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Commercial vehicles require fast aftertreatment heat-up in order to move the selective
catalytic reduction catalyst into the most efficient temperature range to meet upcoming
NOX regulations while minimizing CO2. This study is a follow-up study using an electric
heater upstream of a LO-SCR followed by a primary aftertreatment system having an
engine equipped with cylinder deactivation. The focus of this study is to minimize the
maximum power input to the e-heater without compromising tailpipe NOX and CO2. A
system solution is demonstrated using a heavy-duty diesel engine with an end-of-life aged
aftertreatment system targeted for 2027 emission levels using various levels of controls.
The baseline layer of controls includes cylinder deactivation to raise the exhaust
temperature more than 100°C in combination with elevated idle speed to increase the
exhaust mass flow rate through the aftertreatment system. The engine load is adjusted to
compensate for generating electrical power on the engine. The combination of electrical
heat, added load, cylinder deactivation, and elevated idle speed allows the aftertreatment
system to heat up in a small fraction of the time required by today’s systems. This work was
quantified over the cold federal test procedure, hot FTP, low load cycle (LLC), and the U.S.
beverage cycle showing improved NOX and CO2 emissions. The improvement in NOX

reduction and the CO2 savings over these cycles are highlighted.
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INTRODUCTION

Diesel cylinder deactivation (CDA) has proven essential for increasing selective catalytic reduction
(SCR) temperature for NOX reduction while minimizing CO2 in the pursuit of upcoming regulations
of NOX and CO2 (McCarthy, 2017a; McCarthy, 2017b; Joshi et al., 2017; Joshi et al., 2018; Ramesh
et al., 2018; McCarthy, 2019; Neely et al., 2020a; Matheaus et al., 2021). CDA maintains the SCR in a
favorable temperature range for NOX reduction and reduces engine-out (EO) NOX. The low load
engine operation becomes more fuel efficient using CDA, resulting in CO2 reduction that can be
realized on the new low load cycle (LLC) and even the heavy-duty federal test procedure (FTP). The
California Air Resources Board (CARB) adopted new emission regulations in the United States for
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2024 and 2027 (California Air Resources Board, 2019; Wang,
2019; California Air Resources Board, 2021), while the
Environmental Protection Agency (EPA) is pursuing lower
emission regulations as well (EPA, 2020). A thorough
investigation for meeting these emission standards have been
published (McCarthy, 2017a; Sharp et al., 2017a; McCarthy,
2017b; Sharp et al., 2017b; Sharp et al., 2017c; Joshi et al.,
2017; Joshi et al., 2018; Ramesh et al., 2018; McCarthy, 2019;
Neely et al., 2020a; Neely et al., 2020b; Chundru et al., 2020;
Matheaus et al., 2020; Rao et al., 2020; Sharp, 2020; Zavala et al.,
2020; California Air Resources Board, 2021; Harris et al., 2021;
Matheaus et al., 2021; McCarthy et al., 2022). The CDA switching
strategy, moving in and out of CDA, has been demonstrated to
have smooth transitions without torque fluctuations (Gosala
et al., 2017; Allen et al., 2018; Gosala et al., 2018; Allen et al.,
2019). The number of cylinders deactivated is a function of speed
and load and are discussed in these references. This work is
complemented with other facets of CDA for seamless operation
(Ding et al., 2015; Lu et al., 2015; Halbe et al., 2017; McCarthy
et al., 2017; Roberts et al., 2020). Finally, CDA has shown that
noise, vibration, and harshness (NVH) on diesel is proven to be
manageable (Archer and McCarthy, 2018; Reinhart et al., 2020;
Pieczko et al., 2021), and there were no observable oil
consumption issues over the 4 years of running this engine.

This study leverages previous works for a heavy-duty engine
calibration with CDA and a close-coupled aftertreatment
system. Figure 1A shows the aftertreatment system that was
coupled with a CDA engine for meeting upcoming regulations.
The aftertreatment system uses a LO-SCR followed by a primary

AT system including a diesel particulate filter (DPF) and dual
path SCR. The Light-Off Selective Catalytic Reduction (LO-
SCR) is placed as close to turbine’s exit as possible
(approximately 42 inches) so that the catalyst reaches
temperature quickly to reduce the NOX emissions as soon as
possible. All catalysts were aged to the full useful life, both using
a development-aged process and a full engine–aged process.
Table 1 shows the reduction from a 3.0 g/hp-hr NOX engine to a
0.015 tailpipe (TP) with development-aged catalysts and
0.023 TP with final engine–aged catalysts. It should be noted
that the engine calibration was altered as it approached end of
life, which resulted in slightly higher CO2 than previous works.
This is considered normal, as a calibration during early life can
easily meet emissions performance and have lower CO2. As a
system approaches end of life, however, NOX reduction
performance can be maintained with changes to engine
thermal management. This, though, will diminish the fuel
savings benefit.

