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ABSTRACT: Advanced compression ignition (ACI) engines have
shown the potential to improve internal combustion engine
efficiency while drastically reducing levels of nitrogen oxides
(NOX) and particulate matter, including soot, in the exhaust.
However, achieving high loads and control over ACI engines
requires improvement of fuel ϕ-sensitivity relative to standard
gasoline. Ideally, improving fuel ϕ-sensitivity will go hand-in-hand
with reducing fuel carbon intensity. This study identifies three
potential low-carbon fuels that can be blended with gasoline for use
in ACI engines: methyl pentanoate, 1-pentanol, and 2-pentanol.
These fuels have been tested in approximately 30% blends with
gasoline at three different speed/load conditions in a medium-duty
CI engine. Two different ϕ-sensitivity metrics were developed. The
first metric (“Type 1”) evaluates the change in ignition timing with respect to the start-of-injection timing of the final injection in a
multi-pulse ACI injection schedule. According to this metric, 1-pentanol increased ϕ-sensitivity by 57%, 2-pentanol by 56%, and
methyl pentanoate by 21% over the baseline gasoline. The second metric (“Type 2”) determines how far combustion phasing, in
terms of degrees of engine rotation, could be advanced before a limit of engine ringing intensity was reached. According to this
metric, 1-pentanol allowed 1.03° of advance, 2-pentanol 0.83°, and methyl pentanoate only 0.20°. For both metrics, these results are
the average of three speed/load engine conditions, and for the methyl pentanoate, the standard deviation across these three
conditions was larger than the average ϕ-sensitivity improvement. This leads to the conclusion that methyl pentanoate does not offer
any significant ϕ-sensitivity benefits, while the pentanols do. Both 1-pentanol and 2-pentanol are thus fuels of interest for further
study as low-carbon blendstocks for ACI engines.

■ INTRODUCTION
The direct carbon dioxide (CO2) emissions generated from the
transportation sector are a principal contributor to climate
change.1 In light-duty (LD) vehicles, internal combustion
engines (ICEs) have begun to be replaced by electric
powertrains, and this trend is expected to rapidly increase in
the next decade.2 However, progress has been slower for heavy-
duty (HD) vehicles,2 which face higher technical and logistical
barriers to electrification.3 Demand for road freight transport via
HD vehicles is only expected to increase, and it is thus
imperative to reduce the net CO2 emissions of the fuels that
power these vehicles.4 Thankfully, there are many potential
carbon-neutral fuels for these vehicles, e.g., biofuels, synthetic
hydrocarbons, and direct solar fuels.5

The HD vehicle market is dominated by compression-ignition
(CI) engines, as opposed to the spark-ignition (SI) engines
which power most LD vehicles.6 The standard components of a
CI engine are depicted in Figure 1a. Conventional CI engines
utilize the combustion mode of mixing-controlled CI (MCCI).7

In conventional diesel MCCI, fuel is injected very late in the

compression (2nd) stroke of the 4-stroke CI engine cycle, which
is depicted in Figure 1b. There is little time for fuel and air to mix
before ignition, and most of the fuel will burn in a two-stage
process: first by rich premixed combustion and then by diffusion
combustion.8 This creates high levels of nitrogen oxides (NOX)
and particulate matter (PM), and thus, MCCI engines must be
outfitted with selective catalytic reduction (SCR) systems to
reduce NOX emissions and diesel particulate filter (DPF)
systems to reduce PM emissions.9 Several low-net-carbon
substitutes for petroleum-based diesel fuel have been researched
that can improve NOX and PM emissions,10 but not to the
degree that SCR and DPF systems can be eliminated.
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A typical MCCI injection strategy is compared with an
example of advanced CI (ACI) injection strategy below in
Figure 1c. This is just one example of many different injection
strategies that fall under the wide scope of ACI. A common
theme of all ACI strategies is that injection is “advanced”, i.e.,
moved earlier in the engine cycle relative to MCCI.11 This
allows for more time for fuel and air to mix before ignition and
increases the portion of the charge that achieves a lean fuel/air
mixture prior to combustion.11 This results in engine-out NOX
and PM emissions that are, in some cases, already low enough to
meet emission standards without the need for SCR or DPF on
the tailpipe.12 Unlike MCCI, ACI can utilize fuels with a high
octane number (ON), such as gasoline13 and fuels not typically
used in CI engines. However, ON and the associated standard
fuel metrics of research ON (RON), motor ON (MON), and
octane index (OI) were developed for SI engines and do not give
a complete evaluation of a fuel’s suitability for ACI.14 Notably,
the demand for gasoline may fall as LD vehicles transition to
being electric, making gasoline a potentially economical fuel for
medium-duty (MD)/HD applications.

One of the earliest ACI modes developed was homogeneous
charge CI (HCCI), in which injection is highly advanced or
mixed with intake air upstream of the intake valve, and all fuel is
evenly distributed throughout the cylinder upon ignition.15−17

Although multiple fuel performance metrics have been
developed to aid in HCCI fuel/engine design,18,19 HCCI
engines have proven difficult to control over the wide range of
operating conditions necessary for commercial engines.17 Other
ACI combustion modes, including those used in this study (see
Figure 1c and following sections), allow for greater control by
including later (more “retarded”) injections producing greater
fuel/air stratification.11,20,21 The local fuel/air ratio (F/A) is
commonly measured in terms of the equivalence ratio or ϕ

(phi), in which ϕ = 1 is equal to the stoichiometric fuel/air ratio
(F/A)s.

