6 Creep
892 21 6 Creep
893 21 6 Creep
894 21 6 Creep
895 22 6 Creep
896 23 6 Creep
897 22 6 Creep
898 22 3 Creep
899 19 1 Creep
900 17 2 Creep

A-15 



 

      

Cycle 
Time Speed Torque Mode
901 16 3 Creep
902 15 7 Creep
903 18 10 Creep
904 19 5 Creep
905 15 0 Creep
906 13 3 Creep
907 14 7 Creep
908 10 0 Creep
909 13 7 Creep
910 14 2 Creep
911 8 0 Creep
912 10 2 Creep
913 10 4 Creep
914 6 0 Creep
915 8 6 Creep
916 6 7 Creep
917 9 7 Creep
918 9 7 Creep
919 9 6 Creep
920 9 5 Creep
921 8 5 Creep
922 5 4 Creep
923 4 3 Creep
924 0 0 Creep
925 0 0 Creep
926 0 0 Creep
927 0 0 Creep
928 0 0 Creep
929 0 0 Creep
930 0 0 Creep
931 0 0 Creep
932 0 0 Creep
933 0 0 Creep
934 0 0 Creep
935 0 0 Creep
936 0 0 Creep
937 0 0 Creep
938 0 0 Creep
939 0 0 Creep
940 0 0 Creep
941 0 0 Creep
942 0 0 Creep
943 0 0 Creep
944 0 0 Creep
945 0 0 Creep
946 0 0 Creep
947 0 0 Creep
948 0 0 Creep
949 0 0 Creep
950 0 0 Creep
951 0 0 Creep
952 0 0 Creep
953 0 0 Creep
954 0 0 Creep
955 0 0 Creep
956 0 0 Creep
957 0 0 Creep
958 0 0 Creep
959 0 0 Creep
960 0 0 Creep
961 0 0 Creep
962 0 0 Creep
963 0 0 Creep
964 0 0 Creep
965 0 0 Creep
966 0 0 Creep
967 0 0 Creep
968 8 20 Creep
969 14 33 Creep
970 13 48 Creep
971 27 23 Creep
972 30 8 Creep
973 43 9 Creep
974 40 9 Creep
975 49 8 Creep

Cycle 
Time Speed Torque Mode
976 47 9 Creep
977 55 15 Creep
978 62 19 Creep
979 70 16 Creep
980 69 8 Creep
981 69 4 Creep
982 68 6 Creep
983 64 0 Creep
984 66 6 Creep
985 64 4 Creep
986 64 4 Creep
987 62 2 Creep
988 57 0 Creep
989 55 0 Creep
990 50 0 Creep
991 48 0 Creep
992 44 0 Creep
993 42 0 Creep
994 38 0 Creep
995 36 2 Creep
996 34 4 Creep
997 35 3 Creep
998 32 2 Creep
999 33 4 Creep
1000 31 4 Creep
1001 32 4 Creep
1002 32 4 Creep
1003 32 4 Creep
1004 32 4 Creep
1005 31 3 Creep
1006 24 0 Creep
1007 2 0 Creep
1008 0 0 Creep
1009 0 0 Creep
1010 0 0 Creep
1011 0 0 Creep
1012 0 0 Creep
1013 0 0 Creep
1014 0 0 Creep
1015 0 0 Creep
1016 0 0 Creep
1017 0 0 Creep
1018 0 0 Creep
1019 0 0 Creep
1020 0 0 Creep
1021 0 0 Creep
1022 0 0 Creep
1023 0 0 Creep
1024 0 0 Creep
1025 0 0 Creep
1026 0 0 Creep
1027 0 0 Creep
1028 0 0 Creep
1029 0 0 Creep
1030 0 0 Creep
1031 0 0 Creep
1032 0 0 Creep
1033 0 0 Creep
1034 0 0 Creep
1035 0 0 Creep
1036 0 0 Creep
1037 0 0 Creep
1038 0 0 Creep
1039 0 0 Creep
1040 0 0 Creep
1041 0 0 Creep
1042 0 0 Creep
1043 0 0 Creep
1044 0 0 Creep
1045 0 0 Creep
1046 0 0 Creep
1047 0 0 Creep
1048 0 0 Creep
1049 0 0 Creep
1050 0 0 Creep

Cycle 
Time Speed Torque Mode
1051 0 0 Creep
1052 0 0 Creep
1053 0 0 Creep
1054 0 0 Creep
1055 0 0 Creep
1056 0 0 Creep
1057 0 0 Creep
1058 0 0 Creep
1059 0 0 Creep
1060 0 0 Creep
1061 0 0 Creep
1062 0 0 Creep
1063 10 28 Creep
1064 12 32 Creep
1065 12 48 Creep
1066 23 37 Creep
1067 39 24 Creep
1068 59 29 Creep
1069 72 26 Creep
1070 81 23 Creep
1071 83 7 Creep
1072 67 0 Creep
1073 51 0 Creep
1074 30 0 Creep
1075 23 0 Creep
1076 0 0 Creep
1077 0 0 Creep
1078 0 0 Creep
1079 0 0 Creep
1080 0 0 Creep
1081 0 0 Creep
1082 0 0 Creep
1083 0 0 Creep
1084 0 0 Creep
1085 0 0 Creep
1086 0 0 Creep
1087 0 0 Creep
1088 0 0 Creep
1089 0 0 Creep
1090 0 0 Creep
1091 0 0 Creep
1092 0 0 Creep
1093 0 0 Creep
1094 0 0 Creep
1095 0 0 Creep
1096 0 0 Creep
1097 0 0 Creep
1098 0 0 Creep
1099 0 0 Creep
1100 0 0 Creep
1101 0 0 Creep
1102 0 0 Creep
1103 0 0 Creep
1104 0 0 Creep
1105 0 0 Creep
1106 0 0 Creep
1107 0 0 Creep
1108 0 0 Creep
1109 0 0 Creep
1110 0 0 Creep
1111 0 0 Creep
1112 0 0 Creep
1113 0 0 Creep
1114 0 0 Creep
1115 0 0 Creep
1116 0 0 Creep
1117 0 0 Creep
1118 0 0 Creep
1119 0 0 Creep
1120 0 0 Creep
1121 0 0 Creep
1122 0 0 Creep
1123 0 0 Creep
1124 0 0 Creep
1125 0 0 Creep

Cycle 
Time Speed Torque Mode
1126 0 0 Creep
1127 12 23 Creep
1128 9 8 Creep
1129 12 6 Creep
1130 18 10 Creep
1131 15 6 Creep
1132 14 6 Creep
1133 14 8 Creep
1134 13 13 Creep
1135 19 13 Creep
1136 20 8 Creep
1137 20 12 Creep
1138 22 7 Creep
1139 22 5 Creep
1140 20 4 Creep
1141 20 5 Creep
1142 18 6 Creep
1143 19 6 Creep
1144 19 6 Creep
1145 20 6 Creep
1146 19 6 Creep
1147 21 6 Creep
1148 21 6 Creep
1149 21 6 Creep
1150 21 6 Creep
1151 22 6 Creep
1152 23 6 Creep
1153 22 6 Creep
1154 22 3 Creep
1155 19 1 Creep
1156 17 2 Creep
1157 16 3 Creep
1158 15 7 Creep
1159 18 10 Creep
1160 19 5 Creep
1161 15 0 Creep
1162 13 3 Creep
1163 14 7 Creep
1164 10 0 Creep
1165 13 7 Creep
1166 14 2 Creep
1167 8 0 Creep
1168 10 2 Creep
1169 10 4 Creep
1170 6 0 Creep
1171 8 6 Creep
1172 6 7 Creep
1173 9 7 Creep
1174 9 7 Creep
1175 9 6 Creep
1176 9 5 Creep
1177 8 5 Creep
1178 5 4 Creep
1179 4 3 Creep
1180 0 0 Creep
1181 0 0 Creep
1182 0 0 Creep
1183 0 0 Creep
1184 0 0 Creep
1185 0 0 Creep
1186 0 0 Creep
1187 0 0 Creep
1188 0 0 Creep
1189 0 0 Creep
1190 0 0 Creep
1191 0 0 Creep
1192 0 0 Creep
1193 0 0 Creep
1194 0 0 Creep
1195 0 0 Creep
1196 0 0 Creep
1197 0 0 Creep
1198 0 0 Creep
1199 0 0 Creep
1200 0 0 Creep

A-16 



 

               

Cycle 
Time Speed Torque Mode
1201 0 0 Creep
1202 0 0 Creep
1203 0 0 Creep
1204 0 0 Creep
1205 0 0 Creep
1206 0 0 Creep
1207 0 0 Creep
1208 0 0 Creep
1209 0 0 Creep
1210 0 0 Creep
1211 0 0 Creep
1212 0 0 Creep
1213 0 0 Creep
1214 0 0 Creep
1215 0 0 Creep
1216 0 0 Creep
1217 0 0 Creep
1218 0 0 Creep
1219 0 0 Creep
1220 0 0 Creep
1221 0 0 Creep
1222 0 0 Creep
1223 0 0 Creep
1224 8 20 Creep
1225 14 33 Creep
1226 13 48 Creep
1227 27 23 Creep
1228 30 8 Creep
1229 43 9 Creep
1230 40 9 Creep
1231 49 8 Creep
1232 47 9 Creep
1233 55 15 Creep
1234 62 19 Creep
1235 70 16 Creep
1236 69 8 Creep
1237 69 4 Creep
1238 68 6 Creep
1239 64 0 Creep
1240 66 6 Creep
1241 64 4 Creep
1242 64 4 Creep
1243 62 2 Creep
1244 57 0 Creep
1245 55 0 Creep
1246 50 0 Creep
1247 48 0 Creep
1248 44 0 Creep
1249 42 0 Creep
1250 38 0 Creep
1251 36 2 Creep
1252 34 4 Creep
1253 35 3 Creep
1254 32 2 Creep
1255 33 4 Creep
1256 31 4 Creep
1257 32 4 Creep
1258 32 4 Creep
1259 32 4 Creep
1260 32 4 Creep
1261 31 3 Creep
1262 24 0 Creep
1263 2 0 Creep
1264 0 0 Creep
1265 0 0 Creep
1266 0 0 Creep
1267 0 0 Creep
1268 0 0 Creep
1269 0 0 Creep
1270 0 0 Creep
1271 0 0 Creep
1272 0 0 Creep
1273 0 0 Creep
1274 0 0 Creep
1275 0 0 Creep

Cycle 
Time Speed Torque Mode
1276 0 0 Creep
1277 0 0 Creep
1278 0 0 Creep
1279 0 0 Creep
1280 0 0 Creep
1281 0 0 Creep
1282 0 0 Creep
1283 0 0 Creep
1284 0 0 Creep
1285 0 0 Creep
1286 0 0 Creep
1287 0 0 Creep
1288 0 0 Creep
1289 0 0 Creep
1290 0 0 Creep
1291 0 0 Creep
1292 0 0 Creep
1293 0 0 Creep
1294 0 0 Creep
1295 0 0 Creep
1296 0 0 Creep
1297 0 0 Creep
1298 0 0 Creep
1299 0 0 Creep
1300 0 0 Creep
1301 0 0 Creep
1302 0 0 Creep
1303 0 0 Creep
1304 0 0 Creep
1305 0 0 Creep
1306 0 0 Creep
1307 0 0 Creep
1308 0 0 Creep
1309 0 0 Creep
1310 0 0 Creep
1311 0 0 Creep
1312 0 0 Creep
1313 0 0 Creep
1314 0 0 Creep
1315 0 0 Creep
1316 0 0 Creep
1317 0 0 Creep
1318 0 0 Creep
1319 10 28 Creep
1320 12 32 Creep
1321 12 48 Creep
1322 23 37 Creep
1323 39 24 Creep
1324 59 29 Creep
1325 72 26 Creep
1326 81 23 Creep
1327 83 7 Creep
1328 67 0 Creep
1329 51 0 Creep
1330 30 0 Creep
1331 23 0 Creep
1332 0 0 Creep
1333 0 0 Creep
1334 0 0 Creep
1335 0 0 Creep
1336 0 0 Creep
1337 0 0 Creep
1338 0 0 Creep
1339 0 0 Creep
1340 0 0 Creep
1341 0 0 Creep
1342 0 0 Creep
1343 0 0 Creep
1344 0 0 Creep
1345 0 0 Creep
1346 0 0 Creep
1347 0 0 Creep
1348 0 0 Creep
1349 0 0 Creep
1350 0 0 Creep

Cycle 
Time Speed Torque Mode
1351 0 0 Creep
1352 0 0 Creep
1353 0 0 Creep
1354 0 0 Creep
1355 0 0 Creep
1356 0 0 Creep
1357 0 0 Creep
1358 0 0 Creep
1359 0 0 Creep
1360 0 0 Creep
1361 0 0 Creep
1362 0 0 Creep
1363 0 0 Creep
1364 0 0 Creep
1365 0 0 Creep
1366 0 0 Creep
1367 0 0 Creep
1368 0 0 Creep
1369 0 0 Creep
1370 0 0 Creep
1371 0 0 Creep
1372 0 0 Creep
1373 0 0 Creep
1374 0 0 Creep
1375 0 0 Creep
1376 0 0 Creep
1377 0 0 Creep
1378 0 0 Creep
1379 0 0 Creep
1380 0 0 Creep
1381 0 0 Creep
1382 0 0 Creep
1383 12 23 Creep
1384 9 8 Creep
1385 12 6 Creep
1386 18 10 Creep
1387 15 6 Creep
1388 14 6 Creep
1389 14 8 Creep
1390 13 13 Creep
1391 19 13 Creep
1392 20 8 Creep
1393 20 12 Creep
1394 22 7 Creep
1395 22 5 Creep
1396 20 4 Creep
1397 20 5 Creep
1398 18 6 Creep
1399 19 6 Creep
1400 19 6 Creep
1401 20 6 Creep
1402 19 6 Creep
1403 21 6 Creep
1404 21 6 Creep
1405 21 6 Creep
1406 21 6 Creep
1407 22 6 Creep
1408 23 6 Creep
1409 22 6 Creep
1410 22 3 Creep
1411 19 1 Creep
1412 17 2 Creep
1413 16 3 Creep
1414 15 7 Creep
1415 18 10 Creep
1416 19 5 Creep
1417 15 0 Creep
1418 13 3 Creep
1419 14 7 Creep
1420 10 0 Creep
1421 13 7 Creep
1422 14 2 Creep
1423 8 0 Creep
1424 10 2 Creep
1425 10 4 Creep