FIGURE 1 | (A) LO-SCR + Primary AT system used in combination with CDA for meeting upcoming emission regulations (Neely et al., 2020a; Sharp, 2020;
Matheaus et al., 2021). (B) Electric heater (EH) placed upstream of the LO-SCR + Primary AT system used in combination with CDA for meeting upcoming emissions
regulations (Matheaus et al., 2021).

TABLE 1 | Comparison of development-aged and engine-aged aftertreatment
system that serves as the basis for this study (Sharp et al., 2017c).

Cycle Composite FTP

Hardware level AT + CDA, development
aged

AT + CDA, final
engine aged

NOX, g/hp-hr Eng. Out 3.0 3.0
Tailpipe 0.015 0.023

CO2, g/hp-hr 515 515
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Figure 1B shows the addition of an electric heater (EH) that is
positioned upstream of the LO-SCR followed by the primary AT
system, which was also coupled with a CDA engine. Previous
works using this system found that utilizing the EH with a
maximum power output of 5 kW was useful in meeting
upcoming emission regulations and further reduced CO2. A
5 kW EH would require a 48 V electrical system to maintain
EH current levels in a manageable range.

Tables 2, 3 show the test variations using the 5 kWEH relative
to the base configuration from Figure 1A without the EH. All
results account for the engine generating the electricity for the EH,
unless otherwise noted (Matheaus et al., 2021). Table 2 shows the
composite FTP which had the best result using the 5 kWEH with
CDA, relative to CDA alone, dropping the CO2 by 0.8%–511 g/hp-
hr. The results also indicated a small tailpipe NOX increase, but the
system maintained NOX below the adopted CARB 2027 standard.
Table 3 shows the low load cycle (LLC) using the 5 kWEH and
CDA in a similar manner. Adding the 5 kWEH further dropped
TPNOX in half to 0.012 g/hp-hr while also reducing CO2 by 1.8%–
612 g/hp-hr. In the case where the vehicle batteries are charged via
regenerative braking and the engine does not need to generate the
electricity, further CO2 savings to 6.1% can be realized as noted by
the “free energy” in the table.

The motivation of this work was to determine whether the
maximum EH power could be substituted with 2.4 kW or 1.2 kW
instead of the 5 kW from the previous work when using the same
AT system with CDA. The reason for this test is that a maximum
power of 2.4 kW may enable a smaller EH design that packages
well into the aftertreatment system. For instance, a 2.4 kW EH
could fit in a 4- or 5-inch-diameter exhaust pipe with negligible
impact on aftertreatment system backpressure. A matrix of tests
were executed that includes the base experiment shown in
Figure 1A with CDA to the EH configuration with CDA in
Figure 1B varying the maximum power from 5 to 2.4 to 1.2 kW
over the FTP, LLC, and beverage cycles.

Heavy-Duty Test Engine
The engine utilized for this campaign was a modified Cummins
X15 platform equipped with cylinder deactivation. The engine

features an updated calibration strategy with critical elements
required for achieving low NOX emissions, as well as CO2

neutrality. Table 4 provides specifications for the Cummins
X15 engine platform.

Engine and aftertreatment evaluations were completed in a
Code of Federal Regulations Part 1,065 compliant engine test cell.
Characterization equipment included the following:

• A raw Horiba MEXA 7200 for the engine-out emissions
sampling.

• Two FT-IRs located at the LO-SCR outlet and tailpipe.
• A dilute MEXA 7200 for tailpipe emission measurements.

EH Control Strategy
This section discusses the EH operating modes followed by the
approach used for the test cycles. The same EH, procedure, and
means for power the EH from Matheaus et al. (2021) was used,
while maximum EH power setting was varied from 5 to 2.4 to
1.2 kW. The electrical energy approach used in Matheaus et al.
(2021) was to compensate for the EH power demand by
instantaneously increasing the engine load. The current and
voltage were measured out of the EH controller to make this
power compensation. An electrical conversion efficiency of 80%
was assumed in order to account for losses in generating
electricity driving an alternator mechanically. The load was
calculated in real time and added to the engine power
demand. This power did not count toward the cycle work as it
was not shaft work. Finally, a “free energy”mode of operation was
included in the test plan. This mode of operation assumes that the
EH power was provided by recuperated energy (braking energy)
stored in batteries instead of being instantaneously generated by
the engine.