22 Areas where ϕ > 1 are rich (excess fuel), and areas
where ϕ < 1 are lean (excess oxygen), as calculated by the
following equation22

= F A
F A

( / )
( / )

actual

s (1)

In ϕ-stratified ACI, the mostly lean premixed charge will
undergo a series of “sequential autoignition” events proceeding
through the gradient of ϕ, without larger propagating flame
structures seen in conventional SI and CI engines or the
volumetric combustion seen in HCCI.23 By utilizing different
ACI modes at different operating conditions, a “multi-mode”
ACI strategy can produce controllable, low-NOX and low-PM
combustion over the entire range of necessary engine operating
conditions. However, fuel performance metrics that can be
applied to these combustion modes have not yet been
developed.14

The phasing of this sequential autoignition process will
depend on the fuel’s “ϕ-sensitivity”, i.e., the sensitivity of
ignition delay to the equivalence ratio of the charge. With a low
ϕ-sensitivity fuel, autoignition will occur relatively simulta-
neously throughout the entire premixed charge, even if there is a
significant stratification of ϕ. This is undesirable because it will
generate high maximum pressure rise rates (MPRRs), which are
the source of combustion noise and damaging “knock” in CI
engines. On the other hand, a high ϕ-sensitivity fuel will slow
down the sequential autoignition process, with autoignition at
different local equivalence ratios being relatively further spaced
out in time. This will reduce the maximum rates of heat release,
thus reducing MPRR and knock. This allows ACI to be used at
higher loads and higher compression ratios, making ϕ-sensitivity
an important property to quantify in ACI fuels.24

Figure 1. (a) Key components of a CI engine referenced throughout this paper. (b) Typical 4-stroke CI engine cycle shown on a log−log pressure−
volume (P−V) diagram. (c) Fuel injection schedules for ACI and MCCI combustion modes, along with typical cylinder pressure. The key variable in
the injection schedule is the CA between the crank and cylinder axis, measured in units of degrees after top dead center (°aTDC).
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In this paper, the ϕ-sensitivity of several fuels and their
resultant combustion performance will be evaluated in a MD
research engine. The fuels selected are mostly gasoline or a
gasoline surrogate, blended with oxygenated compounds that
could potentially be made from low-net carbon feedstocks. This
work takes place as part of the larger co-optimization of engines
and fuels (co-optima) program funded by the U.S. Department
of Energy.

The aim of this work is to confirm the ϕ-sensitivity of fuels
that have been hypothesized to be highly ϕ-sensitive in
simulations and/or bench experiments but have not been
confirmed as such in engines operating on ACI. By focusing on
oxygenated fuel candidates, the authors seek viable fuels that can
not only displace fossil fuels and decarbonize the HD
transportation sector but also enable high-efficiency ACI
strategies that will greatly reduce harmful NOX and soot
emissions. While only a select few fuel candidates are the focus of
this study, it is our intent that the methods developed can be
applied in the wider research community to analyze other
potential ACI fuels.

■ EXPERIMENTAL SECTION
Fuels. The design of the study’s fuels started with the selection of the

blendstocks for oxygenate blending (BOBs), which are detailed in
Table 1. First, a petroleum distillate gasoline BOB was selected: the RD-

587 BOB, which makes RD-587 gasoline when mixed with 10% vol
ethanol. RD-587 is the baseline reference gasoline of choice for the co-
optima program and represents the “regular-grade” 87-octane E10
gasoline commonly available at pumping stations in the US today.
Then, six-component surrogate BOBs were designed in an iterative
process to match the RON of RD-587 as closely as possible when
blended with oxygenates. BOB-2B was the successful result of this
process, with BOB-2C designed with higher ONs than BOB-2B for
blending with particularly low-octane oxygenates.

The low-net-carbon oxygenates identified for this study are detailed
in Table 2. While ethanol was included as the most prevalent low-net-
carbon oxygenate, the other three were selected to test their expected
varying ϕ-sensitivity while sharing a common five-carbon chain. The
fuel property ϕ-sensitivity is associated with intermediate-temperature
heat release (ITHR) during the early phases of autoignition, and ITHR
in turn is the result of a growing pool of formyl radicals. Gasoline range
paraffinic hydrocarbons, especially straight-chain or n-paraffins
comprising multiple methylene (−CH2−) moieties, are a significant
source of formyl radicals and thus exhibit both ITHR and low-
temperature heat release (LTHR). However, the ONs of n-paraffin
decrease rapidly with increasing chain length. For example, the RON of

n-pentane is 62, n-hexane has a RON of 25, and n-heptane is defined as
0 RON. These very low ONs limit the amounts that can be blended in
gasoline to cost-effectively attain the 91−96 RONs of finished gasoline
sold in the US. Furthermore, n-pentane has a low boiling point (36 °C),
strongly impacting the dry vapor pressure equivalent (DVPE) of
finished gasoline. DVPE is regulated by the Environmental Protection
Agency (EPA), thus limiting the amounts of pentane that can be
blended. Conversely, the oxygenated pentane analogues tested in this
study have much higher ONs and boiling points, giving them a higher
potential for blending with gasoline than pentane.