Cycle 
Time Speed Torque Mode
1426 6 0 Creep
1427 8 6 Creep
1428 6 7 Creep
1429 9 7 Creep
1430 9 7 Creep
1431 9 6 Creep
1432 9 5 Creep
1433 8 5 Creep
1434 5 4 Creep
1435 4 3 Creep
1436 0 0 Creep
1437 0 0 Creep
1438 0 0 Creep
1439 0 0 Creep
1440 0 0 Creep
1441 0 0 Creep
1442 0 0 Creep
1443 0 0 Creep
1444 0 0 Creep
1445 0 0 Creep
1446 0 0 Creep
1447 0 0 Creep
1448 0 0 Creep
1449 0 0 Creep
1450 0 0 Creep
1451 0 0 Creep
1452 0 0 Creep
1453 0 0 Creep
1454 0 0 Creep
1455 0 0 Creep
1456 0 0 Creep
1457 0 0 Creep
1458 0 0 Creep
1459 0 0 Creep
1460 0 0 Creep
1461 0 0 Creep
1462 0 0 Creep
1463 0 0 Creep
1464 0 0 Creep
1465 0 0 Creep
1466 0 0 Creep
1467 0 0 Creep
1468 0 0 Creep
1469 0 0 Creep
1470 0 0 Creep
1471 0 0 Creep
1472 0 0 Creep
1473 0 0 Creep
1474 0 0 Creep
1475 0 0 Creep
1476 0 0 Creep
1477 0 0 Creep
1478 0 0 Creep
1479 0 0 Creep
1480 8 20 Creep
1481 14 33 Creep
1482 13 48 Creep
1483 27 23 Creep
1484 30 8 Creep
1485 43 9 Creep
1486 40 9 Creep
1487 49 8 Creep
1488 47 9 Creep
1489 55 15 Creep
1490 62 19 Creep
1491 70 16 Creep
1492 69 8 Creep
1493 69 4 Creep
1494 68 6 Creep
1495 64 0 Creep
1496 66 6 Creep
1497 64 4 Creep
1498 64 4 Creep
1499 62 2 Creep
1500 57 0 Creep

A-17 



 

    

Cycle 
Time Speed Torque Mode
1501 55 0 Creep
1502 50 0 Creep
1503 48 0 Creep
1504 44 0 Creep
1505 42 0 Creep
1506 38 0 Creep
1507 36 2 Creep
1508 34 4 Creep
1509 35 3 Creep
1510 32 2 Creep
1511 33 4 Creep
1512 31 4 Creep
1513 32 4 Creep
1514 32 4 Creep
1515 32 4 Creep
1516 32 4 Creep
1517 31 3 Creep
1518 24 0 Creep
1519 2 0 Creep
1520 0 0 Creep
1521 0 0 Creep
1522 0 0 Creep
1523 0 0 Creep
1524 0 0 Creep
1525 0 0 Creep
1526 0 0 Creep
1527 0 0 Creep
1528 0 0 Creep
1529 0 0 Creep
1530 0 0 Creep
1531 0 0 Creep
1532 0 0 Creep
1533 0 0 Creep
1534 0 0 Creep
1535 0 0 Creep
1536 0 0 Creep
1537 0 0 Creep
1538 0 0 Creep
1539 0 0 Creep
1540 0 0 Creep
1541 0 0 Creep
1542 0 0 Creep
1543 0 0 Creep
1544 0 0 Creep
1545 0 0 Creep
1546 0 0 Creep
1547 0 0 Creep
1548 0 0 Creep
1549 0 0 Creep
1550 0 0 Creep
1551 0 0 Creep
1552 0 0 Creep
1553 0 0 Creep
1554 0 0 Creep
1555 0 0 Creep
1556 0 0 Creep
1557 0 0 Creep
1558 0 0 Creep
1559 0 0 Creep
1560 0 0 Creep
1561 0 0 Creep
1562 0 0 Creep
1563 0 0 Creep
1564 0 0 Creep
1565 0 0 Creep
1566 0 0 Creep
1567 0 0 Creep
1568 0 0 Creep
1569 0 0 Creep
1570 0 0 Creep
1571 0 0 Creep
1572 0 0 Creep
1573 0 0 Creep
1574 0 0 Creep
1575 10 28 Creep

Cycle 
Time Speed Torque Mode
1576 12 32 Creep
1577 12 48 Creep
1578 23 37 Creep
1579 39 24 Creep
1580 59 29 Creep
1581 72 26 Creep
1582 81 23 Creep
1583 83 7 Creep
1584 67 0 Creep
1585 51 0 Creep
1586 30 0 Creep
1587 23 0 Creep
1588 0 0 Creep
1589 0 0 Creep
1590 0 0 Creep
1591 0 0 Creep
1592 0 0 Creep
1593 0 0 Creep
1594 0 0 Creep
1595 0 0 Creep
1596 0 0 Creep
1597 0 0 Creep
1598 0 0 Creep
1599 0 0 Creep
1600 0 0 Creep
1601 0 0 Creep
1602 0 0 Creep
1603 0 0 Creep
1604 0 0 Creep
1605 0 0 Creep
1606 0 0 Creep
1607 0 0 Creep
1608 0 0 Creep
1609 0 0 Creep
1610 0 0 Creep
1611 0 0 Creep
1612 0 0 Creep
1613 0 0 Creep
1614 0 0 Creep
1615 0 0 Creep
1616 0 0 Creep
1617 0 0 Creep
1618 0 0 Creep
1619 0 0 Creep
1620 0 0 Creep
1621 0 0 Creep
1622 0 0 Creep
1623 0 0 Creep
1624 0 0 Creep
1625 0 0 Creep
1626 0 0 Creep
1627 0 0 Creep
1628 0 0 Creep
1629 0 0 Creep
1630 0 0 Creep
1631 0 0 Creep
1632 0 0 Creep
1633 0 0 Creep
1634 0 0 Creep
1635 0 0 Creep
1636 0 0 Creep
1637 0 0 Creep
1638 0 0 Creep
1639 12 23 Creep
1640 9 8 Creep
1641 12 6 Creep
1642 18 10 Creep
1643 15 6 Creep
1644 14 6 Creep
1645 14 8 Creep
1646 13 13 Creep
1647 19 13 Creep
1648 20 8 Creep
1649 20 12 Creep
1650 22 7 Creep

Cycle 
Time Speed Torque Mode
1651 22 5 Creep
1652 20 4 Creep
1653 20 5 Creep
1654 18 6 Creep
1655 19 6 Creep
1656 19 6 Creep
1657 20 6 Creep
1658 19 6 Creep
1659 21 6 Creep
1660 21 6 Creep
1661 21 6 Creep
1662 21 6 Creep
1663 22 6 Creep
1664 23 6 Creep
1665 22 6 Creep
1666 22 3 Creep
1667 19 1 Creep
1668 17 2 Creep
1669 16 3 Creep
1670 15 7 Creep
1671 18 10 Creep
1672 19 5 Creep
1673 15 0 Creep
1674 13 3 Creep
1675 14 7 Creep
1676 10 0 Creep
1677 13 7 Creep
1678 14 2 Creep
1679 8 0 Creep
1680 10 2 Creep
1681 10 4 Creep
1682 6 0 Creep
1683 8 6 Creep
1684 6 7 Creep
1685 9 7 Creep
1686 9 7 Creep
1687 9 6 Creep
1688 9 5 Creep
1689 8 5 Creep
1690 5 4 Creep
1691 4 3 Creep
1692 0 0 Creep
1693 0 0 Creep
1694 0 0 Creep
1695 0 0 Creep
1696 0 0 Creep
1697 0 0 Creep
1698 0 0 Creep
1699 0 0 Creep
1700 0 0 Creep
1701 0 0 Creep
1702 0 0 Creep
1703 0 0 Creep
1704 0 0 Creep
1705 0 0 Creep
1706 0 0 Creep
1707 0 0 Creep
1708 0 0 Creep
1709 0 0 Creep
1710 0 0 Creep
1711 0 0 Creep
1712 0 0 Creep
1713 0 0 Creep
1714 0 0 Creep
1715 0 0 Creep
1716 0 0 Creep
1717 0 0 Creep
1718 0 0 Creep
1719 0 0 Creep
1720 0 0 Creep
1721 0 0 Creep
1722 0 0 Creep
1723 0 0 Creep
1724 0 0 Creep
1725 0 0 Creep

Cycle 
Time Speed Torque Mode
1726 0 0 Creep
1727 0 0 Creep
1728 0 0 Creep
1729 0 0 Creep
1730 0 0 Creep
1731 0 0 Creep
1732 0 0 Creep
1733 0 0 Creep
1734 0 0 Creep
1735 0 0 Creep
1736 8 20 Creep
1737 14 33 Creep
1738 13 48 Creep
1739 27 23 Creep
1740 30 8 Creep
1741 43 9 Creep
1742 40 9 Creep
1743 49 8 Creep
1744 47 9 Creep
1745 55 15 Creep
1746 62 19 Creep
1747 70 16 Creep
1748 69 8 Creep
1749 69 4 Creep
1750 68 6 Creep
1751 64 0 Creep
1752 66 6 Creep
1753 64 4 Creep
1754 64 4 Creep
1755 62 2 Creep
1756 57 0 Creep
1757 55 0 Creep
1758 50 0 Creep
1759 48 0 Creep
1760 44 0 Creep
1761 42 0 Creep
1762 38 0 Creep
1763 36 2 Creep
1764 34 4 Creep
1765 35 3 Creep
1766 32 2 Creep
1767 33 4 Creep
1768 31 4 Creep
1769 32 4 Creep
1770 32 4 Creep
1771 32 4 Creep
1772 32 4 Creep
1773 31 3 Creep
1774 24 0 Creep
1775 2 0 Creep
1776 0 0 Creep
1777 0 0 Creep
1778 0 0 Creep
1779 0 0 Creep
1780 0 0 Creep
1781 0 0 Creep
1782 0 0 Creep
1783 0 0 Creep
1784 0 0 Creep
1785 0 0 Creep
1786 0 0 Creep
1787 0 0 Creep
1788 0 0 Creep
1789 0 0 Creep
1790 0 0 Creep
1791 0 0 Creep
1792 0 0 Creep
1793 0 0 Creep
1794 0 0 Creep
1795 0 0 Creep
1796 0 0 Creep
1797 0 0 Creep
1798 0 0 Creep
1799 0 0 Creep
1800 0 0 Creep

A-18 



 

   

Cycle 
Time Speed Torque Mode
1801 0 0 Creep
1802 0 0 Creep
1803 0 0 Creep
1804 0 0 Creep
1805 0 0 Creep
1806 0 0 Creep
1807 0 0 Creep
1808 0 0 Creep
1809 0 0 Creep
1810 0 0 Creep
1811 0 0 Creep
1812 0 0 Creep
1813 0 0 Creep
1814 0 0 Creep
1815 0 0 Creep
1816 0 0 Creep
1817 0 0 Creep
1818 0 0 Creep
1819 0 0 Creep
1820 0 0 Creep
1821 0 0 Creep
1822 0 0 Creep
1823 0 0 Creep
1824 0 0 Creep
1825 0 0 Creep
1826 0 0 Creep
1827 0 0 Creep
1828 0 0 Creep
1829 0 0 Creep
1830 0 0 Creep
1831 10 28 Creep
1832 12 32 Creep
1833 12 48 Creep
1834 23 37 Creep
1835 39 24 Creep
1836 59 29 Creep
1837 72 26 Creep
1838 81 23 Creep
1839 83 7 Creep
1840 67 0 Creep
1841 51 0 Creep
1842 30 0 Creep
1843 23 0 Creep
1844 0 0 Creep
1845 0 0 Creep
1846 0 0 Creep
1847 0 0 Creep
1848 0 0 Creep
1849 0 0 Creep
1850 0 0 Creep
1851 0 0 Creep
1852 0 0 Creep
1853 0 0 Creep
1854 0 0 Creep
1855 0 0 Creep
1856 0 0 Creep
1857 0 0 Creep
1858 0 0 Creep
1859 0 0 Creep
1860 0 0 Creep
1861 0 0 Creep
1862 0 0 Creep
1863 0 0 Creep
1864 0 0 Creep
1865 0 0 Creep
1866 0 0 Creep
1867 0 0 Creep
1868 0 0 Creep
1869 0 0 Creep
1870 0 0 Creep
1871 0 0 Creep
1872 0 0 Creep
1873 0 0 Creep
1874 0 0 Creep
1875 0 0 Creep

Cycle 
Time Speed Torque Mode
1876 0 0 Creep
1877 0 0 Creep
1878 0 0 Creep
1879 0 0 Creep
1880 0 0 Creep
1881 0 0 Creep
1882 0 0 Creep
1883 0 0 Creep
1884 0 0 Creep
1885 0 0 Creep
1886 0 0 Creep
1887 0 0 Creep
1888 0 0 Creep
1889 0 0 Creep
1890 0 0 Creep
1891 0 0 Creep
1892 0 0 Creep
1893 0 0 Creep
1894 0 0 Creep
1895 12 23 Creep
1896 9 8 Creep
1897 12 6 Creep
1898 18 10 Creep
1899 15 6 Creep
1900 14 6 Creep
1901 14 8 Creep
1902 13 13 Creep
1903 19 13 Creep
1904 20 8 Creep
1905 20 12 Creep
1906 22 7 Creep
1907 22 5 Creep
1908 20 4 Creep
1909 20 5 Creep
1910 18 6 Creep
1911 19 6 Creep
1912 19 6 Creep
1913 20 6 Creep
1914 19 6 Creep
1915 21 6 Creep
1916 21 6 Creep
1917 21 6 Creep
1918 21 6 Creep
1919 22 6 Creep
1920 23 6 Creep
1921 22 6 Creep
1922 22 3 Creep
1923 19 1 Creep
1924 17 2 Creep
1925 16 3 Creep
1926 15 7 Creep
1927 18 10 Creep
1928 19 5 Creep
1929 15 0 Creep
1930 13 3 Creep
1931 14 7 Creep
1932 10 0 Creep
1933 13 7 Creep
1934 14 2 Creep
1935 8 0 Creep
1936 10 2 Creep
1937 10 4 Creep
1938 6 0 Creep
1939 8 6 Creep
1940 6 7 Creep
1941 9 7 Creep
1942 9 7 Creep
1943 9 6 Creep
1944 9 5 Creep
1945 8 5 Creep
1946 5 4 Creep
1947 4 3 Creep
1948 0 0 Creep
1949 0 0 Creep
1950 0 0 Creep