Drive Cycles Evaluated
The key test cycles evaluated were heavy-duty FTP, LLC, and U.S.
beverage cycle. It is worth noting that CDA is highly effective up
to 3–4 bar BMEP (McCarthy, 2017a; Sharp et al., 2017a;
McCarthy, 2017b; Sharp et al., 2017b; Sharp et al., 2017c; Joshi
et al., 2017; Joshi et al., 2018; Ramesh et al., 2018; California Air
Resources Board, 2019; McCarthy, 2019;Wang, 2019; Neely et al.,
2020a; EPA, 2020; California Air Resources Board, 2021;
Matheaus et al., 2021). The FTP cycle spends 62% of the time
below 3 bars, while the LLC and U.S. beverage cycle have higher
time allotments of 81% and 85%, respectively. These high
percentages provide ample opportunity to make use of CDA.

TABLE 2 | Composite FTP emissions with 5 kW EH and CDA.

Composite FTP case BSNOX g/hp-hr

EO TP BSCO2 g/hp-hr CO2 savings

Base, CDA 3.14 0.015 515 Reference
EH, CDA 3.22 0.016 511 0.8%

TABLE 3 | LLC emissions with 5 kW EH and CDA.

LLC case BSNOX g/hp-hr

EO TP BSCO2 g/hp-hr CO2 savings

Base, CDA 2.44 0.024 623 Reference
EH, CDA 3.14 0.012 612 1.8%
EH (free energy), CDA 3.20 0.013 585 6.1%

TABLE 4 | Cummins X15 engine parameters.

Parameter Value

Configuration Inline 6
Bore x stroke 137 × 169 mm
Displacement 15.0 L
Rated power 373 kW (500 hp)
Rated speed 1,800 rpm
Peak torque 2,500 Nm
Peak torque speed 1,000 RPM
Test fuel Emissions cert. diesel
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RESULTS AND DISCUSSION

Results will be discussed for each of the cycles tested: FTP
(composite, cold, and hot), LLC, and beverage cycle. A total of
five experiments were completed: no heater (baseline), 1.2, 2.4,
2.4 kW (free energy), and 5 kW heater target experiments.
Although duplicate testing was not completed in this
campaign, the authors can comment on the test-to-test
variability. Historically, tailpipe NOX variability is ~ ± 0.001 g/
hp-hr and tailpipe CO2 variability is ~ ± 2 g/hp-hr. This
statement holds true for all cycles discussed in this effort. The
baseline testing (no heater) and 5 kW runs were tested 15 months
earlier (Matheaus et al., 2021), and the results in this study
match well.

A primary objective of the low NOX efforts was to provide a
technology demonstration capable of meeting the 0.02 g/hp-hr
NOX standard. This required an aftertreatment system to be
aged and tested at multiple aging intervals, which reflected
different service accumulation points. As the aftertreatment
system was tested, it was apparent to the investigators that the
calibration strategy required adjustments. The adjustments
would enable the aftertreatment system to remain below the
adopted CARB low NOX standard. The adjustments include a
more aggressive thermal management strategy, which
increased exhaust temperature and reduced engine-out NOX

mass rates. This is accomplished by higher EGR rates and
retarded injection timing. This strategy, however, also
increased the CO2 emissions, which reduced the advanced
technology’s fuel economy approach. Neely et al. can be
referenced regarding the engine’s thermal management
approach, engine mode information, and CDA strategy
(Neely et al., 2020a; Neely et al., 2020b). A new reference
test result was needed to be generated to account for this
adjustment in engine calibration. The CDA + LO-SCR +
primary AT configuration (i.e., without the EH and with
the EH at 5 kW) was tested as this new reference. Thus, the
5 kW results presented, or the reference, accounted for
changes made to the engine calibration strategy.

Heavy-Duty FTP
The composite FTP results are discussed first, followed by a
detailed discussion of the cold and hot FTP. Table 5 shows the
composite results in a quantitative form, while Figure 2 shows the
results in a graphical form. The baseline composite FTP resulted
in 0.014 g/hp-hr NOX and 521 g/hp-hr CO2. It should be noted
that these results were re-baselined from the previous works
showing lower CO2 at 515 g/hp-hr, as the engine calibration was
adjusted to represent true end-of-life conditions that require a

little more CO2 to lower NOX. This complete set of tests was
generated approximately 15 months later than the previous
results (Matheaus et al., 2021). As such, all results in this
section were completed in the same week to maintain a true
point-to-point comparison.

Re-testing the 5 kW maximum EH power showed nearly
equivalent NOX at 0.015 g/hp-hr, while the CO2 was reduced
by 1.5%–513 g/hp-hr. This CO2 reduction was consistent with
previous results that showed 1.4% CO2 reduction, so excellent
consistency was realized. Reducing the maximum EH power to
2.4 kW, the NOX slightly reduced to 0.012 g/hp-hr, to about ¼ of
the 2027 CARB standard, saving a little more CO2 at 1.6%. This
yielded the best NOX and CO2 trade-off. The final results showed
that by reducing the maximum EH power to 1.2 kW, the NOX

was slightly increased to 0.017 (still within 2027 regulations) and
saving a little more CO2 to 1.8%. Overall, the 2.4 kW maximum
EH calibration, when paired with CDA, offers the best NOX

(0.012 g/hp-hr) along with a 1.6% CO2 savings compared to the
CDA baseline. Since 2.4 kW offered the best trade-off, when used
with CDA, an EH may offer many possibilities for easy
integration in the aftertreatment system and vehicle.

