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Abstract: The U.S. Department of Energy’s Co-Optima initiative simultaneous focused on diversi-
fying fuel sources, improving efficiency, and reducing emissions through using novel combustion
strategies and sustainable fuel blends. For medium-duty/heavy-duty diesel engines, research in this
area has led to the development of a multimode strategy that uses premixed charge compression
ignition (PCCI) at low loads and conventional diesel combustion (CDC) at mid-high loads. The aim
of this study was to understand how emissions were impacted when using PCCI instead of CDC
at low loads and switching to an oxygenated biofuel blend. It provides a detailed speciation of the
hydrocarbon (HC) and particulate matter (PM) emissions from a multimode medium-duty engine oper-
ating at low loads in PCCI and CDC modes and high loads in CDC. The effect of the oxygenated biofuel
blend on emissions was studied at all three mode-load conditions using #2 ULSD and a bio-derived
fuel (25% hexyl hexanoate (HHN)) blended in #2 ULSD. The PCCI mode effectively decreased NOx,
total HC, and PM/PN emissions, with a substantial decrease in larger particles (>50 nm). A PM/PN
reduction was observed at high loads with the 25% HHN fuel. While the total HC emissions were not
impacted by fuel type, the detailed HC analysis exposed changes in the HC’s composition.
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1. Introduction

In response to climate change concerns, the United States government is targeting
a 50-52% net greenhouse gas reduction by 2030, reaching net-zero emissions by 2050 [1].
To achieve these goals in the transportation sector, an eclectic range of technologies will
be required, including carbon-free and low-carbon fuels such as electricity, hydrogen,
and biofuels. The sectors that pose challenges for electrification, such as those requiring
medium-duty and heavy-duty (MDHD) engines, require efforts to enhance efficiency and
reduce emissions while ensuring feasible costs and practicality in real-world operations.
Continuous improvements in hybridization and advanced combustion strategies are viable
solutions to achieve these goals of improving efficiency and lowering emissions. The
MDHD vehicle sector covers a wide range of drive cycles, from stop-and-go routes of
local delivery trucks and public buses to long-haul freight trucks. These varying MDHD
drive cycles also differ from light-duty vehicles. For example, class 8 trucks consume
about 18-25 times more fuel and cover 5.5 times greater mileage annually than light-
duty vehicles [2]. MDHD vehicles are a critical market that can reduce greenhouse gas
(GHG) emissions through hybridization; however, this requires battery and infrastructure
advancements [3,4]. The wide variety of MDHD vehicles, including in their weight, size,
and drive cycle, complicates these infrastructure solutions.

Low-temperature combustion (LTC) strategies maintain high engine efficiency while
decreasing engine emissions, making them promising combustion solutions in an eclectic
portfolio for reducing GHGs. Significant LTC advancements have been made over the last
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two decades, but extending the operational range to high loads has been a major challenge.
Homogeneous charge compression ignition (HCCI) combustion has been well documented
in the literature to significantly lower engine emissions while maintaining high thermal
efficiency [5,6], but controlling its combustion phasing is difficult due to the impact of
chemical kinetics on combustion timing. Premixed charge compression ignition (PCCI)
combustion is another way to achieve LTC that provides better control of combustion than
HCCI, making it a bridge between CDC and HCCI combustions [7,8].

The final phase of the U.S. Department of Energy’s (DOE) Co-Optimization of Fuels
and Engines (Co-Optima) initiative focused on an integrated approach to improve MDHD
efficiency and push towards net-zero carbon emissions. The initiative first focused on a
collaborative effort to screen multiple potential fuel blendstocks that could be bio-derived
to address net-zero carbon issues, maintained good diesel-range fuel properties for mix-
ing controlled compression-ignition (MCCI or CDC), and could meet production and
operational cost requirements [9]. A Co-Optima engine study confirmed the use of the
blendstocks for CDC combustion [10]. Another study developed low-load PCCI strategies
with two of the down-selected oxygenated blendstocks, hexyl hexanoate (HHN) and dibu-
toxymethane, in an MD single-cylinder diesel engine, and the findings revealed that PCCI
conditions can further lower NOx and filter smoke number emissions without increasing
HC emissions [11]. Bio-derived HHN, which can be formed from the esterification of
hexanoic acid with 1-hexyl alcohol, has a straight-chain structure with an ester group in
the middle of the molecule. HHN has a cetane number similar to typical ultra-low sulfur
diesel (ULSD) market fuel and was selected for this study.