Cycle 
Time Speed Torque Mode
1951 0 0 Creep
1952 0 0 Creep
1953 0 0 Creep
1954 0 0 Creep
1955 0 0 Creep
1956 0 0 Creep
1957 0 0 Creep
1958 0 0 Creep
1959 0 0 Creep
1960 0 0 Creep
1961 0 0 Creep
1962 0 0 Creep
1963 0 0 Creep
1964 0 0 Creep
1965 0 0 Creep
1966 0 0 Creep
1967 0 0 Creep
1968 0 0 Creep
1969 0 0 Creep
1970 0 0 Creep
1971 0 0 Creep
1972 0 0 Creep
1973 0 0 Creep
1974 0 0 Creep
1975 0 0 Creep
1976 0 0 Creep
1977 0 0 Creep
1978 0 0 Creep
1979 0 0 Creep
1980 0 0 Creep
1981 0 0 Creep
1982 0 0 Creep
1983 0 0 Creep
1984 0 0 Creep
1985 0 0 Creep
1986 0 0 Creep
1987 0 0 Creep
1988 0 0 Creep
1989 0 0 Creep
1990 0 0 Creep
1991 0 0 Creep
1992 8 20 Creep
1993 14 33 Creep
1994 13 48 Creep
1995 27 23 Creep
1996 30 8 Creep
1997 43 9 Creep
1998 40 9 Creep
1999 49 8 Creep
2000 47 9 Creep
2001 55 15 Creep
2002 62 19 Creep
2003 70 16 Creep
2004 69 8 Creep
2005 69 4 Creep
2006 68 6 Creep
2007 64 0 Creep
2008 66 6 Creep
2009 64 4 Creep
2010 64 4 Creep
2011 62 2 Creep
2012 57 0 Creep
2013 55 0 Creep
2014 50 0 Creep
2015 48 0 Creep
2016 44 0 Creep
2017 42 0 Creep
2018 38 0 Creep
2019 36 2 Creep
2020 34 4 Creep
2021 35 3 Creep
2022 32 2 Creep
2023 33 4 Creep
2024 31 4 Creep
2025 32 4 Creep

Cycle 
Time Speed Torque Mode
2026 32 4 Creep
2027 32 4 Creep
2028 32 4 Creep
2029 31 3 Creep
2030 24 0 Creep
2031 2 0 Creep
2032 0 0 Creep
2033 0 0 Creep
2034 0 0 Creep
2035 0 0 Creep
2036 0 0 Creep
2037 0 0 Creep
2038 0 0 Creep
2039 0 0 Creep
2040 0 0 Creep
2041 0 0 Creep
2042 0 0 Creep
2043 0 0 Creep
2044 0 0 Creep
2045 0 0 Creep
2046 0 0 Creep
2047 0 0 Creep
2048 0 0 Creep
2049 0 0 Creep
2050 0 0 Creep
2051 0 0 Creep
2052 0 0 Creep
2053 0 0 Creep
2054 0 0 Creep
2055 0 0 Creep
2056 0 0 Creep
2057 0 0 Creep
2058 0 0 Creep
2059 0 0 Creep
2060 0 0 Creep
2061 0 0 Creep
2062 0 0 Creep
2063 0 0 Creep
2064 0 0 Creep
2065 0 0 Creep
2066 0 0 Creep
2067 0 0 Creep
2068 0 0 Creep
2069 0 0 Creep
2070 0 0 Creep
2071 0 0 Creep
2072 0 0 Creep
2073 0 0 Creep
2074 0 0 Creep
2075 0 0 Creep
2076 0 0 Creep
2077 0 0 Creep
2078 0 0 Creep
2079 0 0 Creep
2080 0 0 Creep
2081 0 0 Creep
2082 0 0 Creep
2083 0 0 Creep
2084 0 0 Creep
2085 0 0 Creep
2086 0 0 Creep
2087 10 28 Creep
2088 12 32 Creep
2089 12 48 Creep
2090 23 37 Creep
2091 39 24 Creep
2092 59 29 Creep
2093 72 26 Creep
2094 81 23 Creep
2095 83 7 Creep
2096 67 0 Creep
2097 51 0 Creep
2098 30 0 Creep
2099 23 0 Creep
2100 0 0 Creep

A-19 



 

    

Cycle 
Time Speed Torque Mode
2101 0 0 Creep
2102 0 0 Creep
2103 0 0 Creep
2104 0 0 Creep
2105 0 0 Creep
2106 0 0 Creep
2107 0 0 Creep
2108 0 0 Creep
2109 0 0 Creep
2110 0 0 Creep
2111 0 0 Creep
2112 0 0 Creep
2113 0 0 Creep
2114 0 0 Creep
2115 0 0 Creep
2116 0 0 Creep
2117 0 0 Creep
2118 0 0 Creep
2119 0 0 Creep
2120 0 0 Creep
2121 0 0 Creep
2122 0 0 Creep
2123 0 0 Creep
2124 0 0 Creep
2125 0 0 Creep
2126 0 0 Creep
2127 0 0 Creep
2128 0 0 Creep
2129 0 0 Creep
2130 0 0 Creep
2131 0 0 Creep
2132 0 0 Creep
2133 0 0 Creep
2134 0 0 Creep
2135 0 0 Creep
2136 0 0 Creep
2137 0 0 Creep
2138 0 0 Creep
2139 0 0 Creep
2140 0 0 Creep
2141 0 0 Creep
2142 0 0 Creep
2143 0 0 Creep
2144 0 0 Creep
2145 0 0 Creep
2146 0 0 Creep
2147 0 0 Creep
2148 0 0 Creep
2149 0 0 Creep
2150 0 0 Creep
2151 12 23 Creep
2152 9 8 Creep
2153 12 6 Creep
2154 18 10 Creep
2155 15 6 Creep
2156 14 6 Creep
2157 14 8 Creep
2158 13 13 Creep
2159 19 13 Creep
2160 20 8 Creep
2161 20 12 Creep
2162 22 7 Creep
2163 22 5 Creep
2164 20 4 Creep
2165 20 5 Creep
2166 18 6 Creep
2167 19 6 Creep
2168 19 6 Creep
2169 20 6 Creep
2170 19 6 Creep
2171 21 6 Creep
2172 21 6 Creep
2173 21 6 Creep
2174 21 6 Creep
2175 22 6 Creep

Cycle 
Time Speed Torque Mode
2176 23 6 Creep
2177 22 6 Creep
2178 22 3 Creep
2179 19 1 Creep
2180 17 2 Creep
2181 16 3 Creep
2182 15 7 Creep
2183 18 10 Creep
2184 19 5 Creep
2185 15 0 Creep
2186 13 3 Creep
2187 14 7 Creep
2188 10 0 Creep
2189 13 7 Creep
2190 14 2 Creep
2191 8 0 Creep
2192 10 2 Creep
2193 10 4 Creep
2194 6 0 Creep
2195 8 6 Creep
2196 6 7 Creep
2197 9 7 Creep
2198 9 7 Creep
2199 9 6 Creep
2200 9 5 Creep
2201 8 5 Creep
2202 5 4 Creep
2203 4 3 Creep
2204 0 0 Creep
2205 0 0 Creep
2206 0 0 Creep
2207 0 0 Creep
2208 0 0 Creep
2209 0 0 Creep
2210 0 0 Creep
2211 0 0 Creep
2212 0 0 Creep
2213 0 0 Creep
2214 0 0 Creep
2215 0 0 Creep
2216 0 0 Creep
2217 0 0 Creep
2218 0 0 Creep
2219 0 0 Creep
2220 0 0 Creep
2221 0 0 Creep
2222 0 0 Creep
2223 0 0 Creep
2224 0 0 Creep
2225 0 0 Creep
2226 0 0 Creep
2227 0 0 Creep
2228 0 0 Creep
2229 0 0 Creep
2230 0 0 Creep
2231 0 0 Creep
2232 0 0 Creep
2233 0 0 Creep
2234 0 0 Creep
2235 0 0 Creep
2236 0 0 Creep
2237 0 0 Creep
2238 0 0 Creep
2239 0 0 Creep
2240 0 0 Creep
2241 0 0 Creep
2242 0 0 Creep
2243 0 0 Creep
2244 0 0 Creep
2245 0 0 Creep
2246 0 0 Creep
2247 0 0 Creep
2248 8 20 Creep
2249 14 33 Creep
2250 13 48 Creep

Cycle 
Time Speed Torque Mode
2251 27 23 Creep
2252 30 8 Creep
2253 43 9 Creep
2254 40 9 Creep
2255 49 8 Creep
2256 47 9 Creep
2257 55 15 Creep
2258 62 19 Creep
2259 70 16 Creep
2260 69 8 Creep
2261 69 4 Creep
2262 68 6 Creep
2263 64 0 Creep
2264 66 6 Creep
2265 64 4 Creep
2266 64 4 Creep
2267 62 2 Creep
2268 57 0 Creep
2269 55 0 Creep
2270 50 0 Creep
2271 48 0 Creep
2272 44 0 Creep
2273 42 0 Creep
2274 38 0 Creep
2275 36 2 Creep
2276 34 4 Creep
2277 35 3 Creep
2278 32 2 Creep
2279 33 4 Creep
2280 31 4 Creep
2281 32 4 Creep
2282 32 4 Creep
2283 32 4 Creep
2284 32 4 Creep
2285 31 3 Creep
2286 24 0 Creep
2287 2 0 Creep
2288 0 0 Creep
2289 0 0 Creep
2290 0 0 Creep
2291 0 0 Creep
2292 0 0 Creep
2293 0 0 Creep
2294 0 0 Creep
2295 0 0 Creep
2296 0 0 Creep
2297 0 0 Creep
2298 0 0 Creep
2299 0 0 Creep
2300 0 0 Creep
2301 0 0 Creep
2302 0 0 Creep
2303 0 0 Creep
2304 0 0 Creep
2305 0 0 Creep
2306 0 0 Creep
2307 0 0 Creep
2308 0 0 Creep
2309 0 0 Creep
2310 0 0 Creep
2311 0 0 Creep
2312 0 0 Creep
2313 0 0 Creep
2314 0 0 Creep
2315 0 0 Creep
2316 0 0 Creep
2317 0 0 Creep
2318 0 0 Creep
2319 0 0 Creep
2320 0 0 Creep
2321 0 0 Creep
2322 0 0 Creep
2323 0 0 Creep
2324 0 0 Creep
2325 0 0 Creep

Cycle 
Time Speed Torque Mode
2326 0 0 Creep
2327 0 0 Creep
2328 0 0 Creep
2329 0 0 Creep
2330 0 0 Creep
2331 0 0 Creep
2332 0 0 Creep
2333 0 0 Creep
2334 0 0 Creep
2335 0 0 Creep
2336 0 0 Creep
2337 0 0 Creep
2338 0 0 Creep
2339 0 0 Creep
2340 0 0 Creep
2341 0 0 Creep
2342 0 0 Creep
2343 10 28 Creep
2344 12 32 Creep
2345 12 48 Creep
2346 23 37 Creep
2347 39 24 Creep
2348 59 29 Creep
2349 72 26 Creep
2350 81 23 Creep
2351 83 7 Creep
2352 67 0 Creep
2353 51 0 Creep
2354 30 0 Creep
2355 23 0 Creep
2356 0 0 Creep
2357 0 0 Creep
2358 0 0 Creep
2359 0 0 Creep
2360 0 0 Creep
2361 0 0 Creep
2362 0 0 Creep
2363 0 0 Creep
2364 0 0 Creep
2365 0 0 Creep
2366 0 0 Creep
2367 0 0 Creep
2368 0 0 Creep
2369 0 0 Creep
2370 0 0 Creep
2371 0 0 Creep
2372 0 0 Creep
2373 0 0 Creep
2374 0 0 Creep
2375 0 0 Creep
2376 0 0 Creep
2377 0 0 Creep
2378 0 0 Creep
2379 0 0 Creep
2380 0 0 Creep
2381 0 0 Creep
2382 0 0 Creep
2383 0 0 Creep
2384 0 0 Creep
2385 0 0 Creep
2386 0 0 Creep
2387 0 0 Creep
2388 0 0 Creep
2389 0 0 Creep
2390 0 0 Creep
2391 0 0 Creep
2392 0 0 Creep
2393 0 0 Creep
2394 0 0 Creep
2395 0 0 Creep
2396 0 0 Creep
2397 0 0 Creep
2398 0 0 Creep
2399 0 0 Creep
2400 0 0 Creep

A-20 



 

     

Cycle 
Time Speed Torque Mode
2401 0 0 Creep
2402 0 0 Creep
2403 0 0 Creep
2404 0 0 Creep
2405 0 0 Creep
2406 0 0 Creep
2407 12 23 Creep
2408 9 8 Creep
2409 12 6 Creep
2410 18 10 Creep
2411 15 6 Creep
2412 14 6 Creep
2413 14 8 Creep
2414 13 13 Creep
2415 19 13 Creep
2416 20 8 Creep
2417 20 12 Creep
2418 22 7 Creep
2419 22 5 Creep
2420 20 4 Creep
2421 20 5 Creep
2422 18 6 Creep
2423 19 6 Creep
2424 19 6 Creep
2425 20 6 Creep
2426 19 6 Creep
2427 21 6 Creep
2428 21 6 Creep
2429 21 6 Creep
2430 21 6 Creep
2431 22 6 Creep
2432 23 6 Creep
2433 22 6 Creep
2434 22 3 Creep
2435 19 1 Creep
2436 17 2 Creep
2437 16 3 Creep
2438 15 7 Creep
2439 18 10 Creep
2440 19 5 Creep
2441 15 0 Creep
2442 13 3 Creep
2443 14 7 Creep
2444 10 0 Creep
2445 13 7 Creep
2446 14 2 Creep
2447 8 0 Creep
2448 10 2 Creep
2449 10 4 Creep
2450 6 0 Creep
2451 8 6 Creep
2452 6 7 Creep
2453 9 7 Creep
2454 9 7 Creep
2455 9 6 Creep
2456 9 5 Creep
2457 8 5 Creep
2458 5 4 Creep
2459 4 3 Creep
2460 0 0 Creep
2461 0 0 Creep
2462 0 0 Creep
2463 0 0 Creep
2464 0 0 Creep
2465 0 0 Creep
2466 0 0 Creep
2467 0 0 Creep
2468 0 0 Creep
2469 0 0 Creep
2470 0 0 Creep
2471 0 0 Creep
2472 0 0 Creep
2473 0 0 Creep
2474 0 0 Creep
2475 0 0 Creep