A detailed analysis of the cold and hot FTPs that formed the
composite results is provided in the next sections. It is worth
noting that the minimum DEF injection threshold for the LO-
SCR and downstream SCR were 130°C and 180°C, respectively.
The LO-SCR threshold was made possible by utilizing a heated
DEF injector, which was designed to inject DEF at low
temperatures. Temperature triggers would be based the LO-
SCR inlet and the dual pathway SCR inlet temperature
sensors. The downstream SCR utilized unheated DEF.

Cold FTP
The cold FTP sets result from the baseline that include CDA,
LO-SCR, and primary AT system followed by the use of an EH
upstream of the LO-SCR at three power levels (5, 2.4, and
1.2 kW) is provided. The baseline was CDA, LO-SCR, and
primary AT. The cold FTP results are presented in Table 6 in a

TABLE 5 | Composite FTP.

Power level TP NOX (g/hp-hr) BSCO2 (g/hp-hr) Savings CO2

No heater 0.014 521 —

1.2 kW 0.017 512 1.7%
2.4 kW 0.012 513 1.5%
5 kW 0.015 513 1.5%

FIGURE 2 | Composite FTP results.
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quantitative form and Figure 3 in a graphical form. All cold
start evaluations were started with the aftertreatment system
temperatures between 20°C and 30 °C as defined by 40 CFR
part 1,065.

Overall, the heater results were similar in regards to NOX and
CO2 emissions. With the heater installed, tailpipe BSNOX was
shown to improve by an average of 27%, relative to the baseline,
while maintaining similar CO2 results. The 5 kW setpoint
dropped NOX by 27%, 2.4 kW by 29%, and 1.2 kW by 24%.

Figures 4A–F provide critical performance parameters
considered during the testing sequence. This includes
aftertreatment temperature, cumulative NOX emissions, heater
power, and cumulative CO2 emissions. As shown in Figure 4A,
the LO-SCR average temperatures were similar between the
different heater experiments. Because the temperature profiles
were similar, catalyst performance did not improve with the
increase in maximum heater power. Figure 4A also shows the
difference between the no heater and the heater experiments to be
35°C within the first 200 s. This temperature increase was
advantageous as the downstream system had yet to reach
meaningful SCR catalyst activity temperatures (shown in
Figure 4B). The higher LO-SCR temperatures improved LO-
SCR performance within the first 400 s as shown by the
instantaneous NOX conversion in Figure 4C and ultimately
reduced tailpipe emissions (shown in Figure 4D).

The cold start cycles also yielded similar CO2 results and were
within 0.5% from the baseline result, as well as the heater result
CO2 average. This was attributed to the relatively low amount of
heater “ON” time observed during the cycle. Figures 4E,F

illustrate the heater power and cumulative CO2 mass,
respectively. The majority of heater operation, shown in
Figure 4E, was observed during the first 200 s when the LO-
SCR was at low temperatures. The 1.2 and 5 kW experiments also
had a brief activity after 200 s, but by then, the LO-SCR was near

TABLE 6 | Cold FTP results.

Power level TP NOX (g/hp-hr) BSCO2 (g/hp-hr) CO2 savings

No heater 0.055 543 —

1.2 kW 0.042 545 −0.4%
2.4 kW 0.039 549 −1.1%
5 kW 0.040 546 −0.6%

FIGURE 3 | Cold FTP results.

FIGURE 4 | (A–F) Cold FTP.
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optimal conditions. As shown in Figure 4F, the CO2 cumulative
trends were similar.

Additional insights on CO2 emissions are provided in Figures
5A–C. Figure 5A shows the cumulative engine-out NOX being
similar for different experiments. Figure 5B shows the engine
calibration strategy switching points from the thermal
management mode to the fuel economy mode. With the
exception of the 5 kW experiment, there was no difference in
switching points between the baseline and the 1.2 kW/2.4 kW
results. For the 5 kW case, the thermal management mode had a
longer duration, but it did not greatly influence the final results. A
closer look at the extended thermal management segment in the
5 kW experiment revealed that this part of the cycle was idle.
Therefore, no noticeable change on CO2 emissions was expected.
There were also no major differences in thermal management
behavior for the cold cycle between the various EH power levels.
CDA on/off times, shown in Figure 5C, provides an insight on
CDA operation over the HD-FTP cycle, which accounts for 51%
of time in CDA.