A multimode engine operates in two or more different combustion modes by switching
between LTC and CDC modes to efficiently reduce emissions across different operational
ranges. Combining PCCI and CDC into a multimode strategy can help overcome the
operation range limitations common to LTC strategies like PCCI. This study examined the
impact of using the bio-blendstock fuel, 25 vol% HHN, in #2 ULSD in comparison to neat
#2 ULSD, on emissions from a PCCI-CDC multimode engine. This MDHD multimode
strategy uses PCCI combustion at low-load and CDC at high-load operation. This deep-
dive emission study investigated the fuel and mode impact on the detailed HC speciation
and the particulate matter (PM) emissions.

2. Materials and Methods
2.1. Engine Setup and Operation

The engine used in this study was a single-cylinder MD diesel engine modified from a
6.7 L Cummins, 6-cylinder ISB engine by deactivating 5 cylinders. The engine geometric
specifications are described in Table 1. The same engine was also used in a previously
reported study focused on the multimode engine operation strategy which contains more
engine configuration details [11,12]. The engine was operated under standard CDC or
PCCI modes at 1.8 bar (low load) or 3.2 bar (high load) at constant speed (1200 rpm).

Table 1. Engine specifications.

Displacement (L) 1.12
Bore (mm) 107
Stroke (mm) 124
Connecting Rod (mm) 145.4
Compression Ratio 20:1
Fuel Injector CRIN-3, 8-hole, 145° included angle

2.2. Fuels

Both emissions certification #2 ULSD and a 25 vol% blend of HHN in #2 ULSD fuels
were used in this study. The blend fuel was mixed in-house by splash blending and
analyzed by Southwest Research Institute. Results are described in Table 2. There are two
oxygen atoms per HHN molecule, so blending 25 vol% of HHN into #2 ULSD added 4.24 wt%
oxygen to the fuel. The cetane numbers of #2 ULSD and the HHN-blended fuel are similar.
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Table 2. Properties of #2 ULSD and 25 vol% HHN in #2 ULSD fuel blend at atmospheric pressure.

#2 ULSD 25 vol% HHN in #2 ULSD
Cetane Number 46.9 45.7
Carbon Content (wt%) 86.24 82.64
Hydrogen Content (wt%) 13.44 13.12
Oxygen Content (wt%) N/A 4.24
Net Heat of Combustion(M]/kg) 43.09 41.2
Density@ 15 °C (g/mL) 0.8455 0.8490
T50 (°C) 275 248.9
T90 (°C) 341 335.0
FBP (°C) 361 356.7

2.3. Emission Sampling

Gaseous and PM emission sampling and analysis were performed with multiple
different techniques. Direct sampling ports were used to sample exhaust gas for Fourier-
transform infrared spectroscopy (FTIR), Micro Soot Sensor (MSS), and Engine Exhaust
Particle Sizer (EEPS) measurements. A fourth sampling port pulled exhaust flow into
a custom dilution sampling tunnel. The basic layout of the dilution tunnel is shown in
Figure 1 and was based on previous studies [13]. Briefly, an orifice and ejector pump combo
were used to pull exhaust flow into the tunnel, where it was diluted by triple-filtered dry air
controlled by a Teledyne mass flow controller (MFC). The dilution ratio of the dilution tunnel
was controlled by the orifice and air flow rate and kept between 8 and 9 for all the experimental
conditions. Physical PM samples were collected on filters for both total gravimetric mass and
elemental and organic carbon (EC/OC) mass speciation. Samples for off-line speciation of
small gaseous hydrocarbons and aldehydes were also taken from this dilution tunnel. The
temperature of the sampling tunnel was kept at 47 °C during sampling.
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Figure 1. Schematic picture of the dilution tunnel setup for emissions sample collection.