Cycle 
Time Speed Torque Mode
2476 0 0 Creep
2477 0 0 Creep
2478 0 0 Creep
2479 0 0 Creep
2480 0 0 Creep
2481 0 0 Creep
2482 0 0 Creep
2483 0 0 Creep
2484 0 0 Creep
2485 0 0 Creep
2486 0 0 Creep
2487 0 0 Creep
2488 0 0 Creep
2489 0 0 Creep
2490 0 0 Creep
2491 0 0 Creep
2492 0 0 Creep
2493 0 0 Creep
2494 0 0 Creep
2495 0 0 Creep
2496 0 0 Creep
2497 0 0 Creep
2498 0 0 Creep
2499 0 0 Creep
2500 0 0 Creep
2501 0 0 Creep
2502 0 0 Creep
2503 0 0 Creep
2504 8 20 Creep
2505 14 33 Creep
2506 13 48 Creep
2507 27 23 Creep
2508 30 8 Creep
2509 43 9 Creep
2510 40 9 Creep
2511 49 8 Creep
2512 47 9 Creep
2513 55 15 Creep
2514 62 19 Creep
2515 70 16 Creep
2516 69 8 Creep
2517 69 4 Creep
2518 68 6 Creep
2519 64 0 Creep
2520 66 6 Creep
2521 64 4 Creep
2522 64 4 Creep
2523 62 2 Creep
2524 57 0 Creep
2525 55 0 Creep
2526 50 0 Creep
2527 48 0 Creep
2528 44 0 Creep
2529 42 0 Creep
2530 38 0 Creep
2531 36 2 Creep
2532 34 4 Creep
2533 35 3 Creep
2534 32 2 Creep
2535 33 4 Creep
2536 31 4 Creep
2537 32 4 Creep
2538 32 4 Creep
2539 32 4 Creep
2540 32 4 Creep
2541 31 3 Creep
2542 24 0 Creep
2543 2 0 Creep
2544 0 0 Creep
2545 0 0 Creep
2546 0 0 Creep
2547 0 0 Creep
2548 0 0 Creep
2549 0 0 Creep
2550 0 0 Creep

Cycle 
Time Speed Torque Mode
2551 0 0 Creep
2552 0 0 Creep
2553 0 0 Creep
2554 0 0 Creep
2555 0 0 Creep
2556 0 0 Creep
2557 0 0 Creep
2558 0 0 Creep
2559 0 0 Creep
2560 0 0 Creep
2561 0 0 Creep
2562 0 0 Creep
2563 0 0 Creep
2564 0 0 Creep
2565 0 0 Creep
2566 0 0 Creep
2567 0 0 Creep
2568 0 0 Creep
2569 0 0 Creep
2570 0 0 Creep
2571 0 0 Creep
2572 0 0 Creep
2573 0 0 Creep
2574 0 0 Creep
2575 0 0 Creep
2576 0 0 Creep
2577 0 0 Creep
2578 0 0 Creep
2579 0 0 Creep
2580 0 0 Creep
2581 0 0 Creep
2582 0 0 Creep
2583 0 0 Creep
2584 0 0 Creep
2585 0 0 Creep
2586 0 0 Creep
2587 0 0 Creep
2588 0 0 Creep
2589 0 0 Creep
2590 0 0 Creep
2591 0 0 Creep
2592 0 0 Creep
2593 0 0 Creep
2594 0 0 Creep
2595 0 0 Creep
2596 0 0 Creep
2597 0 0 Creep
2598 0 0 Creep
2599 10 28 Creep
2600 12 32 Creep
2601 12 48 Creep
2602 23 37 Creep
2603 39 24 Creep
2604 59 29 Creep
2605 72 26 Creep
2606 81 23 Creep
2607 83 7 Creep
2608 67 0 Creep
2609 51 0 Creep
2610 30 0 Creep
2611 23 0 Creep
2612 0 0 Creep
2613 0 0 Creep
2614 0 0 Creep
2615 0 0 Creep
2616 0 0 Creep
2617 0 0 Creep
2618 0 0 Creep
2619 0 0 Creep
2620 0 0 Creep
2621 0 0 Creep
2622 0 0 Creep
2623 0 0 Creep
2624 0 0 Creep
2625 0 0 Creep

Cycle 
Time Speed Torque Mode
2626 0 0 Creep
2627 0 0 Creep
2628 0 0 Creep
2629 0 0 Creep
2630 0 0 Creep
2631 0 0 Creep
2632 0 0 Creep
2633 0 0 Creep
2634 0 0 Creep
2635 0 0 Creep
2636 0 0 Creep
2637 0 0 Creep
2638 0 0 Creep
2639 0 0 Creep
2640 0 0 Creep
2641 0 0 Creep
2642 0 0 Creep
2643 0 0 Creep
2644 0 0 Creep
2645 0 0 Creep
2646 0 0 Creep
2647 0 0 Creep
2648 0 0 Creep
2649 0 0 Creep
2650 0 0 Creep
2651 0 0 Creep
2652 0 0 Creep
2653 0 0 Creep
2654 0 0 Creep
2655 0 0 Creep
2656 0 0 Creep
2657 0 0 Creep
2658 0 0 Creep
2659 0 0 Creep
2660 0 0 Creep
2661 0 0 Creep
2662 0 0 Creep
2663 12 23 Creep
2664 9 8 Creep
2665 12 6 Creep
2666 18 10 Creep
2667 15 6 Creep
2668 14 6 Creep
2669 14 8 Creep
2670 13 13 Creep
2671 19 13 Creep
2672 20 8 Creep
2673 20 12 Creep
2674 22 7 Creep
2675 22 5 Creep
2676 20 4 Creep
2677 20 5 Creep
2678 18 6 Creep
2679 19 6 Creep
2680 19 6 Creep
2681 20 6 Creep
2682 19 6 Creep
2683 21 6 Creep
2684 21 6 Creep
2685 21 6 Creep
2686 21 6 Creep
2687 22 6 Creep
2688 23 6 Creep
2689 22 6 Creep
2690 22 3 Creep
2691 19 1 Creep
2692 17 2 Creep
2693 16 3 Creep
2694 15 7 Creep
2695 18 10 Creep
2696 19 5 Creep
2697 15 0 Creep
2698 13 3 Creep
2699 14 7 Creep
2700 10 0 Creep
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Cycle 
Time Speed Torque Mode
2701 13 7 Creep
2702 14 2 Creep
2703 8 0 Creep
2704 10 2 Creep
2705 10 4 Creep
2706 6 0 Creep
2707 8 6 Creep
2708 6 7 Creep
2709 9 7 Creep
2710 9 7 Creep
2711 9 6 Creep
2712 9 5 Creep
2713 8 5 Creep
2714 5 4 Creep
2715 4 3 Creep
2716 0 0 Creep
2717 0 0 Creep
2718 0 0 Creep
2719 0 0 Creep
2720 0 0 Creep
2721 0 0 Creep
2722 0 0 Creep
2723 0 0 Creep
2724 0 0 Creep
2725 0 0 Creep
2726 0 0 Creep
2727 0 0 Creep
2728 0 0 Creep
2729 0 0 Creep
2730 0 0 Creep
2731 0 0 Creep
2732 0 0 Creep
2733 0 0 Creep
2734 0 0 Creep
2735 0 0 Creep
2736 0 0 Creep
2737 0 0 Creep
2738 0 0 Creep
2739 0 0 Creep
2740 0 0 Creep
2741 0 0 Creep
2742 0 0 Creep
2743 0 0 Creep
2744 0 0 Creep
2745 0 0 Creep
2746 0 0 Creep
2747 0 0 Creep
2748 0 0 Creep
2749 0 0 Creep
2750 0 0 Creep
2751 0 0 Creep
2752 0 0 Creep
2753 0 0 Creep
2754 0 0 Creep
2755 0 0 Creep
2756 0 0 Creep
2757 0 0 Creep
2758 0 0 Creep
2759 0 0 Creep
2760 8 20 Creep
2761 14 33 Creep
2762 13 48 Creep
2763 27 23 Creep
2764 30 8 Creep
2765 43 9 Creep
2766 40 9 Creep
2767 49 8 Creep
2768 47 9 Creep
2769 55 15 Creep
2770 62 19 Creep
2771 70 16 Creep
2772 69 8 Creep
2773 69 4 Creep
2774 68 6 Creep
2775 64 0 Creep

Cycle 
Time Speed Torque Mode
2776 66 6 Creep
2777 64 4 Creep
2778 64 4 Creep
2779 62 2 Creep
2780 57 0 Creep
2781 55 0 Creep
2782 50 0 Creep
2783 48 0 Creep
2784 44 0 Creep
2785 42 0 Creep
2786 38 0 Creep
2787 36 2 Creep
2788 34 4 Creep
2789 35 3 Creep
2790 32 2 Creep
2791 33 4 Creep
2792 31 4 Creep
2793 32 4 Creep
2794 32 4 Creep
2795 32 4 Creep
2796 32 4 Creep
2797 31 3 Creep
2798 24 0 Creep
2799 2 0 Creep
2800 0 0 Creep
2801 0 0 Creep
2802 0 0 Creep
2803 0 0 Creep
2804 0 0 Creep
2805 0 0 Creep
2806 0 0 Creep
2807 0 0 Creep
2808 0 0 Creep
2809 0 0 Creep
2810 0 0 Creep
2811 0 0 Creep
2812 0 0 Creep
2813 0 0 Creep
2814 0 0 Creep
2815 0 0 Creep
2816 0 0 Creep
2817 0 0 Creep
2818 0 0 Creep
2819 0 0 Creep
2820 0 0 Creep
2821 0 0 Creep
2822 0 0 Creep
2823 0 0 Creep
2824 0 0 Creep
2825 0 0 Creep
2826 0 0 Creep
2827 0 0 Creep
2828 0 0 Creep
2829 0 0 Creep
2830 0 0 Creep
2831 0 0 Creep
2832 0 0 Creep
2833 0 0 Creep
2834 0 0 Creep
2835 0 0 Creep
2836 0 0 Creep
2837 0 0 Creep
2838 0 0 Creep
2839 0 0 Creep
2840 0 0 Creep
2841 0 0 Creep
2842 0 0 Creep
2843 0 0 Creep
2844 0 0 Creep
2845 0 0 Creep
2846 0 0 Creep
2847 0 0 Creep
2848 0 0 Creep
2849 0 0 Creep
2850 0 0 Creep

Cycle 
Time Speed Torque Mode
2851 0 0 Creep
2852 0 0 Creep
2853 0 0 Creep
2854 0 0 Creep
2855 10 28 Creep
2856 12 32 Creep
2857 12 48 Creep
2858 23 37 Creep
2859 39 24 Creep
2860 59 29 Creep
2861 72 26 Creep
2862 81 23 Creep
2863 83 7 Creep
2864 67 0 Creep
2865 51 0 Creep
2866 30 0 Creep
2867 23 0 Creep
2868 0 0 Creep
2869 0 0 Creep
2870 0 0 Creep
2871 0 0 Creep
2872 0 0 Creep
2873 0 0 Creep
2874 0 0 Creep
2875 0 0 Creep
2876 0 0 Creep
2877 0 0 Creep
2878 0 0 Creep
2879 0 0 Creep
2880 0 0 Creep
2881 0 0 Creep
2882 0 0 Creep
2883 0 0 Creep
2884 0 0 Creep
2885 0 0 Creep
2886 0 0 Creep
2887 0 0 Creep
2888 0 0 Creep
2889 0 0 Creep
2890 0 0 Creep
2891 0 0 Creep
2892 0 0 Creep
2893 0 0 Creep
2894 0 0 Creep
2895 0 0 Creep
2896 0 0 Creep
2897 0 0 Creep
2898 0 0 Creep
2899 0 0 Creep
2900 0 0 Creep
2901 0 0 Creep
2902 0 0 Creep
2903 0 0 Creep
2904 0 0 Creep
2905 0 0 Creep
2906 0 0 Creep
2907 0 0 Creep
2908 0 0 Creep
2909 0 0 Creep
2910 0 0 Creep
2911 0 0 Creep
2912 0 0 Creep
2913 0 0 Creep
2914 0 0 Creep
2915 0 0 Creep
2916 0 0 Creep
2917 0 0 Creep
2918 0 0 Creep
2919 12 23 Creep
2920 9 8 Creep
2921 12 6 Creep
2922 18 10 Creep
2923 15 6 Creep
2924 14 6 Creep
2925 14 8 Creep

Cycle 
Time Speed Torque Mode
2926 13 13 Creep
2927 19 13 Creep
2928 20 8 Creep
2929 20 12 Creep
2930 22 7 Creep
2931 22 5 Creep
2932 20 4 Creep
2933 20 5 Creep
2934 18 6 Creep
2935 19 6 Creep
2936 19 6 Creep
2937 20 6 Creep
2938 19 6 Creep
2939 21 6 Creep
2940 21 6 Creep
2941 21 6 Creep
2942 21 6 Creep
2943 22 6 Creep
2944 23 6 Creep
2945 22 6 Creep
2946 22 3 Creep
2947 19 1 Creep
2948 17 2 Creep
2949 16 3 Creep
2950 15 7 Creep
2951 18 10 Creep
2952 19 5 Creep
2953 15 0 Creep
2954 13 3 Creep
2955 14 7 Creep
2956 10 0 Creep
2957 13 7 Creep
2958 14 2 Creep
2959 8 0 Creep
2960 10 2 Creep
2961 10 4 Creep
2962 6 0 Creep
2963 8 6 Creep
2964 6 7 Creep
2965 9 7 Creep
2966 9 7 Creep
2967 9 6 Creep
2968 9 5 Creep
2969 8 5 Creep
2970 5 4 Creep
2971 4 3 Creep
2972 0 0 Creep
2973 0 0 Creep
2974 0 0 Creep
2975 0 0 Creep
2976 0 0 Creep
2977 0 0 Creep
2978 0 0 Creep
2979 0 0 Creep
2980 0 0 Creep
2981 0 0 Creep
2982 0 0 Creep
2983 0 0 Creep
2984 0 0 Creep
2985 0 0 Creep
2986 0 0 Creep
2987 0 0 Creep
2988 0 0 Creep
2989 0 0 Creep
2990 0 0 Creep
2991 0 0 Creep
2992 0 0 Creep
2993 0 0 Creep
2994 0 0 Creep
2995 0 0 Creep
2996 0 0 Creep
2997 0 0 Creep
2998 0 0 Creep
2999 0 0 Creep
3000 0 0 Creep