Hot FTP
The hot start FTP cycle was performed following the cold
cycle and a 20-min soak period. Table 7 shows the
quantitative hot start results, and Figure 6 graphically
shows the NOX and CO2. As shown, the heater solutions
provide a reduction in CO2, but with higher NOX. The best

heater experiment result is shown to be the 2.4 kW result,
which has a 1.9% decrease in BSCO2 but a slight increase in
BSNOX. The 5 and 1.2 kW power ratings showed an increase
in NOX, while the CO2 savings were consistent with the
2.4 kW power rating.

Similar to the cold FTP, Figures 7A–F provide critical
parameters monitored during the test sequence, such as
temperature and NOX emission results. Figures 7A,B show
that minor aftertreatment temperature differences were
observed in the heater experiments, which led to similar TP
NOX and CO2 results. Figure 7A shows the heater experiments
to have ~20°C higher LO-SCR temperatures for the first 200 s
compared to the no heater case. However, 200–550 s show
lower LO-SCR temperatures for the heater experiments.
Depending on the cycle point, heater experiment LO-SCR
temperatures were lower by as much as 20°C. Figure 7B,
which considers the downstream system temperatures, also
reports a decrease in temperature for the dual path SCR
catalyst after 400 s. The temperature decrease leads to a
5–7% LO-SCR NOX conversion reduction (Figure 7C)
compared to the no heater case. Figure 7D illustrates the
cumulative TP NOX mass and corroborates that higher TP
NOX emissions were generated in areas with lower catalyst
temperature. Interestingly, the 2.4 kW experiment was able to
maintain similar performance as the no heater case. In
contrast, the 1.2 kW result generated almost two times more
NOX emissions than the no heater experiment. The maximum
limits on the power heater are shown in the instantaneous
heater power graph shown in Figure 7E.

FIGURE 5 | (A–C) Cold FTP engine operation.

TABLE 7 | Hot FTP results.

Power level TP NOX (g/hp-hr) BSCO2 (g/hp-hr) CO2 savings

No heater 0.007 512 —

1.2 kW 0.013 501 2.1%
2.4 kW 0.008 502 2.0%
5 kW 0.011 508 0.8%

FIGURE 6 | Hot FTP results.
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Unlike the cold start, the hot start CO2 improved for the heater
experiments. Reduction of CO2 was shown to be between 1.7 and
2.1% with a general increase in tailpipe NOX emissions. However,
the 2.4 kW case did show very similar performance to the no

heater case despite the differences in aftertreatment system
temperature. The authors attributed this to the exhaust
conditions generated as a result of the 2.4 kW setting. Because
the performance demand is very high, small changes in
aftertreatment inlet conditions can significantly impact the
tailpipe result. For the 2.4 kW experiment, this included more
favorable conditions to accumulate NH3 storage.

Figure 8A provides the hot start cumulative engine-out
NOX, and Figure 8B considers the engine calibration states
during the cycle. Engine-out NOX was observed to be lower
for the no heater case and separation from the heater
experiments started at ~ 200 s. As discussed, it was
following this point that heater TP NOX emissions were
higher and the aftertreatment system temperatures were
lower. A closer look at the engine calibration state
indicates that for the heater experiments, the engine spent
less time (90% less time) in the thermal management mode
and more time in the fuel economy mode, which aided in the
net 2% CO2 reduction. The fuel economy mode was
characterized by higher engine-out NOX mass rates, lower
engine exhaust temperatures, and lower CO2 emissions. Thus,
augmentation of the heater reduced the thermal management
mode duration, which caused higher tailpipe NOX emissions
and improved CO2 emissions. CDA operation is shown in
Figure 8C, which accounts for 48% of time in CDA. For both
cold and hot FTP testing, the actual amount of time in CDA is
less than projected because CDA exits immediately after an
increased torque request.

FIGURE 7 | (A–F) Hot FTP.

FIGURE 8 | (A–C) Hot FTP engine operation.
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LLC
The low load cycle, or LLC, is a newly adopted cycle by CARB as
part of the 2024 + model year certification process. The final
phase in limit will be 0.05 g/hp-hr.

Figure 9 provides the graphical data points generated during this
campaign, andTable 8 provides the quantitative values. As shown in
Figure 9, results for all cases were well below the 2027 regulatory
limit. Heater configurations also generated less CO2 compared to the
baseline result at 2.4 and 2.4 kW (free energy). The CO2

improvement for both cases amounted to ~3%. For the 2.4 kW
experiment, there was also an increase in NOX compared to the base,
but the result remained 50% below the regulatory limit. The 5 kW
experiment also shared similar results as the 2.4 kW result, which
indicated no additional benefit from increasing themaximumheater
power. Also, the 1.2 kW experiment generated the lowest NOX

emissions from the heater tests, but it had the highest CO2 value.
Despite this, the 1.2 kW heater test generated 2% lower CO2

compared to the baseline. The 2.4 kWEH level shows the most
promise for CO2 reduction for normal engine-powered operation at
2.9 and 3.2% using free energy.