This study explores the impacts of oxygenate chemistry on ϕ-
sensitivity by investigating five-carbon oxygenate analogues of n-
pentane, including methyl pentanoate, 1-pentanol, and 2-pentanol.

The final blends used in the engine experiments and computational
fluid dynamics (CFD) simulations are detailed in Table 3. These blends
are named following the pattern of “XX_##_YY”, where “XX” is the
abbreviation of the oxygenate (from Table 2), “##” is the volume % of
this oxygenate in the blend, and “YY” is the abbreviation of the BOB
(from Table 1), which makes up the balance of the blend. For example,
“ET_10_87” consists of ethanol blended at 10% by volume into the
RD-587 BOB, representing commercially available gasoline.
ET_10_2B is the pure component surrogate of ET_10_87, which
was used for CFD simulations in which a detailed chemical
representation of distillate gasoline was infeasible. This ET_10_2B
fuel was used as the “baseline” fuel for this study. The other three fuels
are designed to match the reactivity of the baseline fuel (in terms of
RON) as closely as possible while differing in ϕ-sensitivity.

Engine Setup. The engine selected for this study is detailed in
Table 4 and Figure 2. Although this is a MD engine and slightly smaller
in terms of cylinder size than most HD vehicles that ACI is targeted for,
this was a compromise made to reduce the amounts of fuel needed for
extensive testing and to leverage existing hardware. This engine is a
modified version of the Ford power stroke V8 engine (a.k.a. the
“Scorpion” engine), using the production piston, cylinder sleeve,
connecting rod, intake and exhaust ports, valves, cam lift profiles, and
fuel rail. The cylinder head, containing the intake and exhaust port
structures, was based on the production head but modified for a single-
cylinder engine block designed and built by Southwest Research
Institute. This setup combines the optimized geometry of a production
engine model with the reduced fuel consumption and support
equipment requirements of a single-cylinder engine (vs the production
of 8-cylinder engine).

This system is mostly unmodified from the same system used with
conventional MCCI and diesel fuel that is further detailed in a previous
study,10 but three modifications were made since this previous study.
The first modification was the addition of a charge air cooler to the
intake, which was added to achieve low intake temperatures at high
exhaust gas recirculation (EGR) rates to increase ACI load limits. The
second modification was the use of a national instruments direct control

Table 1. Composition of BOBsa

BOB name
RD-587 BOB
(real gasoline)

BOB-2B
(surrogate)

BOB-2C
(surrogate)

abbreviation “87” “2B” “2C”
n-heptane (Paraffins)

[vol %]
17.0 16.0 2.9

isooctane (iso-paraffins)
[vol %]

36.4 48.0 60.0

toluene (aromatics)
[vol %]

26.8 10.0 10.7

1,2,4-trimethyl-benzene
[vol %]

− 16.0 16.4

tetralin [vol %] − 3.0 2.9
(naphthenes) [vol %] 13.5 − −
1-hexene (olefins) [vol %] 6.4 7.0 7.1
aParaffins, iso-paraffins, aromatics, naphthenes, and olefins volume
percentages from DHA analysis of RD-587 BOB. Target volume
percentages for surrogate BOBs.

Table 2. Low-Net-Carbon Oxygenate Fuels Selected for
Study

oxygenate ethanol methyl-pentanoate 1-pentanol 2-pentanol

abbreviation “ET” “MP” “P1” “P2”
CAS number 64-17-5 624-24-8 71-41-0 6032-29-7
boiling point

[°C]
78 126 138 119

density@15°C
[kg/L]

0.789 0.885 0.815 0.805

oxygen [wt %] 34.8 27.6 18.2 18.2
LHV [MJ/L] 21.2 25.0 28.3 27.8
heat of

vaporization
(HOV)@25°
C [kJ/kg]

919 380 509 608

RON 109 103 82 99
MON 90 101 76 91
octane

sensitivity
19 2 6 8
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module used to send complex injection schedules to the injector (up to
16 per cycle).

The third and final change to the system was a modification of the
fuel injector. The production injector was designed to inject fuel in a
spray pattern optimal for MCCI but poorly designed for ACI, as shown
in Figure 3. The “umbrella” angle of the production injector, i.e., the
included angle between fuel jets in the same vertical plane, is too wide at
150°. This is ideal for conventional MCCI, in which highly retarded
injection timings are used (usually later than −20°aTDC). However,
using this angle at timings more advanced than −40°aTDC points the
fuel spray directly at the cylinder wall and mixes liquid fuel with the oil
film on the wall, a phenomenon known as “wall wetting”. The lift of the
intake valve also interferes with injection during most of the intake
stroke, which is proposed in some ACI modes.

To address these concerns, a modified injector was produced with a
reduced umbrella angle of 90°. This angle was selected as the narrowest
angle that could be feasibly achieved through modification of the
production injector tip. Although there are specially designed gasoline
direct injection systems that can achieve a narrower spray cone, these
would require extensive modification of the engine’s cylinder head. The
90° angle is sufficient to keep the fuel spray clear of the intake valve and
avoid wall wetting over a wide range of CAs. One concern with reducing
the umbrella angle is that the reduced distance between individual jets
could cause unwanted cross-jet interactions. Therefore, the number of
jets was reduced from 8 to 6, with the 6-hole design found to produce
optimal spacing between jets in preliminary CFD studies. To achieve
the redesigned spray pattern, the original holes on a production injector
tip were laser welded shut, and the new holes were machined via
electrical discharge machining.