A-22 



 

     

Cycle 
Time Speed Torque Mode
3001 0 0 Creep
3002 0 0 Creep
3003 0 0 Creep
3004 0 0 Creep
3005 0 0 Creep
3006 0 0 Creep
3007 0 0 Creep
3008 0 0 Creep
3009 0 0 Creep
3010 0 0 Creep
3011 0 0 Creep
3012 0 0 Creep
3013 0 0 Creep
3014 0 0 Creep
3015 0 0 Creep
3016 8 20 Creep
3017 14 33 Creep
3018 13 48 Creep
3019 27 23 Creep
3020 30 8 Creep
3021 43 9 Creep
3022 40 9 Creep
3023 49 8 Creep
3024 47 9 Creep
3025 55 15 Creep
3026 62 19 Creep
3027 70 16 Creep
3028 69 8 Creep
3029 69 4 Creep
3030 68 6 Creep
3031 64 0 Creep
3032 66 6 Creep
3033 64 4 Creep
3034 64 4 Creep
3035 62 2 Creep
3036 57 0 Creep
3037 55 0 Creep
3038 50 0 Creep
3039 48 0 Creep
3040 44 0 Creep
3041 42 0 Creep
3042 38 0 Creep
3043 36 2 Creep
3044 34 4 Creep
3045 35 3 Creep
3046 32 2 Creep
3047 33 4 Creep
3048 31 4 Creep
3049 32 4 Creep
3050 32 4 Creep
3051 32 4 Creep
3052 32 4 Creep
3053 31 3 Creep
3054 24 0 Creep
3055 2 0 Creep
3056 0 0 Creep
3057 0 0 Creep
3058 0 0 Creep
3059 0 0 Creep
3060 0 0 Creep
3061 0 0 Creep
3062 0 0 Creep
3063 0 0 Creep
3064 0 0 Creep
3065 0 0 Creep
3066 0 0 Creep
3067 0 0 Creep
3068 0 0 Creep
3069 0 0 Creep
3070 0 0 Creep
3071 0 0 Creep
3072 0 0 Creep
3073 0 0 Creep
3074 0 0 Creep
3075 0 0 Creep

Cycle 
Time Speed Torque Mode
3076 0 0 Creep
3077 0 0 Creep
3078 0 0 Creep
3079 0 0 Creep
3080 0 0 Creep
3081 0 0 Creep
3082 0 0 Creep
3083 0 0 Creep
3084 0 0 Creep
3085 0 0 Creep
3086 0 0 Creep
3087 0 0 Creep
3088 0 0 Creep
3089 0 0 Creep
3090 0 0 Creep
3091 0 0 Creep
3092 0 0 Creep
3093 0 0 Creep
3094 0 0 Creep
3095 0 0 Creep
3096 0 0 Creep
3097 0 0 Creep
3098 0 0 Creep
3099 0 0 Creep
3100 0 0 Creep
3101 0 0 Creep
3102 0 0 Creep
3103 0 0 Creep
3104 0 0 Creep
3105 0 0 Creep
3106 0 0 Creep
3107 0 0 Creep
3108 0 0 Creep
3109 0 0 Creep
3110 0 0 Creep
3111 10 28 Creep
3112 12 32 Creep
3113 12 48 Creep
3114 23 37 Creep
3115 39 24 Creep
3116 59 29 Creep
3117 72 26 Creep
3118 81 23 Creep
3119 83 7 Creep
3120 67 0 Creep
3121 51 0 Creep
3122 30 0 Creep
3123 23 0 Creep
3124 0 0 Creep
3125 0 0 Creep
3126 0 0 Creep
3127 0 0 Creep
3128 0 0 Creep
3129 0 0 Creep
3130 0 0 Creep
3131 0 0 Creep
3132 0 0 Creep
3133 0 0 Creep
3134 0 0 Creep
3135 0 0 Creep
3136 0 0 Creep
3137 0 0 Creep
3138 0 0 Creep
3139 0 0 Creep
3140 0 0 Creep
3141 0 0 Creep
3142 0 0 Creep
3143 0 0 Creep
3144 0 0 Creep
3145 0 0 Creep
3146 0 0 Creep
3147 0 0 Creep
3148 0 0 Creep
3149 0 0 Creep
3150 0 0 Creep

Cycle 
Time Speed Torque Mode
3151 0 0 Creep
3152 0 0 Creep
3153 0 0 Creep
3154 0 0 Creep
3155 0 0 Creep
3156 0 0 Creep
3157 0 0 Creep
3158 0 0 Creep
3159 0 0 Creep
3160 0 0 Creep
3161 0 0 Creep
3162 0 0 Creep
3163 0 0 Creep
3164 0 0 Creep
3165 0 0 Creep
3166 0 0 Creep
3167 0 0 Creep
3168 0 0 Creep
3169 0 0 Creep
3170 0 0 Creep
3171 0 0 Creep
3172 0 0 Creep
3173 0 0 Creep
3174 0 0 Creep
3175 12 23 Creep
3176 9 8 Creep
3177 12 6 Creep
3178 18 10 Creep
3179 15 6 Creep
3180 14 6 Creep
3181 14 8 Creep
3182 13 13 Creep
3183 19 13 Creep
3184 20 8 Creep
3185 20 12 Creep
3186 22 7 Creep
3187 22 5 Creep
3188 20 4 Creep
3189 20 5 Creep
3190 18 6 Creep
3191 19 6 Creep
3192 19 6 Creep
3193 20 6 Creep
3194 19 6 Creep
3195 21 6 Creep
3196 21 6 Creep
3197 21 6 Creep
3198 21 6 Creep
3199 22 6 Creep
3200 23 6 Creep
3201 22 6 Creep
3202 22 3 Creep
3203 19 1 Creep
3204 17 2 Creep
3205 16 3 Creep
3206 15 7 Creep
3207 18 10 Creep
3208 19 5 Creep
3209 15 0 Creep
3210 13 3 Creep
3211 14 7 Creep
3212 10 0 Creep
3213 13 7 Creep
3214 14 2 Creep
3215 8 0 Creep
3216 10 2 Creep
3217 10 4 Creep
3218 6 0 Creep
3219 8 6 Creep
3220 6 7 Creep
3221 9 7 Creep
3222 9 7 Creep
3223 9 6 Creep
3224 9 5 Creep
3225 8 5 Creep

Cycle 
Time Speed Torque Mode
3226 5 4 Creep
3227 4 3 Creep
3228 0 0 Creep
3229 0 0 Creep
3230 0 0 Creep
3231 0 0 Creep
3232 0 0 Creep
3233 0 0 Creep
3234 0 0 Creep
3235 0 0 Creep
3236 0 0 Creep
3237 0 0 Creep
3238 0 0 Creep
3239 0 0 Creep
3240 0 0 Creep
3241 0 0 Creep
3242 0 0 Creep
3243 0 0 Creep
3244 0 0 Creep
3245 0 0 Creep
3246 0 0 Creep
3247 0 0 Creep
3248 0 0 Creep
3249 0 0 Creep
3250 0 0 Creep
3251 0 0 Creep
3252 0 0 Creep
3253 0 0 Creep
3254 0 0 Creep
3255 0 0 Creep
3256 0 0 Creep
3257 0 0 Creep
3258 0 0 Creep
3259 0 0 Creep
3260 0 0 Creep
3261 0 0 Creep
3262 0 0 Creep
3263 0 0 Creep
3264 0 0 Creep
3265 0 0 Creep
3266 0 0 Creep
3267 0 0 Creep
3268 0 0 Creep
3269 0 0 Creep
3270 0 0 Creep
3271 0 0 Creep
3272 8 20 Creep
3273 14 33 Creep
3274 13 48 Creep
3275 27 23 Creep
3276 30 8 Creep
3277 43 9 Creep
3278 40 9 Creep
3279 49 8 Creep
3280 47 9 Creep
3281 55 15 Creep
3282 62 19 Creep
3283 70 16 Creep
3284 69 8 Creep
3285 69 4 Creep
3286 68 6 Creep
3287 64 0 Creep
3288 66 6 Creep
3289 64 4 Creep
3290 64 4 Creep
3291 62 2 Creep
3292 57 0 Creep
3293 55 0 Creep
3294 50 0 Creep
3295 48 0 Creep
3296 44 0 Creep
3297 42 0 Creep
3298 38 0 Creep
3299 36 2 Creep
3300 34 4 Creep

Cycle 
Time Speed Torque Mode
3301 35 3 Creep
3302 32 2 Creep
3303 33 4 Creep
3304 31 4 Creep
3305 32 4 Creep
3306 32 4 Creep
3307 32 4 Creep
3308 32 4 Creep
3309 31 3 Creep
3310 24 0 Creep
3311 2 0 Creep
3312 0 0 Creep
3313 0 0 Creep
3314 0 0 Creep
3315 0 0 Creep
3316 0 0 Creep
3317 0 0 Creep
3318 0 0 Creep
3319 0 0 Creep
3320 0 0 Creep

A-23 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
7 0 0
8 0 0
9 0 0

10 0 0
11 0 0
12 0 0
13 0 0
14 0 0
15 0 0
16 0 0
17 0 0
18 0 0
19 0 0
20 0 0
21 0 0
22 10.96429 50.37443
23 37.14286 38.82918
24 59.5 50.81015
25 70.51786 44.42186
26 66.99107 50.99183
27 68.16071 53.64888
28 47.04464 56.11299
29 44.00893 30.51037
30 52.86607 42.06924
31 60.29464 45.02205
32 62.61607 47.68288
33 38.90179 23.86613
34 39.89286 10.65404
35 36.73214 -1
36 34.11607 -1
37 31.36607 -1
38 29.20536 -1
39 26.47321 -1
40 24.00893 -1
41 21.5625 -1
42 15.96429 -1
43 28.39286 -1
44 23.47321 -1
45 19.63393 -1
46 10.78571 7.446933
47 5.767857 6.01903
48 0 0
49 0 0
50 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
50 0 0
51 0 0
52 12.9375 44.83105
53 43.67857 36.357
54 68.98214 60.01164
55 81.5 64.81707
56 74.8125 68.88076
57 77.5 48.58839
58 36.80357 -1
59 34.77679 -1
60 20.38393 -1
61 6.580357 6.753592
62 5.089286 14.39828
63 0 0
64 0 0
65 0 0
66 0 0
67 0 0
68 0 0
69 0 0
70 0 0
71 0 0
72 0 0
73 0 0
74 0 0
75 0 0
76 0 0
77 0 0
78 0 0
79 0 0
80 0 0
81 8.473214 48.34515
82 32.28571 35.11691
83 38.125 27.31214
84 44.84821 30.50815
85 54.07143 31.76559
86 64.91071 30.10199
87 11.875 -1
88 5.6875 20.21093
89 6.428571 9.951207
90 6.785714 9.882532
91 0 0
92 0 0
93 0 0
94 0 0
95 0 0
96 0 0
97 0 0
98 0 0
99 0 0

100 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
101 0 0
102 0 0
103 0 0
104 0 0
105 0 0
106 0 0
107 0 0
108 0.946429 30.93163
109 27.38393 46.92834
110 54.25893 40.90372
111 69.85714 51.69378
112 76.55357 59.06927
113 72.44643 62.51268
114 47.94643 62.2336
115 49.35714 33.94065
116 44 -1
117 39.40179 -1
118 22.98214 -1
119 10.1875 -1
120 2.4375 12.3983
121 6.035714 5.266661
122 0 5.234652
123 0 0
124 0 0
125 0 0
126 0 0
127 0 0
128 0 0
129 0 0
130 0 0
131 0 0
132 0 0
133 0 0
134 0 0
135 0 0
136 0 0
137 0 0
138 0 0
139 0 0
140 0 0
141 1.071429 27.32739
142 19.00893 43.99111
143 34.63393 34.34389
144 48.40179 42.84622
145 68.11607 49.78861
146 73.47321 43.41358
147 61.99107 46.79867
148 63.17857 45.44172
149 32.61607 -1
150 31.59821 11.32443

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
151 32.35714 14.71755
152 34.375 17.82685
153 36.3125 18.7667
154 38.33036 19.65006
155 40.17857 19.45694
156 42.00893 18.26826
157 42.89286 7.230355
158 37.61607 -1
159 33.45536 -1
160 29.47321 -1
161 13.34821 -1
162 3.223214 10.63345
163 2.330357 11.48201
164 0 0
165 0 0
166 0 0
167 0 0
168 0 0
169 0 0
170 0 0
171 0 0
172 0 0
173 0 0
174 0 0
175 0 0
176 0 0
177 0 0
178 0 0
179 0 0
180 22.08036 47.97727
181 48.39286 40.99476
182 75.57143 63.32286
183 83.75 68.81641
184 80.16964 72.50389
185 47.23214 73.10508
186 58.41071 54.11999
187 63.66071 58.93658
188 41.01786 61.21143
189 50.21429 59.87732
190 55.54464 59.45616
191 61.92857 60.56726
192 65.21429 58.72597
193 33.20536 65.10192
194 37 59.22847
195 39.97321 64.61828
196 43.77679 65.51138
197 46.63393 68.30717
198 50.13393 68.8704
199 52.00893 -1
200 47.64286 -1