Figures 10A–F provide critical continuous measurement data
that includes aftertreatment temperatures, LO-SCR NOX

conversion, cumulative tailpipe NOX emissions, and
cumulative tailpipe CO2 emissions. In the first section of the
LLC, or 0–1800 s, the LO-SCR temperature (Figure 10A) was
shown to start low for the baseline experiment. The temperature
then gradually increases to a stabilized temperature range before

reaching an extended idle section. In the heater experiments, the
start of the cycle was shown to have a 35°C LO-SCR temperature
increase. The sustained temperature increase was also shown to
impact the downstream section (Figure 10B) as a 10°C

FIGURE 9 | LLC results.

TABLE 8 | LLC results.

Power level TP NOX [g/hp-hr] BSCO2 [g/hp-hr] CO2 savings

No heater 0.013 617 —

1.2 kW 0.009 611 1.0%
2.4 kW 0.025 599 2.9%
5 kW 0.024 602 2.4%
2.4 kW (free energy) 0.012 597 3.2%

FIGURE 10 | (A–F) LLC.
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temperature increase was observed after 400 s. Figure 10D shows
that all cases generated low emissions for the first 1800 s, as well
as similar CO2 values (Figure 10F). Since the CO2 and NOX

results indicated a negligible improvement, the heater integration
showed no meaningful benefit in the first 1800 s.

The next section between 1,800 s and 4,000 s begins with an
extended idle period that slowly decreases LO-SCR and
downstream temperatures in the baseline experiment (Figures
10A,B). For the heater cases, the temperature decrease was
mitigated, and the LO-SCR temperature was maintained at
225°C. Though the downstream temperature decrease persists,
a reduced temperature decrease rate was observed with the heater
experiments. At ~2,400 s, the engine transitions back into
dynamic cycle operation. The baseline and the 1.2 kW cases
were observed to have higher LO-SCR temperatures
(Figure 10A) compared to the 2.4 and 5 kW experiments. In
addition, the NOX emissions (Figure 10D) were shown to be

higher for the 2.4 and 5 kW cases. It is worth noting that the
2.4 and 5 kW generated nearly identical cumulative NOX traces,
which makes it difficult to see the 2.4 kW result. Though engine
calibration state differences will be discussed in a later paragraph,
it was found that both the baseline and 1.2 kW experiments were
in the thermal management mode (Figure 11B), while the
2.4 kW/5 kW experiments were in the fuel economy mode.
This also contributed to the higher emissions as the fuel
economy mode increases engine-out NOX (Figure 11A)
emissions and has lower engine-out exhaust temperatures.
Later portions of this section included a sustained low load
section and a shorter extended idle element. NOX emissions
(Figure 10D) did increase for all heater cases following the
idle section as the engine was in the fuel economy mode
(Figure 11B).

The last section, after 4,000 s to the cycle end, includes the
longest idle element. Figure 10A illustrates an 80°C temperature
decrease for the baseline LO-SCR temperature. In contrast, the
heater experiments generated stable LO-SCR temperatures at
225°C. Figure 10B shows some temperature decrease on the
downstream temperature for all cases, but less so on the heater
experiments. At ~5,100 s, the engine entered dynamic operation,
which increased NOX emissions for all cases. The baseline for the
LO-SCR and the downstream SCR started at a non-service state.
That is, the SCR catalysts were at temperature conditions where
activity was very low or non-existent. In the heater experiments,
the LO-SCR temperatures enabled SCR activity. In addition, 15b
shows that less time was required for the downstream system to
move back to the in-service state following the extended idle.
Despite the improved temperature characteristics, Figure 10D
shows that the 2.4 kW/5 kW experiments had the highest
emissions for this portion of the cycle, while the baseline also
had some increase. The 1.2 kW experiment had the lowest
increase, which contributed to the best overall tailpipe BSNOX

result. This, again, was attributed to the engine’s thermal
management mode (Figure 11B). Figure 11A also shows that
the 2.4 kW/5 kW experiments yielded a higher engine-out NOX

rate increase compared to the 1.2 kW/baseline experiments
further corroborating the reason for better NOX emissions results.

Figures 11A,B show the cumulative engine-out NOX and
engine state during the LLC. Table 9 provides the quantitative
values for the LLC result, as well as the thermal management
frequency. As shown, there was a positive correlation with the
amount of time spent in thermal management mode and the CO2

emissions. Despite the higher NOX emissions for 2.4 and 5 kW
experiments, the NOX remained well below the 2027 regulatory
limit, while improving CO2 by up to 3%. In this case, the

FIGURE 11 | (A–C) LLC engine operation.