Determining Test Conditions. Preliminary tests with the
modified injector made it clear that a strategy with fewer injections
produced more consistent performance over time, and no more than
three injections were desirable to maintain the coefficient of variation
(CoV) of the indicated mean effective pressure (IMEP) within the

stability limit over long periods of time. However, it was still necessary
to design a strategy to determine the injection duration that would
inject a certain amount of fuel. Previous work has indicated that it is
ideal to have a late injection with approximately 20% of the total fuel,21

so a schedule was designed to determine the duration needed to
produce an injection with 20% of the fuel. This schedule (top of Figure
4) used five injections spaced far apart to prevent close-coupled
injections from creating an inequal distribution of fuel between
injections.

Once the injection duration needed to inject 20% of the total fuel was
determined, the ϕ-sensitivity testing schedule (bottom of Figure 4) was
employed. In this schedule, either two or three injections is used
depending on the engine load. At lighter loads, two injections are used.
The first injection starts at SOIearly and contains 80% of the fuel, which is
intended to achieve a homogeneous distribution throughout the
cylinder by the time of ignition. The second injection starts at SOIlate
and contains 20% of the fuel, which is intended to produce a ϕ gradient

Table 3. Fuel Blends and Key Properties

blend name ET_10_87 ET_10_2B MP_35_2B P1_30_2C P2_30_2B

oxygenate and target level [vol %] ethanol 10% ethanol 10% methyl-pentanoate 35% 1-pentanol 30% 2-pentanol 30%
BOB RD-587 BOB BOB-2B BOB-2B BOB-2C BOB-2B
oxygenate [vol %] 11.57 9.70 34.94 29.93 29.80
oxygenate [mol %] 23.11 21.13 37.47 36.67 36.26
carbon [wt %] 82.19 82.77 77.36 81.26 81.21
hydrogen [wt %] 13.57 13.57 11.78 12.93 13.00
oxygen [wt %] 4.24 3.65 10.86 5.81 5.79
density@15°C [kg/L] 0.751 0.756 0.800 0.772 0.767
LHV [MJ/kg] 41.69 41.50 37.56 40.36 40.63
HOV@25°C [kJ/kg] 425 407 348 413 412
RONa 90 92 91 91 91

aRON was measured with the advanced fuel ignition delay analyzer using a rapid measurement method.25

Table 4. Engine Specifications

base engine architecture ford power stroke 6.7 L scorpion (MY2017)

displacement volume 0.83 L (single cylinder)
bore × stroke 99 × 108 mm
compression ratio 16.2:1
connecting rod length 177 mm
coolant inlet temperature 90 °C
oil temperature 90 °C
fuel injector model Bosch CRI3-20 (Piezo)
injection orifice size 0.138 mm
injector umbrella angle production: 150°; modified: 90°
injector # of holes production: 8; modified: 6
cylinder pressure transducer Kistler 6058A
charge amplifier Kistler 5010
CA encoder BEI 3600 count (0.1°res)

Figure 2. Test setup diagram.
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at the time of ignition. The steepness of the ϕ gradient, and thus the
ignition timing, can be varied by varying SOIlate. At higher loads, to
promote a more even distribution of fuel throughout the cylinder, a
third injection is added, which starts at SOImid. This injection contains
20% of the total fuel, reducing the first injection to 60% of the fuel.

To compare ϕ-sensitivity at conditions most relevant to overall
engine performance, this study is based on three “center point” test
conditions. These three points cover a wide range of the engine’s MCCI
operating envelope. These points are the centers of start-of-injection
(SOI) and EGR sweeps that will be performed to evaluate ϕ-sensitivity.

The center points are based off an operating map provided by the
engine’s manufacturer but modified to bring ACI operation within
certain limits with all the fuels tested. These limits are as follows:

• A knock limit of ringing intensity (RI) less than 5 MW/m2.
• A stability limit of CoV of gross IMEPG less than 5%�i.e., a

standard deviation of IMEPG < 5% of the mean.

Each of the center points is given a short name for easy reference in
the form of one letter and two numbers, with the letter representing
relative engine speed and the numbers representing roughly the
percentage of full engine load.

Defining ϕ-Sensitivity Metrics. Engine ϕ-sensitivity analysis is
based on heat release rate (HRR) analysis, which can identify the
apparent timing of ignition. There are many valid methods of assigning
an ignition point to the continuous HRR curve, as detailed and
discussed in a previous study on this same engine.26 The method used
here is a variation of a method developed by Ortiz-Soto et al.,27 which
calculates the curvature κ of normalized HRR (HRRnor)

i
k
jjjj

y
{
zzzz

=
+1

d

d

d
d

(HRR )

CA

(HRR )
CA

2 3/2

2
nor

2

nor

(2)

Ortiz-Soto et al. defined an ignition point at the average crank angle
(CA) of two points: the peak of curvature and the peak of the 2nd
derivative d2(HRRnor)/dCA2. For this study, the ignition point
(“HTHRstart”) is the CA at the peak of curvature only (disregarding
the peak of the 2nd derivative). In the upper portion of Figure 5,
HTHRstart is shown to consistently track with a sharp transition point in
the HRR, marking the transition between ITHR and high-temperature
heat release (HTHR).