2.3.1. Gaseous Emissions

Standard engine exhaust measurements were taken with a standard 5-gas emissions
bench using instruments purchased from California Analytical Instruments (CAI). The
sampling lines from the exhaust were kept at 191 °C to prevent condensation. Total
unburned hydrocarbons (THCs) were measured on a C1 basis by the CAI flame ionization
detector (FID). Other gases analyzed by the standard emissions bench included CO, CO,,
NO, and NO,. More detailed gaseous emissions were sampled by FTIR and from the
custom dilution tunnel for off-line analysis.

FTIR

A fast MKS 5 Hz FTIR sampled the exhaust directly without dilution. A diaphragm
pump was used to pull the sampled exhaust through a heated filter before entering the
FTIR. Heated lines were used to maintain the sampled exhaust at 191 °C. MKS FTIR
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software methods provided predefined list of HC species for gasoline and diesel engine
exhaust analysis. Consecutive measurements were taken at conditions studied using
gasoline (g-FTIR) and diesel (d-FTIR) methods. The MKS g-FTIR method used in this study
included 15 different HC species, while the d-FTIR method included only 8 different HC
species. Consistent FTIR results were seen for species contained in both methods. The
“diesel C1” measurement in the d-FTIR method, which was developed by MKS through a
calibration using vaporized #2 ULSD fuel, was correlated in this study to THC FID analyzer
readings. In the Results and Discussion sections, the THCs from FID results are compared
to that from both g-FTIR and d-FTIR results, where g-FTIR is the sum of all 15 HC species
and d-FTIR is only the “diesel C1” value.

Canister (GC-MS)

Volatile HC samples were collected from the custom dilution tunnel with cleaned pre-
evacuated MiniCan™ canisters from Entech Instruments (Simi Valley, CA, USA) and analyzed
off-line by GC-MS from Agilent Technologies (Santa Clara, CA, USA). Measured HCs reported
in this study are grouped by their functionality, such as paraffins, olefins, and aromatics.
Accurate quantification of high-boiling-point, semi-volatile HC species is difficult using this
technique due to lower response factors. Therefore, the quantification was only measured and
reported for relatively low carbon numbers (aromatics: C < 9, paraffins/olefins: C < 10).

DNPH (HPLC-UV/Vis)

Dilute exhaust samples were pulled at 1 L/min from the custom dilution tunnel
for 20 min through Sep-Pak DNPH (2,4-dinitrophenylhydrazine) cartridges by Waters
Corporation (Milford, MA, USA). The complexed aldehydes trapped by the DNPH were
removed from the solid-phase extraction cartridge with 3 mL of acetonitrile then analyzed
using HPLC-UV /vis. Two DNPH cartridges in series were used for each condition to
ensure correct measurements in the event that an oversaturation of the front cartridge
occurred.

2.3.2. PM/PN Emissions
MSS

Soot emissions were sampled directly from the exhaust by an AVL Micro Soot Sensor
(MSS) using an AVL heated sample line and internally diluted by the MSS conditioning
system. All data reported have been dilution-corrected and converted to a soot mass rate
using the total exhaust flow rate.

Particle Samplings

EC/0OC and gravimetric samples were collected from the custom dilution tunnel on
pre-fired quartz fiber (Qf) and pre-weighed 47 mm PM, 5 PTFE filters, respectively. The
dilute exhaust was pulled through a single sampling port on the tunnel then split in a
y-configuration into two parallel sample streams using separate pumps and dry gas meters
(DGM). One diluted sample stream was pulled through a single filter holder loaded with a
Qf filter. The other sample stream was pulled through an in-series double sample holder
loaded with the second Qf behind a PTEFE filter. The collected particle samples on Qfs were
sent to Sunset Laboratory, Inc. to measure EC/OC mass loading by NIOSH method [14] for
each condition. The PM samples collected on PTFE filters were weighed in-house for total
gravimetric PM mass measurement.