TABLE A-3.  OCTA BUS CYCLE 
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
201 34.8125 -1
202 22.70536 -1
203 39.41964 -1
204 28.46429 -1
205 20.61607 -1
206 28.52679 -1
207 3.294643 8.036392
208 0 0
209 0 0
210 0 0
211 0 0
212 0 0
213 0 0
214 0 0
215 0 0
216 0 0
217 0 0
218 0 0
219 0 0
220 0 0
221 0 0
222 0 0
223 0 0
224 0 0
225 0 0
226 2.651786 51.89371
227 33.03571 42.06337
228 57.08036 55.05928
229 70.46429 49.385
230 74.77679 53.84564
231 62.40179 45.36519
232 36.41964 30.4467
233 32.58929 36.96152
234 41.54464 37.14239
235 47.25893 39.40986
236 53.74107 37.45556
237 57.94643 30.94614
238 59.33929 18.25522
239 60.70536 17.10864
240 34.98214 36.3868
241 38.07143 32.7708
242 40.92857 30.46419
243 43.24107 31.51385
244 45.98214 32.5464
245 48.24107 28.28985
246 50.24107 27.17963
247 52.41071 28.41281
248 52.54464 12.55852
249 47.90179 -1
250 47.375 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
251 44.51786 9.358948
252 44.23214 9.355486
253 41.26786 -1
254 39.25 8.421607
255 38.97321 5.194152
256 38.375 5.254429
257 37.64286 5.293883
258 37.0625 6.424629
259 36.36607 5.362522
260 35.51786 -1
261 32.11607 -1
262 30.04464 -1
263 27.32143 -1
264 16.04464 -1
265 23 -1
266 5.607143 7.811011
267 0 0
268 0 0
269 0 0
270 0 0
271 0 0
272 0 0
273 0 0
274 0 0
275 0 0
276 0 0
277 0 0
278 0 0
279 0 0
280 0 0
281 0 0
282 0 0
283 0 0
284 0 0
285 0 0
286 1.8125 39.64937
287 29.58036 46.07852
288 45.80357 36.0833
289 67.11607 53.43328
290 80.52679 64.60138
291 78.23214 70.27203
292 50.14286 77.87595
293 58.99107 73.93225
294 64.15179 64.07291
295 42.17857 64.48703
296 52.58036 69.27063
297 60.24107 74.23807
298 65.15179 73.46609
299 34.91071 80.70232
300 39.52679 60.19222

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
301 41.11607 38.1061
302 37.83036 -1
303 36.375 -1
304 30.375 -1
305 21.98214 -1
306 39.3125 -1
307 26.34821 -1
308 36.05357 -1
309 20.10714 -1
310 7.348214 12.55245
311 2.321429 11.09565
312 0 0
313 0 0
314 0 0
315 0 0
316 0 0
317 0 0
318 0 0
319 0 0
320 0 0
321 0 0
322 0 0
323 0 0
324 0 0
325 0 0
326 0 0
327 0 0
328 0 0
329 18.84821 52.20534
330 47.33036 41.53946
331 59.54464 48.72673
332 57.30357 33.20694
333 72.69643 46.59429
334 54.14286 35.32831
335 48.60714 30.54214
336 31.86607 25.93765
337 36.58036 32.27602
338 42.49107 35.97966
339 48.40179 37.16944
340 54.02679 36.41789
341 59.5 36.8624
342 49.67857 39.57639
343 37.52679 37.09415
344 42.73214 34.78719
345 45.64286 35.97076
346 48.625 36.02016
347 51.51786 36.18501
348 55.20536 36.53177
349 57.77679 35.51306
350 61.0625 35.66447

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
351 63.02679 27.66597
352 28.16964 17.72963
353 26.05357 -1
354 24.91964 -1
355 23.34821 -1
356 21.84821 -1
357 14.77679 -1
358 30.42857 -1
359 21.82143 -1
360 7.241071 11.23564
361 0 0
362 0 0
363 0 0
364 0 0
365 0 0
366 0 0
367 0 0
368 0 0
369 0 0
370 0 0
371 0 0
372 0 0
373 0 0
374 0 0
375 0 0
376 7.160714 47.80019
377 38.27679 40.84179
378 64.67857 59.94883
379 83.39286 65.73445
380 76.52679 67.65192
381 56.41071 68.90376
382 45.63393 64.58897
383 63.08036 61.95338
384 42.0625 69.95466
385 48.98214 65.99679
386 56.4375 66.13122
387 62 67.62714
388 65.29464 72.57425
389 34.25 62.66994
390 38.27679 58.14478
391 41.66071 63.51442
392 45.29464 64.66392
393 48.375 68.58599
394 51.99107 69.17373
395 54.65179 68.04299
396 57.17857 56.20688
397 58.79464 23.99161
398 57.29464 15.92996
399 58.80357 40.23439
400 60.5625 53.3038

A-25 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
401 61.55357 -1
402 58.3125 -1
403 47.44643 -1
404 35.77679 -1
405 22.76786 -1
406 40.86607 -1
407 23.84821 -1
408 33.90179 -1
409 10.61607 11.67497
410 0 0
411 0 0
412 0 0
413 0 0
414 0 0
415 0 0
416 0 0
417 0 0
418 0 0
419 0 0
420 0 0
421 0 0
422 0 0
423 0 0
424 0 0
425 0 0
426 0 0
427 0 0
428 3.401786 51.06639
429 47.95536 58.941
430 72.1875 66.18903
431 76.34821 50.26887
432 72.41071 63.66632
433 54.53571 61.50505
434 45.57143 67.1621
435 61.41964 60.7136
436 40.58929 66.92398
437 46.72321 59.40254
438 50.64286 -1
439 45.39286 -1
440 29.30357 -1
441 17.41071 -1
442 25.28571 -1
443 1.633929 9.018932
444 0 0
445 0 0
446 0 0
447 0 0
448 23.24107 51.16553
449 62.24107 68.85576
450 74.11607 50.15711

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
451 71.50893 63.25197
452 76.58929 67.49466
453 46.83929 70.80942
454 59.08929 65.13724
455 64.02679 65.60551
456 42.00893 69.96965
457 52.49107 60.126
458 55.83036 36.54086
459 58.29464 30.87716
460 60.73214 35.8075
461 62.27679 21.83467
462 63.09821 19.47946
463 29.26786 30.36262
464 26.61607 -1
465 26.11607 7.440305
466 26.42857 13.48866
467 27.48214 22.81891
468 27.61607 15.67385
469 26.39286 7.477582
470 25.91071 11.23299
471 26.60714 19.47763
472 27.00893 27.74906
473 27.50893 28.79591
474 28.16071 27.25956
475 28.94643 26.97727
476 29.51786 26.81963
477 30.11607 26.65612
478 30.76786 26.47972
479 31.33036 26.32892
480 31.79464 26.20545
481 32.22321 18.27771
482 31.19643 8.116217
483 30.82143 6.982686
484 30.26786 9.385006
485 29.14286 3.680459
486 29.08036 10.70237
487 28.76786 14.19419
488 28.63393 13.01771
489 28.53571 15.43282
490 29.03571 16.51012
491 28.53571 15.38557
492 29.0625 15.34499
493 29.07143 16.51865
494 28.41964 15.46722
495 29.01786 15.35309
496 28.38393 15.47495
497 28.30357 15.49235
498 28.33929 15.48461
499 28.83036 15.38719
500 28.10714 13.08897

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
501 27.45536 5.072874
502 26.32143 -1
503 24.78571 -1
504 17.77679 -1
505 32.47321 -1
506 23.09821 -1
507 32.88393 -1
508 7.473214 9.928353
509 0 0
510 0 0
511 0 0
512 0 0
513 0 0
514 0 0
515 0 0
516 0 0
517 0 0
518 0 0
519 0 0
520 0 0
521 0 0
522 0 0
523 0 0
524 0 0
525 0 0
526 0 0
527 2.276786 45.44882
528 32.23214 40.68532
529 59.20536 56.57086
530 74.63393 59.72065
531 53.35714 32.21444
532 62.6875 50.11266
533 65.30357 37.67458
534 38.82143 32.66033
535 45.77679 39.30872
536 52.49107 42.04021
537 59.35714 41.22999
538 62.33036 43.18505
539 38.09821 44.86935
540 42.78571 28.15612
541 44.35714 23.74025
542 44.66071 14.89643
543 45.21429 16.00304
544 45.63393 15.9977
545 45.08036 10.46222
546 46.01786 15.99912
547 46.75893 17.10675
548 47.3125 17.10429
549 47.91964 17.10311
550 49.28571 27.20229

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
551 51.69643 28.3699
552 53.27679 21.63086
553 53.58036 17.09018
554 54.25 17.08864
555 55.08036 23.94477
556 56.625 21.67705
557 57.0625 18.22932
558 57.91071 18.24126
559 58.25893 17.08583
560 58.88393 17.09666
561 59.33036 15.93809
562 56.99107 -1
563 54.02679 -1
564 51.17857 -1
565 51.625 10.33694
566 47.38393 -1
567 45.32143 -1
568 42.64286 -1
569 28.29464 -1
570 20.07143 -1
571 27.40179 -1
572 0 9.35424
573 0 0
574 0 0
575 0 0
576 0 0
577 0 0
578 0 0
579 0 0
580 0 0
581 0 0
582 0 0
583 0 0
584 0 0
585 0 0
586 0 0
587 0 0
588 0 0
589 7.982143 50.48077
590 38.44643 40.36581
591 43.70536 27.07457
592 45.72321 30.4259
593 49.40179 -1
594 12.57143 8.528328
595 2.883929 0
596 0 0
597 0 0
598 0 0
599 0 0
600 0 0

A-26 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
601 0 0
602 0 0
603 0 0
604 0 0
605 0 0
606 0 0
607 0 0
608 0 0
609 0 0
610 0 0
611 0 0
612 0 0
613 0 0
614 0 0
615 26.55357 47.58171
616 50.76786 42.36394
617 73.4375 65.13319
618 79.6875 52.01566
619 66.5625 59.93991
620 71.89286 59.28734
621 45.5625 69.3999
622 61.64286 60.58661
623 43.84821 64.55634
624 41.05357 61.53006
625 52.03571 61.01659
626 58.07143 62.15382
627 63.91071 69.23424
628 37 91.12847
629 35.03571 82.28042
630 42.20536 84.26292
631 47.0625 86.20888
632 50.71429 81.36443
633 53.24107 43.21764
634 53.80357 21.64323
635 55.78571 53.75802
636 58.25 66.81408
637 62.84821 85.49221
638 37.875 92.18138
639 35.82143 80.05684
640 39.28571 50.30622
641 40.5625 56.83613
642 42.27679 66.67797
643 43.75893 68.95562
644 45.24107 69.19424
645 46.97321 -1
646 43.6875 -1
647 42.88393 -1
648 41.1875 -1
649 37.65179 -1
650 30.32143 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
651 52.0625 -1
652 40.4375 -1
653 39.875 -1
654 32.38393 -1
655 21.4375 -1
656 37.38393 -1
657 22.17857 -1
658 35.42857 -1
659 8.848214 10.02614
660 0 8.021185
661 0 0
662 0 0
663 0 0
664 0 0
665 0 0
666 0 0
667 0 0
668 0 0
669 0 0
670 0 0
671 0 0
672 0 0
673 0 0
674 0 0
675 0 0
676 0 0
677 0 0
678 13.08036 46.35168
679 36.32143 36.16492
680 40.50893 27.17048
681 37.91964 23.95876
682 52.77679 30.71204
683 64.47321 31.40277
684 51.69643 34.40298
685 47.8125 36.12466
686 57.35714 42.37649
687 35.39286 32.59952
688 39.55357 31.59077
689 43.10714 25.91394
690 47.47321 25.93913
691 49.00893 19.33913
692 51.63393 22.73145
693 53.23214 19.35604
694 55.60714 21.66517
695 57.4375 20.52088
696 58.67857 13.62105
697 59.61607 14.77855
698 60.21429 14.77902
699 53.79464 13.61856
700 33.00893 14.65026

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
701 33.86607 12.32544
702 33.85714 -1
703 30.30357 -1
704 30.5 7.162584
705 27.85714 1.508937
706 25.6875 -1
707 23.47321 -1
708 20.75 -1
709 37.25893 -1
710 28.46429 -1
711 18.83036 -1
712 8.589286 8.452531
713 0 0
714 0 0
715 0 0
716 0 0
717 0 0
718 0 0
719 0 0
720 0 0
721 0 0
722 0 0
723 0 0
724 0 0
725 0 0
726 0 0
727 0 0
728 0 0
729 0 0
730 0 0
731 0 0
732 0 0
733 0 0
734 0 0
735 0 0
736 0 0
737 0 0
738 0 0
739 0 0
740 0 0
741 0 0
742 0 0
743 13.61607 45.64984
744 42.41964 38.73265
745 70.46429 61.68734
746 82.86607 65.27981
747 76.20536 67.37328
748 77.23214 56.34257
749 48.98214 35.0428
750 52.89286 24.9765

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
751 57.97321 37.87833
752 60.85714 22.93395
753 33.5 16.78521
754 33.34821 10.0621
755 34.90179 21.0125
756 36.25 22.01993
757 33.32143 -1
758 32.66964 9.074949
759 31.77679 2.334438
760 29.28571 -1
761 20.58929 -1
762 15.82143 -1
763 25.58929 -1
764 2.625 7.455677
765 0 0
766 0 0
767 0 0
768 0 0
769 0 0
770 0 0
771 0 0
772 0 0
773 0 0
774 0 0
775 0 0
776 0 0
777 0 0
778 0 0
779 0 0
780 0 0
781 0 0
782 25.10714 47.82612
783 48.89286 40.46973
784 58.89286 39.95032
785 70.58036 43.93547
786 61.45536 45.06165
787 47.13393 29.5387
788 50.71429 36.26554
789 36.04464 41.64238
790 41.99107 33.65855
791 46.25 34.81922
792 51.25 30.61609
793 54 26.16485
794 57.46429 25.08599
795 60.30357 25.25219
796 40.69643 29.36517
797 35.02679 17.48551
798 37.03571 20.73375
799 38.16964 20.6655
800 39.10714 15.1178