As SOIlate is retarded, the ϕ distribution becomes more and more
stratified at the time of ignition, and HTHRstart advances. The advance
of HTHRstart between two certain SOIs should be greater for more ϕ-
sensitive fuels. This will form the basis of what is herein called “Type 1”
ϕ-sensitivity analysis and has previously been proposed by Pintor et
al.28 These previous authors used another ignition point definition:
CA10, i.e., the CA where 10% of the total integrated heat release is
reached. Pintor et al. measured the change of ignition timing (via CA10)
between two specific values of SOIlate. This study, to allow for flexibility
in the SOIs used, measures the slope of ignition timing (via HTHRstart)
with respect to SOIlate using the following equation

=
HTHR

SOI

HTHR HRHR

SOI SOI
a b

b a

start

late

start start

late late (3)

Figure 3. Fuel spray patterns produced by the original (red) and
modified (blue) injectors. The top portion of the figure shows a
sequence of side-on views of the cylinder and how the center line of
each fuel jet aligns with the piston (and intake valve during the intake
stroke). The bottom portion shows bottom-up views of the cylinder,
showing the individual fuel jets in relation to the valves.

Figure 4. Specific ACI injection strategies used in this study. Fuel flow was modeled using the manufacturer’s fuel flow data and measurements from an
outside contractor that modified the injector for the ACI configuration. The bottom schedule is used for ϕ-sensitivity testing and will produce all the
data in the Results section.
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In the above equation, a is a relatively advanced SOIlate and b is a
relatively retarded one. For this study, the two CAs selected for SOIlate,
a and b, were −50 and −36°aTDC, respectively, for reasons that will be
illustrated in the Results section. However, these values are not meant
to be universal and were chosen to evaluate the most ϕ-sensitive SOIlate
region for this particular engine, injector, and set of fuels and test
conditions. Much different values of a and b may be appropriate for
different studies.

Another point of HRR analysis seen in Figure 5 is CA50, which is used
in another type of ϕ-sensitivity analysis that is called “Type 2” analysis
in this study. Also, as previously devised by Pintor et al.,28 this analysis
finds the CA50 at which a RI limit is reached. Unlike Type 1 analysis,
which must inherently involve a sweep of SOIlate, Type 2 analysis can be
done with sweeps of other parameters as well, e.g., EGR sweeps in this
study. Pintor et al. used the knock limit of 5 MW/m2 as their RI limit for
analysis, but this limit can be set to another value if a sweep in a certain
condition does not produce knocking with all fuels.

The basis for the Type 2 ϕ-sensitivity analysis can be explained by
another HRR analysis point, as shown in Figure 5, HTHRend, which is
defined as the point where HRR falls below 25% of its peak value. This
produces a measurement of HTHRduration by taking the difference in CA
between HTHRend and HTHRstart. Increased ϕ-sensitivity will widen
this HRR peak by lengthening the sequential autoignition process�the
differences in ignition delay between regions of different ϕ will be
magnified. This is one of the benefits of ϕ-sensitive fuels in ACI: by
widening the HRR peak, the MPRR will also be lower. This should
allow more ϕ-sensitive fuels to reach more advanced CA50 before
reaching the knock limit.

To summarize:
• Type 1 ϕ-sensitivity analysis: ΔHTHRstart/ΔSOIlate (ignition

delay).
• Type 2 ϕ-sensitivity analysis: CA50@RI limit (rate of sequential

autoignition).
In evaluating both metrics, great care must be taken to ensure that

only one test condition changes along a sweep and all other test
conditions are held constant, both along the sweeps and between fuels,
to maintain an “apples-to-apples” comparison. Of course, some
inherent differences between fuels and test conditions are unavoidable,

especially when compared to more tightly controlled bench experi-
ments, so these metrics cannot be taken as perfect indicators of ϕ-
sensitivity.

Peak Load Testing. A final set of tests was conducted with each fuel
after the ϕ-sensitivity analysis: peak load testing. The end goal of finding
ϕ-sensitive fuels is to increase the peak load at which a given engine can
operate with ACI alone, so higher ϕ-sensitivity should lead to a higher
peak load if all else is held the same. For these tests, all conditions from
Table 5 are held the same except:

• SOIlate is advanced to −120°aTDC, creating a relatively
homogeneous charge and retarding combustion to reduce
knock.

• The duration of SOIearly is increased until the knock limit is
approached.

• EGR is increased until the stability limit is approached.

These last two changes are implemented in an iterative process
starting from the “center point” condition. The peak load is achieved

Figure 5. HRR analysis example: D25 condition, P1_30_2C fuel, SOIlate sweep.

Table 5. Center Point Test Conditions Derived from
Manufacturer’s Test Conditions

center point B20 D25 F35

speed [RPM] 1000 1300 1600
IMEPG [bar] 3.0 4.2 6.0
fuel pump inlet temp. [°C] 40 40 40
rail pressure [bar] 400 400 400
intake temperature [°C] 58 48 48
intake pressure [bar abs] 1.3 1.5 1.7
exhaust pressure [bar abs] 1.7 2.0 2.3
global ϕ [-] 0.31 0.38 0.56
approx. EGR [vol %] 20% 30% 40%
SOIearly [°aTDC] −310° −315° −315°
SOImid [°aTDC] N/A N/A −220°
SOIlate [°aTDC] −28° −50° −70°
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when the knock and stability limits converge, i.e., neither SOIearly
duration nor EGR can be increased without going over one of the limits.