TABLE 9 | LLC time in engine thermal management.

Power level TP NOX (g/hp-hr) BSCO2 (g/hp-hr) TM time (s) TM reduced

No heater 0.013 617 3,601 —

1.2 kW 0.009 611 1973 45%
2.4 kW 0.025 599 884 76%
5 kW 0.024 602 848 77%
2.4 kW (free energy) 0.012 597 1,057 71%
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augmentation of the heater technology at 2.4 kW provides
sufficient NOX control with a significant CO2 benefit. While
the 5 kWwas also similar in performance, there was no need to go
this high as the CO2 benefit was reduced and there was no
improvement in NOX emissions. As a final note, the investigators
noted that the heater control strategy could be further optimized.
Specifically, the target temperature during the extended idle could
be lowered to reduce the heater “ON” time and further reducing
CO2 emissions. However, this will only reduce the CO2 emissions
by a marginal amount (0.1–0.5%) as most of the benefit will be
realized by staying in the fuel economy mode. For the 2.4 kW
experiment, the engine was in the fuel economy mode for all of
the extended idle sections. The CDA operation is shown in
Figure 11C, which accounts for 68% of time in CDA.

Beverage Cycle
The beverage cycle, which is an element of the LLC, was another
low load cycle that was tested. This cycle does not have an
associated compliance limit as it is not and will not be part of
the certification process. For the purposes of this work, the LLC
limit of 0.05 g/hp-hr can be applied to the cycle. The cycle is 800 s
long and four are joined together. The first two cycles are preps,
and results presented reflect the last two cycles. Figure 12
provides the graphical data points, and Table 10 provides the
quantitative results for the beverage cycle experiments. Overall,
the tailpipe NOX remains well below the 0.05 g/hp-hr LLC
standard for all experiments. The CO2 results, however,

indicate a reduction for the heater experiments compared to
the baseline results. The 2.4 and 5 kW experiments show the best
results with a CO2 reduction of 6% or greater. The 2.4 kW free
energy experiment also highlights an improvement in CO2 over
the normal 2.4 kW case.

FIGURE 12 | Beverage cycle results.

TABLE 10 | Beverage cycle results.

Power level TP NOX (g/hp-hr) BSCO2 (g/hp-hr) CO2 savings

No heater 0.001 739 —

1.2 kW 0.003 727 1.6%
2.4 kW 0.001 694 6.1%
5 kW 0.004 677 9.7%
2.4 kW (free energy) 0.007 678 8.3%

FIGURE 13 | (A–F) Beverage.
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Figures 13A–F show critical data comparisons that consider
overall system performance. This includes LO-SCR
temperature, primary SCR temperature, LO-SCR NOX

conversion, cumulative TP NOX, EH power measurements,
and cumulative TP CO2. The base experiments indicated the
lowest temperatures of the cycle with several cycle segments
approaching 200°C. There are also examples where the base
experiment was observed to operate at temperatures higher than
several heater experiments. During these points, the 1.2 kW case
shows the same temperature behavior. For the 2.4 kW, 2.4 kW
free energy, and 5 kW experiments, the temperatures largely
remained between 220°C and 240°C. The only exception was at
the end of the cycle where the 5 kW experiment maintained a
temperature just above 220°C. Conversely, the other
experiments maintained a temperature near 240°C. The
differences observed in temperature were largely attributed to
the differences in engine mode status, which will be discussed in
a later paragraph.

Figure 13D, which considered the TP NOX mass, shows a
different conclusion from the provided results in earlier graphs
and table. However, it is worth noting the units are different and
that total cycle work completed was not considered in this graph.
Because the cycle was classified as low load, any small differences
in engine load will yield different total cycle work values.
Consequently, this is not reflected in the cumulative NOX

mass emissions.
Figures 14A,B show the cumulative engine-out NOX mass

results, as well as the thermal management modes for the
different experiments. Table 11 provides the associated
thermal management duration for the different experiments.
The engine-out NOX mass was revealed to be lower for the no
heater and 1.2 kW experiments. This was attributed to the engine
operating in the thermal management mode for a longer duration
compared to the heater experiments with higher power targets.
As discussed, the base and 1.2 kW experiments also had higher
LO-SCR average temperatures, which were also caused by the
thermal management mode. Conversely, the remaining heater
experiments spent less time in the thermal management mode
and provided a CO2 reduction. Depending on the experiment, the
time spent in the thermal management mode by 75% or greater.
The CDA operation is shown in Figure 14C, which accounts for
66% of time in CDA.