EEPS

Exhaust particle number (PN) rate and size distributions were measured with a TSI
Engine Exhaust Particle Sizer (EEPS; TSI model 3090). Exhaust samples were pulled from the
exhaust through a heated (191 °C) line into a custom-made double-dilution tunnel that has been
previously reported [13]. Briefly, the double-dilution tunnel consisted of two stages separated
by a thermal evaporator section. Each dilution stage used triple-filtered air and an orifice and
an ejector pump setup to dilute the exhaust. The hot exhaust was diluted with 150 °C dilution
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air before entering and passing through the evaporator section, which heated the dilute exhaust
to 350 °C to evaporate semi-volatiles that may have condensed on the particles. After thermal
denuding of the particles at 350 °C, the dilute exhaust was diluted a second time and allowed to
cool to 50 °C before being sampled by the EEPS. Data were collected for 120 s at each condition
once the engine was stable, then averaged and converted from a volumetric concentration into
a rate (#/min) for comparison between different engine mode conditions.

3. Results

The naming convention and load—-mode matrix studied are shown in Table 3. Fuel-
mode comparisons between PCCI and CDC1 were performed at the low-load condition,
while the fuel-load impact was compared using CDC modes; low load (CDC1) and high
load (CDC2) were compared at the same speed.

Table 3. Naming and matrix of conditions studied.

HHN #2 ULSD
Low Load
(1.8 bar) pect pect
Low Load
(1.8 bar) Cbcl cbel
High Load
(3.2 bar) CDC2 CDC2

3.1. Gaseous Emissions
3.1.1. Criteria Emissions

Figure 2 summarizes gaseous emissions from PCCI, CDC1, and CDC2 modes with
two different fuels, #2 ULSD and 25% HHN blended in #2 ULSD, in a MD multimode
engine. The PCCI strategy significantly reduced NOx emissions and THCs; however, the
lower THC mass rate of PCCI came at the expense of increased CO emissions. Using HHN
blend fuel slightly increased CO and THC emissions in the PCCI mode, but the criteria
emissions trends were the same regardless of fuel types. The consistency in CO, emissions
between PCCI and CDC1 suggests a similar degree of combustion efficiency.
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Figure 2. (a) NOx, (b) CO, (c) CO, emissions measured with FTIR, and (d) THC emissions measured
with FID from ACI and two different loads in CDC modes with #2 ULSD and HHN blended fuel in
the medium-duty, multimode engine.
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3.1.2. HC Emission Speciation

THC engine emissions are traditionally measured by FID analyzers designed to mea-
sure HC concentrations reported on a C1 basis. While this is the standard method for
evaluating and comparing THC emissions between engine exhaust studies, it fails to ac-
curately measure oxygenated HCs and provides no speciation details. Speciated THC
emission data can indicate different reaction pathways or be used to tailor emissions to
control catalyst solutions. FTIR analysis can deliver real-time speciation of the HC exhaust
components, as well as standard criteria pollutants. As the number of carbons in the HC
species increases, it becomes more difficult for an in-line FTIR to distinguish and quantify
them due to an overlap of C-H stretching frequencies between similar species [15]. Recent
reports, however, have shown FTIR to be effective at delivering a good representation of the
functional distribution of HC emissions from gasoline-range combustion strategies [16,17].
Since this MDHD multimode study used diesel-range fuels, a standard diesel FTIR (d-FTIR)
method was used for the analysis. The d-FTIR method identified some small HCs, but only
a single aldehyde (formaldehyde), and lumped all large HCs into a single “Diesel C1” con-
centration, failing to provide the level of speciation seen in the studies with gasoline-range
fuels. Therefore, a second FTIR measurement was also performed at each condition using a
gasoline FTIR (g-FTIR) method. Figure 3 compares the FID THC mass rate results to both
the d-FTIR and g-FTIR results, and all results are presented as C1 mass rates. The g-FTIR
stacked-plot data show the functional distribution of the HCs.

35
— M other
k= ® aromatics
£ 30 1  m ® aldehydes n
o5 ml olefins .
£ | m paraffins
E s
=
3 20 - d-FTIR THC
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Figure 3. HC results from FTIR spectra taken with gasoline method (g-FTIR, speciated stacked bars),
diesel method (d-FTIR, light gray), and FID-THC (dark gray).