CFD Modeling. The CFD simulations were conducted to match the
engine conditions from Table 5 using only a select few points on the
SOI sweeps. The purposes of these simulations were to determine the ϕ
distributions produced with various SOIlate timings and to gain insight
on the appropriate windows of SOIlate to use for ϕ-sensitivity testing
and ACI. CONVERGE CFD software29 was used to perform the CFD
simulations. The boundaries of the simulation were set at cross-
sectional planes set several diameters upstream and downstream of the
intake and exhaust valves, respectively, as shown in Figure 6. The

conservation equations are solved with a finite volume method using
second-order spatial discretization with implicit first-order time
accuracy. The liquid spray and gas phase interactions are solved in
the Lagrangian−Eulerian method. The droplets breakup, collision, and
evaporation are modeled as well. We used the renormalized group k-
epsilon model for the turbulence modeling. The computational grid
shown in Figure 7 is automatically generated in Converge using the cut-

cell Cartesian method. The initial base grid used for the single-cylinder
engine was 2 mm. To increase the accuracy of spray injection and
droplets evaporation/mixing, we used three levels of fixed embedding
refinement for each of the 6 injector nozzles as well as three levels of
adaptive mesh refinement based on the velocity and temperature
gradients, which translated to the minimum grid size of 0.25 mm at the
most critical regions. The total computational mesh was limited to a
maximum of 2,000,000 cells to avoid significantly higher computational
costs. The liquid thermo-physical properties of each component from
the surrogate mixture were obtained from the NIST database.30 A more
detailed description of the computational method can be found in our
previous study.31

■ RESULTS
The results are divided into three sections:

1. Engine/CFD SOI sweeps, in which ϕ-sensitivity is
evaluated with the “Type 1” metric.

2. Engine EGR sweeps, in which ϕ-sensitivity is evaluated
with the “Type 2” metric.

3. Engine peak load tests, in which the effect of ϕ-sensitivity
of peak load is evaluated, and the overall emissions are

compared with environmental limits for conventional
diesel combustion.

SOI Sweeps. Figure 8 shows the shifts in combustion
phasing for all fuel blends tested as SOIlate is shifted, for each of
the three test conditions detailed in Table 5. The ET_10_87 fuel
had a much different behavior than the other fuels, indicating
that surrogate BOB-2B does not provide a perfect representation
of the full boiling range gasoline RD-587 BOB’s ACI behavior.
The analysis of this study will focus on the other, pure
component BOB fuels, whose phasing was much more closely
aligned with each other than ET_10_87.

The range of SOIlate that is most pertinent to ϕ-sensitivity
analysis in this study is approximately −50 to −36°aTDC. This
is the window that all the fuels could cover in all three test
conditions, well within the knock and stability limits. Within this
window, SOIlate could be retarded, advancing both HTHRstart
and CA50, without decreasing HTHR duration significantly.
Advancing SOIlate to earlier timings produced increases in
duration, cycle-to-cycle variability (see Supporting Informa-
tion), and unburnt hydrocarbons (UHC, see Supporting
Information), indicating wall wetting. Conversely, retarding
SOIlate to later timings produced decreases in duration with
sharp increases in NOX and soot emissions, indicating a shift
toward mixing-controlled combustion. For these reasons, this
window of approximately −50 to −36°aTDC was selected as the
range of SOIlate to conduct the “Type 1” ϕ-sensitivity analysis.

To confirm the appropriateness of this SOIlate window, CFD
simulations of the ET_10_2B fuel were conducted to
demonstrate the change in the ϕ distribution at the time of
ignition between the two ends of the window, as shown in Figure
9. Figure 9 shows the differences in the ϕ distribution
throughout the combustion chamber at the point of ignition
for different points on the B20 SOI sweep. At the start of the ϕ-
sensitivity evaluation window (SOIlate = −50°aTDC), most of
the fuel is concentrated between a ϕ of 0.1 and 0.3 when the
charge ignites. At the end of the ϕ-sensitivity evaluation window
(SOIlate = −36°aTDC), there is an increase in the amount of fuel
contained in zones of a phi between 0.3 and 0.8 and thus an
increase in stratification.

The comparative cross-sectional images in Figure 10 show
how the SOIlate range is dependent on the injector/piston
combination used in this study, and other ranges will be
appropriate for other studies. For the SOI = −50° case (left
column), the piston has ascended just enough that the late
injection is contained within the bowl, as shown in the CAD =
−44 row. In the SOI = −36° case (middle column), the piston
bowl shape is such that the distance at which the fuel jet
impinges on the piston bowl (as shown in the CAD = −30 row)
is relatively unchanged relative to the SOI = −50° case.
However, in the SOI = −28° case (right column), the piston
starts to impinge much closer to the injector (CAD = −22 row),
giving the fuel less distance to mix and evaporate, whereas this
impinging distance was relatively constant (and longer) for the
SOIlate window of −50° to −36°.