A-27 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
801 38.25 8.526963
802 38.01786 8.573684
803 39.24107 18.40767
804 39.5625 10.70284
805 37.45536 -1
806 34.78571 -1
807 31.95536 -1
808 29.52679 -1
809 25.91071 -1
810 16.23214 -1
811 26.76786 -1
812 14.53571 -1
813 4.339286 10.29529
814 6.848214 5.916003
815 0 0
816 0 0
817 0 0
818 0 0
819 0 0
820 0 0
821 0 0
822 0 0
823 0 0
824 0 0
825 0 0
826 0 0
827 0 0
828 0 0
829 0 0
830 0 0
831 0 0
832 0 0
833 2 18.28452
834 26.64286 40.21957
835 52.80357 47.74003
836 80.04464 63.96709
837 76.24107 66.11994
838 77.67857 67.87806
839 48.84821 50.72796
840 51.5625 -1
841 43.44643 -1
842 38.83036 -1
843 34.32143 -1
844 23.58036 -1
845 14.79464 -1
846 4.928571 8.786387
847 0 0
848 0 0
849 0 0
850 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
851 0 0
852 0 0
853 0 0
854 0 0
855 0 0
856 0 0
857 0 0
858 0 0
859 0 0
860 0 0
861 0 0
862 10.60714 47.77278
863 40.95536 40.65568
864 67.28571 60.71795
865 83.57143 69.61366
866 82.55357 84.00766
867 91.45536 91.04705
868 67.33929 86.45793
869 77.3125 94.14078
870 100 94.54979
871 72.65179 63.24927
872 61.15179 30.09855
873 25.25893 -1
874 25.44643 -1
875 24.08036 -1
876 22.33036 -1
877 22.97321 26.60431
878 24.5 55.26062
879 27.66071 67.69484
880 30.69643 69.13493
881 31.91964 30.8193
882 32.64286 26.08052
883 34.14286 39.19078
884 35.47321 40.03503
885 36.29464 29.58887
886 38.16964 45.98186
887 40.96429 59.08014
888 44.25 59.09138
889 46.92857 64.98655
890 51.17857 74.68681
891 54.61607 77.60026
892 58.13393 78.34753
893 62.21429 65.32346
894 63.00893 -1
895 59.30357 -1
896 51.10714 -1
897 48.25 45.33454
898 53.79464 53.47779
899 54.32143 21.64566
900 53.13393 11.40569

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
901 52.65179 11.41918
902 49.25 -1
903 36.59821 -1
904 24.22321 -1
905 41.625 -1
906 28.5 -1
907 22.94643 -1
908 30.80357 10.49132
909 0 0
910 0 0
911 0 0
912 0 0
913 0 0
914 15.27679 48.93047
915 57.75 69.01544
916 87.875 86.38564
917 74.29464 49.8518
918 76.1875 67.35098
919 54.8125 60.83411
920 48.83036 68.23428
921 63.59821 57.18699
922 41.19643 54.60174
923 43.57143 23.71551
924 40.09821 -1
925 39.27679 8.504772
926 39.16071 12.90429
927 39.73214 17.28691
928 40.90179 20.53275
929 41.33036 16.09446
930 41.88393 19.38622
931 42.82143 20.41333
932 44.42857 29.26864
933 46.1875 29.30423
934 47.05357 20.43949
935 47.66071 20.45369
936 48.25 20.45875
937 45.26786 -1
938 43.83036 -1
939 40.58929 -1
940 37.5625 -1
941 34.45536 -1
942 35.41964 17.76445
943 36.36607 26.26779
944 35.45536 14.18121
945 32.41964 -1
946 31.375 -1
947 28.22321 -1
948 17.16964 -1
949 14.78571 -1
950 23.47321 5.795666

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
951 1.580357 9.580799
952 1.982143 9.471313
953 18.67857 3.052202
954 41.92857 27.11385
955 33.60714 12.84436
956 40.25893 -1
957 11.30357 -1
958 2.589286 5.591062
959 1.776786 0.682279
960 0 9.123313
961 0 0
962 0 0
963 0 0
964 0 0
965 0 0
966 0 0
967 0 0
968 0 0
969 0 0
970 0 0
971 0 0
972 0 0
973 0 0
974 0 0
975 0 0
976 0 0
977 0 0
978 0 0
979 0 0
980 0 0
981 0 0
982 0 0
983 7.267857 47.76414
984 38.47321 40.95544
985 56.74107 47.78279
986 60.39286 35.48894
987 74.16071 46.49978
988 63.16964 48.63499
989 41.8125 32.71695
990 34.40179 38.33423
991 42.29464 33.86502
992 47.23214 39.17628
993 51.30357 28.3131
994 54.65179 26.21329
995 58.69643 29.83807
996 61.38393 31.17915
997 36.47321 34.90381
998 39.10714 24.00494
999 41.55357 30.45404

1000 44.07143 30.37408

A-28 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1001 46.5625 30.45962
1002 48.86607 30.55263
1003 51.03571 30.64083
1004 53.54464 30.74358
1005 55.83036 29.67952
1006 58.41964 29.70241
1007 59.34821 20.57127
1008 60.875 24.13083
1009 62.14286 25.3559
1010 30.46429 32.2958
1011 30.03571 28.97966
1012 30.72321 26.61004
1013 31.52679 32.10422
1014 32.41071 31.98681
1015 33.39286 34.94105
1016 34.72321 33.2065
1017 35.91071 31.83244
1018 36.83929 26.26636
1019 36.39286 16.3419
1020 36.3125 17.44862
1021 37.39286 21.84526
1022 37.39286 17.40734
1023 36.70536 15.21455
1024 36.39286 5.35725
1025 36.44643 7.572584
1026 35.49107 14.19748
1027 33.83036 3.303551
1028 34.35714 4.416714
1029 33.52679 6.66012
1030 33.04464 6.780888
1031 32.38393 6.852748
1032 31.45536 2.372488
1033 31.03571 5.859125
1034 30.35714 10.5211
1035 30.00893 10.57019
1036 29.74107 10.53115
1037 29.24107 8.335081
1038 28.48214 2.577976
1039 27.6875 3.87207
1040 26.96429 3.942445
1041 26.22321 3.959098
1042 25.48214 4.089841
1043 24.64286 4.175259
1044 23.14286 -1
1045 21.5625 -1
1046 20.25893 -1
1047 15.91071 -1
1048 38.9375 -1
1049 24.72321 -1
1050 36 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1051 10.29464 11.3652
1052 0 0
1053 0 0
1054 0 0
1055 0 0
1056 0 0
1057 0 0
1058 0 0
1059 0 0
1060 0 0
1061 0 0
1062 0 0
1063 0 0
1064 0 0
1065 0 0
1066 0 0
1067 0 0
1068 0 0
1069 0 0
1070 0 0
1071 0 0
1072 21.88393 48.30929
1073 42.32143 34.74057
1074 50.35714 37.37086
1075 65.91071 44.32642
1076 72.80357 42.33739
1077 70.13393 57.69742
1078 70.58036 51.09533
1079 41.85714 25.948
1080 48.69643 32.78646
1081 56.83929 50.22565
1082 59.44643 22.90761
1083 60.59821 18.23189
1084 33.51786 20.4543
1085 33.08036 7.851043
1086 32.79464 9.059116
1087 32.74107 11.30766
1088 34.29464 23.35014
1089 35.51786 24.43453
1090 36.27679 16.38168
1091 37.05357 17.42559
1092 37.63393 18.49436
1093 38.47321 17.34913
1094 38.72321 12.93564
1095 39.11607 15.12744
1096 36.46429 -1
1097 34.28571 -1
1098 31.79464 -1
1099 29.13393 -1
1100 26.25893 -1

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1101 24.15179 -1
1102 21.40179 -1
1103 34.28571 -1
1104 42.5 23.7357
1105 44.91071 21.53532
1106 47.625 22.6865
1107 49.95536 21.59811
1108 52.33036 22.75992
1109 54.76786 22.79766
1110 57.41964 22.84364
1111 58.71429 15.93632
1112 59.58929 14.77769
1113 56.08036 -0.21737
1114 53 -1
1115 48.54464 -1
1116 43.77679 -1
1117 39.6875 -1
1118 34.5625 -1
1119 20.58036 -1
1120 7.348214 10.82965
1121 0 0
1122 0 0
1123 0 0
1124 0 0
1125 0 0
1126 0 0
1127 0 0
1128 0 0
1129 0 0
1130 0 0
1131 0 0
1132 0 0
1133 0 0
1134 0 0
1135 0 0
1136 0 0
1137 4.598214 44.87647
1138 32.94643 39.39337
1139 52.08929 44.27422
1140 58.30357 34.34875
1141 74.91071 50.46092
1142 69.26786 56.51709
1143 70.39286 49.01995
1144 39.58929 30.4492
1145 42.32143 21.56437
1146 45.80357 25.98842
1147 49.08929 28.31817
1148 53.48214 29.6034
1149 56.45536 30.82422
1150 57.48214 14.77624

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1151 57.17857 10.1623
1152 57.08036 10.17306
1153 57.53571 11.323
1154 57.76786 12.46934
1155 54.17857 -1
1156 51.50893 -1
1157 46.48214 -1
1158 37.24107 -1
1159 24.84821 -1
1160 13.91071 -1
1161 2.696429 12.30459
1162 0 0
1163 0 0
1164 0 0
1165 0 0
1166 0 0
1167 0 0
1168 0 0
1169 0 0
1170 0 0
1171 0 0
1172 0 0
1173 0 0
1174 0 0
1175 0 0
1176 0 0
1177 20.78571 45.72364
1178 44.72321 38.20568
1179 71.5625 62.03071
1180 82.41964 58.16869
1181 60.79464 38.15003
1182 36.03571 32.79241
1183 32.85714 38.30121
1184 44.38393 54.68776
1185 55.78571 65.21901
1186 63.16071 77.51563
1187 44.19643 81.5259
1188 55.46429 81.08922
1189 63.82143 83.41378
1190 76.65179 89.2996
1191 80.125 -1
1192 31.58036 -1
1193 32.28571 19.15774
1194 34.25893 34.65501
1195 35.97321 51.59413
1196 38.83929 59.1631
1197 41.41071 -1
1198 36.41964 -1
1199 24.53571 -1
1200 23.61607 -1

A-29 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1201 18.625 -1
1202 26.01786 11.65125
1203 0 0
1204 0 0
1205 0 0
1206 0 0
1207 21.42857 49.20953
1208 48.5 40.06555
1209 73.07143 60.66365
1210 76.33036 36.29507
1211 19.91964 -1
1212 8.892857 5.72433
1213 6.410714 9.95581
1214 10.98214 4.489413
1215 0 0
1216 0 0
1217 0 0
1218 0 0
1219 2.464286 43.55199
1220 31.26786 40.78797
1221 58.97321 56.53087
1222 81.07143 64.7045
1223 76.40179 66.15114
1224 77.24107 -1
1225 20.72321 -1
1226 10.6875 5.999145
1227 0 0
1228 0 0
1229 0 0
1230 0 0
1231 0 0
1232 0 0
1233 0 0
1234 0 0
1235 0 0
1236 0 0
1237 0 0
1238 0 0
1239 0 0
1240 0 0
1241 0 0
1242 0 0
1243 0 0
1244 0 0
1245 2.4375 48.71184
1246 42.76786 56.69031
1247 71.45536 62.29842
1248 78.79464 55.67432
1249 73.92857 65.38731
1250 76.66071 62.44551

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1251 45.27679 68.31002
1252 60.3125 51.62005
1253 63.03571 56.40457
1254 40.86607 41.32646
1255 47.4375 50.5811
1256 52.90179 59.10427
1257 58.375 57.5851
1258 63.97321 59.42143
1259 33.54464 34.80431
1260 30.54464 32.01749
1261 34.33929 56.67718
1262 36.86607 57.81631
1263 38.46429 33.84961
1264 38.77679 20.63612
1265 39.39286 29.41056
1266 40.25893 30.49995
1267 40.99107 31.55404
1268 42.33036 31.44008
1269 43.76786 45.79142
1270 46.125 54.89059
1271 48.36607 39.48338
1272 48.66071 -1
1273 44.71429 -1
1274 34.50893 -1
1275 29.15179 -1
1276 26.0625 -1
1277 46.64286 -1
1278 27.65179 -1
1279 24.46429 -1
1280 41.16964 -1
1281 24.59821 -1
1282 12.91964 -1
1283 2.803571 11.11568
1284 0.633929 5.433223
1285 5.642857 8.197461
1286 10.33036 0.155909
1287 29.75893 28.17727
1288 47.21429 35.95259
1289 24.10714 -1
1290 10.875 9.866633
1291 15.04464 -1
1292 0 0
1293 0 0
1294 0 0
1295 0 0
1296 0 0
1297 0 0
1298 0 0
1299 0 0
1300 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1301 0 0
1302 0 0
1303 0 0
1304 0 0
1305 0 0
1306 0 0
1307 0 0
1308 0 0
1309 0 0
1310 13.125 59.08973
1311 56.80357 65.52379
1312 74.34821 72.77012
1313 66.09821 31.73264
1314 63 55.76755
1315 67.30357 34.54876
1316 34.21429 18.74342
1317 31.19643 -1
1318 27.52679 -1
1319 16.27679 -1
1320 5.178571 10.80397
1321 1.910714 5.147371
1322 0 8.112031
1323 0 0
1324 0 0
1325 0 0
1326 0 0
1327 0 0
1328 0 0
1329 0 0
1330 0 0
1331 0 0
1332 0 0
1333 0 0
1334 0 0
1335 0 0
1336 0 0
1337 0 0
1338 12.1875 49.6299
1339 40.80357 45.75032
1340 65.40179 58.96645
1341 82.875 73.53291
1342 79.44643 84.85382
1343 86.69643 85.78265
1344 66.27679 87.07572
1345 60.96429 80.26309
1346 45.34821 73.22113
1347 55.52679 69.11222
1348 61.88393 72.29687
1349 65.125 70.44857
1350 34.36607 78.89694

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1351 39.39286 70.09946
1352 42.94643 71.17918
1353 46.09821 73.77794
1354 50.24107 77.89473
1355 53.75 79.71119
1356 57.65179 73.56266
1357 59.41964 42.59887
1358 61.5 56.96988
1359 63.54464 -1
1360 58.47321 -1
1361 45.5 -1
1362 33.03571 -1
1363 21.15179 -1
1364 39 -1
1365 21.99107 -1
1366 29.86607 -1
1367 3.241071 10.32781
1368 0 0
1369 0 0
1370 0 0
1371 0 0
1372 0 0
1373 0 0
1374 0 0
1375 0 0
1376 0 0
1377 0 0
1378 0 0
1379 0 0
1380 0 0
1381 0 0
1382 0 0
1383 0 0
1384 13.47321 49.68878
1385 37.85714 39.69389
1386 59.42857 53.12346
1387 68.41964 37.8338
1388 72.72321 51.0651
1389 59.6875 42.69563
1390 60.16964 43.88789
1391 38.24107 30.49512
1392 44.51786 30.42015
1393 50.8125 40.78297
1394 55.78571 29.68995
1395 59.82143 31.07262
1396 61.70536 36.03924
1397 36.75893 25.1107
1398 38.95536 22.82311
1399 39.6875 15.08353
1400 41.21429 28.20949