There was good agreement between the total C1 mass rates from the g-FTIR and
d-FTIR, but these were slightly higher than the C1 mass rate measured by FID. The THCs
from g-FTIR were slightly higher than d-FTIR in all conditions, but the results from the
two FTIR methods agreed reasonably well with each other. The FID, which has a poor
oxygenate response, showed 10-22% lower THC results than FTIR except in the PCCI mode
with 25% HHN fuel. Although the d-FTIR method does not account for all the aldehydes,
the FID does not account for any formaldehyde and then underestimates the C1 mass for
all larger aldehydes. The d-FTIR included smaller C2-C4 hydrocarbons but was devoid
of partial fuel combustion products that fall in the C5-C12 range. The g-FTIR filled this
gap in speciation and was therefore used to provide the functional distribution of the HC
emissions. Considering that limitations exist for each of these analytical techniques, which
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prevent accurate measurement of the large mix of unknown hydrocarbons present in engine
exhaust, the similarities between them suggest they provide a useful first approximation.

The amount of THCs in PCCI exhaust was reduced by 45-65%, depending on the
measurement methods, compared to CDC1 for both fuels. The g-FTIR results in Figure 3
show that this reduction was predominantly associated with paraffins, while slight olefin
increases were observed for both #2 ULSD and 25% HHN fuels. Comparing CDC1 and
CDC2, small decreases in THCs were detected by both FTIR methods when load increased,
whereas a slight increase or no change was indicated by the FID measurement. g-FTIR
measurements indicate that paraffins and aldehydes were the two main HC species that
decreased from CDC1 to CDC2 as aromatics increased. Using 25% HHN fuel shows a
slight decrease in THCs without any notable fraction changes in PCCI mode but increased
aromatic HC emissions in CDC modes.

More detailed aldehyde speciation, collected with DNPH cartridges, was converted
to the C1 mass rates shown in Figure 4 and compared with the total aldehyde mass rate
measured by g-FTIR. The C1 aldehyde rate trends from two different methods were in
good agreement. There were eleven different aldehyde species detected with the DNPH
method, but the two major species in all conditions were formaldehyde and acetaldehyde.

3

#% Dimethylbenzaldehyde-C9
# Tolualdehyde-C8

# Benzaldehyde-C7

% Crotonaldehyde-C4

2 Acrolein-C3

,/////: Hexanal-C6

2 + % ® Valeraldehyde-C5

m Butyraldehyde-C4
Propionaldehyde-C3
Acetaldehyde-C2

® Formaldehyde-C1

m g-FTIR Total

Distributed Aldehyde C1 mass rate (mg C1/min)

PCCl cpCc1 cpc2 PCCl CcDC1  CDC2
#2 ULSD 25% HHN in #2 ULSD

Figure 4. Total aldehyde C1 mass rates direct from g-FTIR (thin gold bar) compared to C1 mass
species distributions derived from DNPH analysis (stacked bars).

Comparing the two low-load modes, the PCCI mode reduced the total aldehyde
emissions, predominately associated with a drop in paraffinic and aromatic aldehydes
for both fuels. Despite the overall aldehyde C1 emission drop, a notable increase in
formaldehyde emissions occurred in the PCCI mode regardless of fuel type. While CDC2
operation produced lower aldehyde emissions for both fuels compared to either low-load
condition, the drop was not as significant for the oxygenated 25% HHN fuel. However,
PCCI mode with the oxygenated 25% HHN fuel resulted in lower aldehyde emissions,
most notably through the elimination of the large C4-C6 paraffinic and aromatic aldehydes.

The detailed speciation of the larger and non-oxygenated HCs sampled with canis-
ters and analyzed by GC-MS is shown grouped by functionality in Figure 5. FTIR is a
powerful tool for HC speciation, but is more effective at measuring smaller HC molecules,
as discussed earlier. The canister data included a wide variety of HC species from C3 to
C14; however, we combined the quantified larger volatile paraffins and olefins < C10 and
aromatics < C9 due to a limitation of the technique being that it cannot accurately quantify
bigger molecules. The total amount of quantifiable HC from canister sampling, for each of
the three conditions, was less than half of the C1 seen by FID.
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Figure 5. Grouped HC species analyzed from canister samples compared with FID data.