Although later SOIlate timings could produce even more
stratifications, a SOIlate of −28°aTDC was the latest to contain
no rich zones (ϕ > 1) remaining in the mixture at the observed
ignition timing from the experiments. A SOIlate of −24°aTDC
still contained rich zones at the point of ignition, indicating a
transition from ACI to MCCI, which is backed up in the
experiments by a simultaneous reversal in the HTHRstart trend,
seen in Figure 8.

Figure 6. 3D Geometry (ports, cylinder, piston, and injector) used for
the CFD simulation.

Figure 7. Computational mesh inside the cylinder showing the 3 levels
of fixed embedding refinement near the injector and the 3 levels of
AMR for the spray flow outside the fixed embedding.
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For the ϕ-sensitivity analysis, it was determined that the
“Type 1” analysis was the only type appropriate for the SOIlate
sweeps, since using the “Type 2” analysis would require using
SOIs retarded into the range of about −20°aTDC, where some
mixing-controlled combustion is being produced. The results of

the Type 1 analysis are given in Figure 11, showing that all 3 of
the C5 oxygenate blends increase ϕ-sensitivity, albeit methyl
pentanoate less so than the pentanols. The higher the load, the
greater the differentiation in ϕ-sensitivity between the fuels.

EGR Sweeps. Full EGR sweep data can be found in the
Supporting Information, while Figure 12 shows two key trends
related to ϕ-sensitivity: HTHR duration and RI, which are
almost perfectly inverse of each other with respect to CA50. This
is expected since a longer HTHR duration will reduce pressure
rise rates and thus RI. The difference in the ϕ-sensitivity of these
fuels is readily apparent in these plots, as lines shifted further to
the left indicate more ϕ-sensitive fuels with more a staggered
sequential autoignition process during ACI.

The Type 2 ϕ-sensitivity analysis of the EGR sweeps, shown
in Figure 13, agrees well with the Type 1 analysis of the SOI
sweeps from Figure 11. Once again, there is little to no increase
in ϕ-sensitivity in the methyl pentanoate blend relative to the
ethanol blend but a significant increase in ϕ-sensitivity in the
pentanols.

The differences in the ϕ-sensitivity can be illustrated by the
HRR traces in Figure 14. These traces use a different point on
the EGR sweep for each fuel, but the same SOIlate, giving them a
similar phi distribution despite differences in the global ϕ. The
baseline fuel, methyl pentanoate blend, and 2-pentanol blend
have very well-synchronized HTHRstart, but the more ϕ-

Figure 8. Combustion phasing over the SOIlate sweeps.

Figure 9. CFD-simulated ϕ distributions in terms of mass fraction for
the B20 test condition with the baseline ET_10_2B fuel.
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sensitive fuels have lower HRR at the peak and higher HRR
toward the end of combustion, leading to a later HRRend (and
thus a longer combustion duration). Although a well-
synchronized point was not found on the sweep of the 1-

pentanol blend, its increased ϕ-sensitivity is still apparent:
although the 1-pentanol blend HRR is advanced compared to
the baseline, it still has a lower peak and the same duration.

Looking further back in the HRR, and fixing the global ϕ to be
constant, differences in the LTHR and ITHR phases become
apparent between fuels, as shown in Figure 15. Each of the C5
oxygenate blends creates a significant increase in the amount of
LTHR and advances ITHR relative to the baseline. However,
the largest increase in LTHR occurred with the methyl
pentanoate blend, which did not experience a significant
increase in ϕ-sensitivity. This indicates that increased LTHR/
ITHR do not necessarily correspond with ϕ-sensitivity when
comparing different fuels.

Peak Load. The peak loads found in Figure 16 mostly agree
with the ϕ-sensitivity testing, with one main exception: at the
1600 RPM condition (based off F35), the baseline fuel was
found to have the highest load limit, despite having the lowest ϕ-
sensitivity according to the other indicators. Despite this
anomalous result, the 1-pentanol blend produced an average

Figure 10. 2D contour figures of the equivalence ratio inside the cylinder during the second injection for the B20 case with the three different SOI
cases. The gray particles show the spray still in the liquid phase.

Figure 11. ϕ-sensitivity of fuel blends measured with Type 1 analysis
over SOIlate sweeps from −50 to −36°aTDC.
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increase of 57 kPa in the peak IMEP vs the baseline fuel, with the
largest increase of 108 kPa occurring in the 1000 RPM condition
(based off B20).

Although increases in peak load are a primary goal of
increased ϕ-sensitivity, further effects of the increased ϕ-
sensitivity in these tests can be seen in Figure 17, which shows
several emissions and efficiency parameters from these peak load
tests. The 1600 RPM ACI tests are also compared to
conventional MCCI tests with ultra-low sulfur diesel (ULSD)
at a similar test condition, which gives an indication of how ACI
performance compares with the MCCI performance that it aims
to replace. The emissions plots show emissions limits from the

California Air Resources Board (CARB) that will be phased in
by 2031.32 While these CARB limits are intended to be
evaluated over an entire dynamometer test cycle rather than a
steady-state test condition, they still provide a suitable yardstick
for whether ACI has the potential to eliminate the requirement
for aftertreatment.