Like the LLC cycle, the beverage cycle was observed to have the
same benefits with respect to CO2, while maintaining NOX

emissions well below the CARB’s 2027 LLC standard. For this
cycle, the best option with respect to CO2 and NOX was the 5 kW
experiment. Although the beverage cycle is not part of the
certification cycles, it did provide insights for low-temperature
operation and the benefits from utilizing the heater instead of
relying on thermal management.

SUMMARY/CONCLUSION

The addition of an EH upstream of a LO-SCR followed by a
downstream primary aftertreatment system using a CDA in-line
6 cylinder diesel engine proved beneficial for NOX and CO2 over
the FTP, LLC, and beverage cycles. All aftertreatment catalysts
were hydrothermally aged to the end of the useful life. NOX was
reduced by shifting the LO-SCR into a more optimal and efficient
temperature region. CO2 was decreased by reducing the amount
of time in the engine thermal management mode. The best EH
power setting from previous works was 5 kW, while this current
work showed that the optimal maximum power setting could be
reduced to 2.4 kW.

TABLE 11 | Beverage time in engine thermal management.

Power level TP NOX (g/hp-hr) BSCO2 (g/hp-hr) TM time (s) TM reduced

No heater 0.001 739 1,483 —

1.2 kW 0.003 727 1,109 25%
2.4 kW 0.001 694 376 75%
5 kW 0.004 677 0 100%
2.4 kW (free energy) 0.007 678 376 75%

FIGURE 14 | (A–C) Beverage engine operation.
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The composite FTP yielded nearly the same NOX as the
baseline without the EH while saving CO2 on the order of
1.6%. The baseline result using CDA, LO-SCR, and primary
aftertreatment yielded a tailpipe NOX of 0.014 g/hp-hr, which
is 30% lower than the CARB 2027 regulation of 0.020 g/hp-hr.
The addition of an EH with a maximum power setting of 2.4 kW
showed slightly larger NOXmargin of 40% down to 0.012 g/hp-hr
while also saving 1.6% CO2. Improvements on both the cold and
hot FTP cycles contributed to these savings. The EH on the cold
cycle increased the LO-SCR temperature by 35°C over the
baseline, which achieved near optimal conditions by 200 s into
the cycle; thus, dropping the cold NOX by 27%. The EH on the hot
cycle decreased CO2 by 1.9% using 2.4 kW maximum power by
shifting the engine operation by 90% less time in the thermal
management mode while maintaining the same tailpipe NOX.

The NOX and CO2 were also improved over the LLC using a
2.4 kW EH setting. The baseline CDA results yielded excellent
tailpipe NOX of 0.013 g/hp-hr, which is 75% below the CARB
2027 NOX standard. The addition of 2.4 kW e-heating saved 2.9%
CO2 while maintaining a 50% margin on tailpipe NOX (0.025 g/
hp-hr). This savings is attributed to spending 75% less time in the
engine thermal management mode by using the EH. Additional
CO2 savings can be achieved for vehicle situations where the
battery system is fully charged and used to provide energy to the
EH. These cases are referred to as “free energy” in this study and
show more than 75% margin on NOX (0.012 g/hp-hr) at 3.2%
CO2 savings. The CO2 savings in this case is attributed to 71% less
time in the engine thermal management mode, as no energy was
required to be generated by the engine, representative of the
battery system being maintained at the required charge levels,
likely through the use of braking regeneration.

Similarly, the NOX and CO2 were also improved over the
beverage cycles using a 2.4 kW EH setting. The baseline CDA
results yielded near zero tailpipe NOX of 0.001 g/hp-hr for this
real world driving cycle. The addition of 2.4 kW saved 6.1% CO2

while maintaining the tailpipe NOX at near zero (0.001 g/hp-hr).
This savings is attributed spending 75% less time in the engine
thermal management mode, as the LO-SCR is at its optimal
temperature. Additional CO2 savings were realized up to 8.3%
using “free energy” when the battery system is charged.

The work showed that adding a 2.4 kW EH upstream of a LO-
SCR in combination with CDA and the primary aftertreatment
system yielded NOX and CO2 savings over the FTP, LLC, and
beverage cycles. The FTP results added an incremental 10%
addition NOX margin up to 40% by adding the EH while also
saving 1.9% CO2. The LLC showed that a 50% NOXmargin could

be maintained with 2.9% (engine powered EH) to 3.2% (free
energy) CO2 savings by adding 2.4 kW e-heat. Finally, the
beverage cycle showed that near zero tailpipe NOX is
achievable with 6.1% (engine powered EH) to 8.3% (free
energy) reductions in CO2.

The main takeaway of this work is that a modest EH on the
order of 2.4 kW is appropriate for a heavy-duty application in
combination with CDA and a LO-SCR. Since this power level is
low, a modestly sized EH could be packaged in a 4- or 5-inch-
diameter exhaust pipe upstream of a LO-SCR with minimal
backpressure. Using a larger size unit is also acceptable.
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