3.2. Particulate Matter Emissions

The effects of biofuel from a multimode engine on PM emissions are summarized in
Figure 6. PM contains elemental carbon (EC), soot PM, and organic carbon (OC). Three dif-
ferent methods were used to measure PM mass rate including gravimetrical measurements
(similar to the EPA regulatory process) and a thermal optical method which quantified the
PM carbon mass contribution from both EC and OC, following the NIOSH method [14].
The standard soot mass was measured by an AVL MSS and correlates with the EC PM
measured by the NIOSH method.

PM mass rate (mg/min)

PCCI CDC1 CDC2 PCCI CDC1 CDC2
#2 ULSD 25% HHN in #2 ULSD

| Gravimetric OC | wss
B EC

Figure 6. Comparison of PM emission results from gravimetric, EC/OC, and MSS in different engine
modes with #2 ULSD and HHN blended fuel.

The high equivalence ratio of the LTC strategy can reduce the local rich combustion
zones where PM is mainly formed, resulting in the PM emissions reduction seen in the
PCCI mode. The reduction in PM mass in the PCCI mode suggested that a multimode
approach that employs the PCCI over CDC1 mode at low loads would be beneficial for
reducing PM emissions. While PCCI lowered the soot (EC PM) emission, it had little
impact on the OC PM, which prevented a total suppression of the PM emissions. The
lower equivalence ratio at the higher load condition, CDC2, created more fuel-rich zones,
contributing to the higher PM emissions compared to CDCI1.
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It has been confirmed that biodiesel reduces soot PM formation and it has been
suggested that both the promotion of cleaner combustion, associated with the higher
oxygen content, and a reduction in fuel aromatics, which are known soot producers,
contribute to the lower soot emissions from oxygenated biofuels [18]. The PM emissions,
shown in Figure 6, support this with a noticeable reduction in both the EC and OC PM
at the high-load condition, CDC2, when using 25%HHN blend fuel, while demonstrating
insignificant changes at low load in both PCCI and CDC1.

Figures 7 and 8 describe total particle numbers (PNs) and the size distributions of
particle emissions measured with the EEPS. Particulates from the engine exhaust went
through a double-diluter conditioning system that included a thermal denuder temperature
set at 150 °C or 350 °C before the measurements and are compared in Figure 7. It is not
surprising that the total PN measured was lower at 350 °C for all conditions. There was no
significant difference in the total PN emissions between the two low-load modes at 350 °C,
whereas an increase was observed at the high-load condition, CDC2. The size distribution
in Figure 8 indicates that the PCCI mode resulted in a significant drop in bigger-sized
particles (>50 nm) for both fuels compared to CDC1. Size distributions at 350 °C in both
low- and high-load CDC modes were similar regardless of the fuel. However, bimodal
size distributions were observed at 150 °C in CDC1 but not CDC2 for both fuels because of
the small nuclei size of PN emissions. Using 25% HHN fuel always reduced the total PN
emissions slightly but did not make a significant size distribution difference.

1.6%10"
7] 150 °C
[_1350°C
<
5 1.0x10"- ZIr_I_ 5
" _ ;}r E3
S e 7
S %
t 5.0x10"24 /
o ? 7
2
Pccl [cbc1| cpc2 | Pccl [cbet|cbe2
#2 ULSD 25% HHN in #2 ULSD

Figure 7. PN emissions measured by EEPS at low load (PCCI and CDC1) and high load (CDC2)
for two fuels (#2 ULSD and 25% HHN blend). The PN rate for each mode/fuel combination was
measured at thermal denuder temperatures of 150 °C and 350 °C.
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Figure 8. PN size distributions for (a) PCCI mode using #2 ULSD, (b) CDC1 mode using #2 ULSD,
(c) CDC2 mode using #2 ULSD, (d) PCCI mode using HHN blend fuel, (e) CDC1 mode using HHN
blend fuel, (f) CDC2 mode using HHN blend fuel. In all conditions, particulates are treated at two
different temperatures, 150 °C and 350 °C, in a thermal denuder.