A-30 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1401 42.94643 22.61527
1402 44.32143 24.8446
1403 45.875 25.98912
1404 46.875 14.87726
1405 46.07143 7.103882
1406 46.14286 4.905416
1407 46.03571 18.21622
1408 46.79464 28.24168
1409 49.17857 35.01106
1410 50.40179 17.09774
1411 48.05357 1.386896
1412 45.95536 -1
1413 43.33929 7.128379
1414 43.375 10.46961
1415 43.44643 8.288509
1416 44.79464 18.21531
1417 45.23214 15.99976
1418 44.59821 6.049033
1419 43.21429 2.755083
1420 40.57143 -1
1421 37.5625 -1
1422 35.04464 -1
1423 26.5625 -1
1424 13.6875 -1
1425 20.69643 8.663656
1426 0 0
1427 0 0
1428 0 0
1429 0 0
1430 0 0
1431 0 0
1432 0 0
1433 0 0
1434 0 0
1435 0 0
1436 0 0
1437 0 0
1438 0 0
1439 0 0
1440 0 0
1441 0 0
1442 0 0
1443 0 0
1444 12.79464 46.66478
1445 23.95536 26.53555
1446 31.6875 34.57148
1447 36.34821 16.8824
1448 30.65179 17.29802
1449 38.99107 20.62118
1450 47.08036 21.56331

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1451 57.8125 27.29246
1452 63.70536 24.14348
1453 38.55357 28.46731
1454 33.23214 23.27601
1455 32.5625 24.69815
1456 37.61607 26.27498
1457 28.32143 30.66895
1458 31.52679 25.13954
1459 34.66964 23.24224
1460 36.77679 18.54047
1461 38.60714 19.59196
1462 41.83929 28.1668
1463 49.04464 42.83913
1464 52.22321 22.75826
1465 50.60714 4.664468
1466 52.05357 20.48764
1467 54.52679 23.93538
1468 57.24107 22.81955
1469 59.03571 14.77768
1470 56.67857 4.41563
1471 57.05357 10.17375
1472 58.66071 21.7276
1473 61.08036 26.47873
1474 35.41964 29.57689
1475 36.10714 11.99509
1476 36.42857 14.18695
1477 36.875 15.23519
1478 37.44643 16.32271
1479 38.125 16.26791
1480 38.61607 16.24142
1481 38.28571 8.559244
1482 37.08929 2.005418
1483 34.33929 -1
1484 32.23214 7.969333
1485 29.66964 -1
1486 20.47321 -1
1487 12.16071 -1
1488 19.44643 11.49407
1489 0 0
1490 0 0
1491 0 0
1492 0 0
1493 0 0
1494 0 0
1495 0 0
1496 0 0
1497 0 0
1498 0 0
1499 0 0
1500 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1501 0 0
1502 0 0
1503 0 0
1504 0 0
1505 0 0
1506 0 0
1507 0 0
1508 0 0
1509 14.39286 48.83838
1510 43.36607 40.46973
1511 56.46429 44.7625
1512 60.86607 34.37909
1513 72.67857 48.03895
1514 19.41964 -1
1515 9.464286 15.67443
1516 3.455357 1.837851
1517 8.294643 5.810421
1518 1.107143 9.524619
1519 8.196429 3.377432
1520 0 0
1521 0 0
1522 0 0
1523 0 0
1524 0 0
1525 0 0
1526 0 0
1527 0 0
1528 0 0
1529 0 0
1530 0 0
1531 0 0
1532 0 0
1533 0 0
1534 0 0
1535 0 0
1536 0 0
1537 0 0
1538 1.232143 37.74278
1539 18.91964 25.9358
1540 12.41964 18.25452
1541 22.8125 27.69584
1542 29.35714 25.9806
1543 37.44643 25.19317
1544 46.84821 27.07053
1545 58.71429 29.76673
1546 65.66071 30.16758
1547 45.03571 32.01725
1548 42.66071 23.72209
1549 26.21429 17.00921
1550 23.70536 23.24809

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1551 28.46429 22.90107
1552 30.96429 24.27475
1553 33.97321 22.29247
1554 36.48214 22.19835
1555 39.45536 22.79608
1556 42.01786 22.65709
1557 44.75 22.64129
1558 47.46429 22.68398
1559 49.89286 22.72198
1560 49.79464 8.10279
1561 48.64286 5.894628
1562 50.29464 17.09851
1563 51.28571 17.09578
1564 52.72321 17.09488
1565 53.61607 14.81319
1566 54.625 15.94701
1567 54.8125 10.23316
1568 53.96429 9.096905
1569 53.75 9.1189
1570 53.42857 10.26546
1571 53.11607 8.000651
1572 51.58036 3.499478
1573 50.83036 6.944872
1574 50.52679 9.208953
1575 50.13393 5.843545
1576 48.84821 5.886891
1577 48.10714 8.152008
1578 44.49107 -1
1579 43.07143 6.082418
1580 41.10714 0.689613
1581 36.625 -1
1582 32.53571 -1
1583 25.57143 -1
1584 10.67857 8.935211
1585 3.089286 5.463421
1586 1.803571 7.629683
1587 0 7.815826
1588 0 0
1589 0.526786 50.8185
1590 33.625 39.45735
1591 43.57143 28.12403
1592 32.53571 17.95784
1593 44.27679 27.1787
1594 45.35714 14.8905
1595 51.25893 19.35469
1596 58.3125 21.71737
1597 61.59821 -1
1598 5.267857 18.35125
1599 11.05357 4.640021
1600 4.785714 10.72805

A-31 



 

 

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1601 10.32143 3.109331
1602 0 0
1603 0 0
1604 0 0
1605 0 0
1606 0 0
1607 0 0
1608 0 0
1609 0 0
1610 0 0
1611 0 0
1612 0 0
1613 0 0
1614 0 0
1615 0 0
1616 0 0
1617 14.5625 48.10364
1618 41.08036 40.16827
1619 63.98214 51.48871
1620 71.08929 38.22001
1621 64.25 53.98416
1622 71.05357 58.0817
1623 48.21429 37.23811
1624 40.83929 24.82257
1625 46.6875 30.44885
1626 51.375 34.04451
1627 58.99107 46.09496
1628 62.48214 38.86958
1629 37.20536 22.88282
1630 39.94643 28.31298
1631 42.26786 30.39301
1632 44.83036 31.49691
1633 46.75 25.99661
1634 48.73214 28.30624
1635 50.83036 29.50448
1636 53.27679 29.59571
1637 55.13393 30.77739
1638 54.46429 6.809247
1639 51.29464 -1
1640 48.125 -1
1641 45.38393 -1
1642 42.48214 -1
1643 31.49107 -1
1644 19.36607 -1
1645 27.55357 -1
1646 7.598214 9.656174
1647 3.0625 5.400067
1648 0.946429 6.228128
1649 7.75 1.890668
1650 3.151786 30.25039

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1651 39.33036 37.10284
1652 65.47321 55.40504
1653 80.09821 64.42802
1654 75.00893 66.07321
1655 44.75893 39.23964
1656 44.69643 29.23087
1657 53.09821 51.17685
1658 57.60714 30.8805
1659 61.6875 33.54568
1660 36.78571 37.32204
1661 39.3125 26.20638
1662 42.6875 41.39301
1663 39.27679 -1
1664 38.25 -1
1665 35.59821 -1
1666 26.91964 -1
1667 13.58929 -1
1668 21.02679 9.771016
1669 0 0
1670 0 0
1671 0 0
1672 0 0
1673 29.125 67.13011
1674 63.5625 49.94999
1675 87.58929 78.06335
1676 73.57143 61.29617
1677 75.42857 66.59328
1678 65.08036 67.46587
1679 55.02679 71.1769
1680 62.65179 35.0384
1681 32.41071 -1
1682 20.01786 -1
1683 12.00893 -1
1684 17.82143 5.665308
1685 0 0
1686 0 0
1687 0 0
1688 0 0
1689 0 0
1690 0 0
1691 0 0
1692 0 0
1693 0 0
1694 0 0
1695 0 0
1696 0 0
1697 0 0
1698 0 0
1699 0 0
1700 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1701 0 0
1702 12.20536 48.31885
1703 38.83929 41.63111
1704 64.10714 58.61641
1705 83.41964 73.71948
1706 80.40179 83.33914
1707 84.3125 81.50621
1708 60.71429 61.50505
1709 57.83036 27.56151
1710 61.35714 20.59974
1711 37.03571 41.59052
1712 39.59821 35.98836
1713 41.96429 33.71385
1714 44.60714 35.9113
1715 47.50893 34.84089
1716 50.16071 35.10749
1717 53.21429 35.2765
1718 55.9375 34.28232
1719 58.25 30.90967
1720 58.8125 14.77734
1721 58.89286 15.93418
1722 54.59821 -1
1723 54.76786 12.50185
1724 55.08036 14.79809
1725 55.33036 11.35857
1726 54.70536 7.933106
1727 54.04464 9.110482
1728 53.55357 7.973697
1729 52.83929 8.009488
1730 52.27679 8.027366
1731 50.01786 -1
1732 47.73214 -1
1733 44.61607 -1
1734 29.46429 -1
1735 23.66071 -1
1736 35.96429 12.08178
1737 36.36607 18.66135
1738 31.01786 -1
1739 32.70536 15.97129
1740 34.875 25.40827
1741 38.91071 30.52552
1742 44.16964 36.99076
1743 50.48214 38.45489
1744 53.25893 21.63658
1745 58.49107 39.08532
1746 61.99107 39.24493
1747 37.51786 41.58811
1748 39.33036 20.60284
1749 41.57143 33.68379
1750 43.85714 28.13964

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1751 44.49107 17.1091
1752 45.08929 16.00048
1753 45.5625 15.99807
1754 46.14286 15.99506
1755 46.75893 15.99181
1756 47.26786 17.10526
1757 47.79464 18.22028
1758 48.70536 18.22188
1759 49.3125 18.22274
1760 50.16071 18.22385
1761 50.80357 18.22464
1762 51.61607 18.22556
1763 52.32143 18.22629
1764 52.98214 18.22692
1765 53.64286 18.2275
1766 54.0625 18.22783
1767 55.04464 18.22852
1768 55.46429 18.22878
1769 56.30357 18.22923
1770 56.77679 18.22944
1771 57.50893 18.23515
1772 57.90179 17.08255
1773 58.79464 18.25468
1774 58.99107 17.09265
1775 59.625 17.10438
1776 60.17857 17.11012
1777 60.70536 17.11558
1778 61.27679 17.12148
1779 61.83036 21.80148
1780 38.49107 29.44817
1781 28.54464 32.91566
1782 28.11607 4.998164
1783 27.58036 7.411586
1784 28.33929 24.90048
1785 28.79464 26.02715
1786 29.17857 25.83528
1787 29.36607 16.52378
1788 28.09821 5.002985
1789 26.80357 -1
1790 25.09821 -1
1791 23.84821 -1
1792 16.75 -1
1793 35.52679 -1
1794 24.125 -1
1795 31.78571 -1
1796 6.714286 10.04292
1797 0 0
1798 0 0
1799 0 0
1800 0 0
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TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1801 0 0
1802 0 0
1803 0 0
1804 0 0
1805 0 0
1806 0 0
1807 0 0
1808 0 0
1809 0 0
1810 0 0
1811 0 0
1812 0 0
1813 0.973214 36.20294
1814 22.80357 47.37405
1815 34.39286 33.31054
1816 49.51786 40.43796
1817 56.72321 35.32831
1818 69.61607 36.94689
1819 58.66964 43.81481
1820 62.51786 48.91074
1821 66.26786 46.65907
1822 41.20536 28.17166
1823 50.35714 43.00226
1824 56.92857 42.07409
1825 61.58036 34.66662
1826 36.3125 30.64574
1827 38.40179 24.02799
1828 40.47321 27.20622
1829 42.48214 27.03181
1830 44.30357 28.14849
1831 45.39286 21.54267
1832 46.59821 21.55743
1833 47.59821 21.56961
1834 48.82143 21.58444
1835 50.07143 21.59951
1836 50.83929 18.22454
1837 51.40179 17.09529
1838 51.78571 14.83146
1839 52.11607 13.69558
1840 51.76786 13.6945
1841 52.48214 14.83058
1842 52.875 14.82777
1843 53.39286 20.50169
1844 54.47321 22.79035
1845 55.66964 21.65165
1846 56.6875 20.52592
1847 57.57143 20.53149
1848 58.5 20.56532
1849 59.46429 20.58913
1850 61.04464 29.97826

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1851 63.08036 34.83501
1852 29.24107 18.7633
1853 26.88393 -1
1854 26.03571 8.762433
1855 27.1875 24.25572
1856 27.26786 26.47329
1857 27.80357 26.22654
1858 28.29464 26.16764
1859 29.02679 28.28045
1860 29.32143 22.24344
1861 29.71429 22.15039
1862 30.15179 22.04744
1863 30.35714 22.11459
1864 30.73214 21.91197
1865 31.03571 21.84159
1866 31.26786 21.788
1867 31.70536 21.68752
1868 32 21.62023
1869 32.19643 21.57554
1870 32.50893 21.50472
1871 32.9375 21.40815
1872 33.22321 21.34412
1873 33.49107 20.16499
1874 31.64286 -1
1875 30.52679 -1
1876 28.80357 -1
1877 27.4375 7.431916
1878 25.79464 -1
1879 24.14286 -1
1880 14.72321 -1
1881 29.20536 -1
1882 23.32143 -1
1883 34.15179 -1
1884 8.892857 10.49355
1885 1.75 12.37549
1886 0 0
1887 0 0
1888 0 0
1889 0 0
1890 0 0
1891 0 0
1892 0 0
1893 0 0
1894 0 0
1895 0 0
1896 0 0
1897 0 0
1898 0 0
1899 0 0
1900 0 0

TIME  
(seconds)

FINAL 
SPEED 

1hz

FINAL 
TORQUE 

1hz
1901 0 0
1902 0 0
1903 0 0
1904 0 0
1905 0 0
1906 0 0
1907 0 0
1908 0 0
1909 0 0
1910 0 0
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