4. Discussion
4.1. Integrative THC Emissions Results

The HC mass rate differences were significant between the combined HCs (from
FTIR, FTIR/DNPH, and canisters) and FID results in Figure 9. Based on the unquantified
but identifiable species in the canister samples, the differences can be attributed to small
semi-volatile species between the carbon numbers of C10 and C14. Regardless of these
differences, PCCI reduced total HCs, and all three types of volatile paraffins contributed
significantly to the reduction along with the larger, semi-volatile HCs. The FTIR speciation
showed an increase in C1-C4 HCs in the PCCI mode. Not surprisingly, the increase in
load from CDC1 to CDC2 mode resulted in more volatile aromatic species and more
semi-volatile HCs.

The addition of 25% HHN to the fuel limited the volatile paraffin reduction in the
PCCI mode but lowered the volatile aromatic emissions in CDC2, due to the dilution effect
caused by the absence of aromatics in HHN.
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Figure 9. Grouped HC species combined analyzed from FTIR-g (<C4, light grey), FTIR/DNPH
(aldehydes, green), and canister (all the other HC species) measurements compared with FID results
(dark grey).

4.2. Multimode Impact

LTC strategies like PCCI typically lower NOx and PM emissions due to lower com-
bustion temperatures at the expense of increasing CO and THC emissions. In this study,
PCCI mode increased CO emissions while reducing THC emissions. Under a low-load
condition, the CO emissions from a conventional diesel tend to be low with sufficient
excess oxygen and mixing time to fully oxidize CO after combustion with other products
of fuel-rich combustion. However, low-load LTC conditions can result in post-combustion
mixing that works towards a more fuel-lean condition, constraining CO oxidation in the
post-combustion mixing [19], which may explain the higher CO but lower THCs in the
PCCI mode of this study. Additionally, Han et al. [20] investigated HC and CO emissions
from LTC modes using a blended fuel of gasoline and diesel and found that increased THC
emissions were primarily affected by ignition delay, whereas increased CO emissions were
closely related to the global equivalence ratio. The prolonged ignition delay was controlled
either by expanding the gasoline ratio in the fuel or increasing the global equivalence ratio.
They explained that extending the ignition delay can create a more overmixed region that
can make fuel oxidation difficult and result in increasing HC emissions. Since ignition
delay and the global equivalence ratio are related, the secondary impact of an HC emission
increase was a global equivalence ratio; however, the effect of it is sensitive only when the
global equivalence ratio is above 0.85. On the other hand, an increase in CO emissions
occurred with the global equivalence ratio over the whole region they explored.

An increase in formaldehyde seen for PCCI compared to CDC1 (Figure 4) supports
the lower temperature combustion expected for PCCI [21-27]. The expected temperature
increase for CDC1 supports the potential that formaldehyde acted as an intermediate
formed during the initial ignition process and was consumed in the later, high-temperature
oxidation process. It aligns with the observation of higher formaldehyde formation in PCCI
compared to CDC1, which coincided with a reduction in acetaldehyde and the other larger
aldehydes. Despite the decreased total aldehyde emissions at the high-load condition,
CDC2, both the C1 mass and fraction of the total aldehyde mass were found to be the
lowest across the three conditions studied, regardless of the fuel.

4.3. Biofuel Impact

Multiple variables simultaneously impact engine emissions; however, there are general
trends reported when using biodiesel. Lapuerta et al. [18] noted that 85% of publications
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reported increased NOx emissions, 95% reported a decrease in PM and THCs, and 90%
reported a decrease in CO when biodiesel was used. In this work, in the medium-duty
multimode engine, NOx, CO, and THC emissions did not show significant differences, but
decreases in PM and PN emissions were observed with 25% HHN fuel.

While changes in the total THC emissions were not observed when the 25% HHN
fuel was used in this study, the fractions of specific species were influenced. Aromatic
aldehydes are lower in the low-load modes, and volatile aromatic species are lower in the
high-load modes with 25% HHN fuel. Mixed results have been reported for biodiesel’s
impact on aromatic emissions with more researchers observing decreased average aromatic
and polyaromatic hydrocarbon emissions [28-34], while others report increases [35] or
mixed results [32-34]. While it is expected that the lower fraction of aromatic compounds
included in the 25% HHN fuel may promote the reduction of aromatic aldehydes in the
low-load modes and volatile aromatics in the high-load mode, other complex combustion
processes were likely involved in forming aromatics since this was not a general trend for
all the modes. Considering aromatics are the main precursor to PM, the decrease in their
presence within the fuel’s composition would be expected to be a contributing factor to the
observed reduction in PM and PN emissions with 25% HHN fuel.

5. Conclusions

Emissions from an MD multimode engine at two low-load modes (PCCI, CDC1) and
one high-load mode (CDC2) were used to compare a multimode strategy (PCCI + CDC2)
to a full CDC (CDC1 + CDC2). The impacts of biofuel blending on emissions in both the
multimode and CDC combustion strategies were compared using #2 ULSD and a 25%
HHN in #2 ULSD blended fuel. The PCCI mode used at low loads in the multimode
strategy significantly decreased NOx, THC, and PM emissions but increased CO emissions,
which can be easily oxidized by a standard oxidation catalyst.

The 25% HHN fuel lowered PM /PN emissions in all modes before thermal denuding
(150 °C), providing a reduction in particulate emissions with both strategies. After thermal
denuding (350 °C) removed semi-volatile condensate from the particulate, little impact
was seen in either low-load mode. The multimode combustion strategy (PCCI + CDC2)
offered the best overall reduction in emissions regardless of fuel. While the HHN blended
fuel did not reduce emissions, it also did not cause any significant increase regardless of
which strategy—traditional CDC or advanced multimode combustion—was used. This
limited difference in HC compositions suggests that engines that run on this biofuel blend
can use current aftertreatment catalysts for emissions control.

More subtle differences were seen in some emissions. Detailed THC species were
analyzed and grouped by their functionality for a better understanding of emissions from
different engine modes and fuel types.

e  The decrease in THC in the PCCI mode was mainly associated with paraffins, but a
slight increase in olefins, formaldehyde, and small C1-C4 HCs was also observed;

e  The 25% HHN fuel had a minimal impact on the total HC emissions, but influenced
the composition of the HCs emitted. It decreased aromatic aldehydes in the low-load
modes and decreased volatile aromatics in the high-load mode.

The analysis of PM/PN emissions highlights the following:

The PM reduction in PCCI mode was associated with particles >50nm;

PN emissions after the 350 °C thermal denuding saw a small fuel effect at the high
load (CDC2) with the use of 25% HHN blended fuel, causing a slight reduction as
would be expected with blending reducing fuel aromatics;

e Both HHN blending and the multimode strategy reduced PN emissions without
thermal denuding (150°C), with the biggest reduction coming from fuel blending in
the full CDC strategy (CDC1 + CDC2);

e  The lowest total PN emissions without thermal denuding (150 °C) were achieved with
multimode (PCCI + CDC) combustion using the 25% HHN blended fuel.
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Abbreviations

PCCI premixed charge compression ignition
CDC conventional diesel combustion

HC hydrocarbon

PM particulate matter

HHN hexyl hexanoate
MDHD medium-duty and heavy-duty
GHG greenhouse gas

LTC low-temperature combustion

wit% weight percent

MSS micro soot sensor

EEPS engine exhaust particle sizer

MEC mass flow controller

EC elemental carbon

ocC organic carbon

THC total hydrocarbon

FID flame ionization detector

FTIR Fourier-transform infrared spectrometer

g-FTIR  gasoline FTIR method

d-FTIR  diesel FTIR method

GC-MS  gas chromatograph—mass spectrometer
DNPH  24-dinitrophenylhydrazine

HPLC  high-performance liquid chromatograph
UV-Vis  ultraviolet-visible spectrometer

Qf quartz filter
DGM dry gas meter
PN particle number

#/min  number per minute
CDC1 low-load CDC

CDC2  high-load CDC

ULSD ultra-low sulfur diesel
NOx nitrogen oxides

CO carbon monoxide
CO, carbon dioxide
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