The ϕ-sensitivity of the fuel does not appear to have an effect
on NOX or soot emissions based on the lack of correlation in
both Figure 17 and other emissions trends shown in the
Supporting Information. Soot emissions were all an order of
magnitude below the CARB limit, which is itself an order of
magnitude below the engine-out emissions from ULSD. This
strongly indicates that ACI can eliminate the need for soot
aftertreatment systems such as DPF. Although total PM may
contain organics other than soot that is not measured here, it
seems plausible that an oxidation catalyst may suffice to control
them. NOX emissions were all below the Federal test procedure
limit, but not all were below the low load cycle (LLC) limits set
for low speed/load conditions in slow urban traffic, where NOX
emissions are of most concern. This indicates that at least some
aftertreatment of NOX may be necessary for ACI engines in the
strictest regulatory environments. This is especially true given
the relatively high NO2/NO ratio in ACI (>0.2) relative to
MCCI (<0.05) and the greater environmental harm caused by
NO2.

The ϕ-sensitivity of the fuel does appear to have some effect
on the combustion efficiency (CE) of ACI, with the two ϕ-

Figure 12. HTHR duration and RI vs CA50 for EGR sweeps. Green dashed lines indicate the RI thresholds used for Type 2 ϕ-sensitivity analysis. High
ϕ-sensitivity fuels allow for more advancement of CA50 before the RI limit is reached by extending the combustion duration.

Figure 13. ϕ-sensitivity of fuel blends measured with Type 2 analysis
over all EGR sweeps.
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sensitive pentanol blends increasing CE by about 0.5% over the
baseline. Although the differences in CO and UHC emissions
are not as apparent, this is due to the lower heating values of
these fuels, which causes them to leave behind more unburnt

emissions than the baseline fuel at the same CE. CO emissions
are all less than half of the CARB limit, but UHC emissions are
all well above it, and both are about an order of magnitude above
the ULSD MCCI (which typically has CE well above 99%). This
means that an oxidation catalyst for removing UHC emissions
will be necessary for ACI operation, even with the most ϕ-
sensitive fuels. Rather than using the original CARB limit for
UHC, it is more useful to calculate the engine-out emissions that
will produce tailpipe emissions below the limit after a catalytic
converter (CAT) has removed most of the UHC. CAT
efficiency typically starts at 99% with a new unit and degrades
over its lifetime to around 95%, so a value of 97% CAT efficiency
was used to calculate the upper UHC limit seen in Figure 17.
The ϕ-sensitive pentanols appear to reduce UHC emissions
below this limit, whereas baseline emissions are right at the limit.
However, a key parameter that effects both CATs and NOX
aftertreatment systems is exhaust temperatures, which must
generally be kept high to ensure catalyst performance but are
generally lower in ACI than MCCI. The ϕ-sensitive fuels appear
to increase exhaust temperature, especially in the lowest-load
condition, which may be a result of the increased CE.

Figure 14. Selected HRR traces from the D40 EGR sweeps. These selected traces demonstrate the effect of increased ϕ-sensitivity on the HRR.
Compared to the baseline, 1-pentanol can be advanced with a lower peak HRR and the same duration (distance between HTHR start and end),
meanwhile, 2-pentanol has a lower peak HRR and a longer duration at the same HTHRstart timing as the baseline.

Figure 15. Selected HRR traces from the D40 EGR sweeps. These selected traces show the difference in LTHR and ITHR between fuels at the same
global ϕ.

Figure 16. Differences in peak load across the fuels at three different
test conditions.
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Determining the full effect of these altered exhaust temperatures
on aftertreatment performance and compatibility would require
a complex analysis of transient conditions beyond the scope of
this study.

In terms of overall indicated thermal efficiency (ITE), the
baseline and 1-pentanol fuels had greater ITE than MCCI, but
the other oxygenate blends did not. These ITE differences are
consistent in the other test conditions shown in the Supporting
Information. It is unclear where these ITE differences emerge
from, but it must be noted that the only oxygenate blend with
higher ITE was the 1-pentanol blend, which used a different
BOB than the other fuels. It is possible that the oxygenate blends
tend to reduce ITE slightly due to their reduced heating values,
but the 1-pentanol blend canceled out this effect by changing the
BOB.

■ DISCUSSION
Without a direct comparison to another study, it is difficult to
contextualize the magnitude of the ϕ-sensitivity benefits from
the pentanol blends. One study that these results can be directly
compared to is the work of Pintor et al.28 at Sandia National
Laboratories. The Sandia study compared the same baseline
RD-587 fuel from our study with a hydrocarbon blend (“CB#1”)
designed to simultaneously maximize ϕ-sensitivity, RON, and
octane sensitivity.24 The Sandia study used the same ACI
injection strategy as our study, but with a much higher level of
intake air heating (160 °C) to allow a lower compression ratio
(14:1) and a wider range of SOIlate than our study. The Sandia
study also used a different piston and different injector with a
much lower injection pressure (120 bar) and kept engine speed
(1200 RPM) and global phi (0.36) constant while conducting

Figure 17. Emissions and efficiencies of the different fuels during peak load tests. Also shown in the 1600 RPM condition is an MCCI (conventional
diesel combustion) condition using ULSD, which puts into perspective how these emissions compare to conventional CI engine emissions. The CARB
limits to be phased in by 2031 are given for the emissions, including the level of engine-out UHC emissions that would produce the tailpipe limit with a
CAT efficiency of 97%.
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SOIlate sweeps at 3 different intake pressures: 1.0, 1.3, and 1.6
bar.

To apply the Type 1 ϕ-sensitivity metric to the Sandia results,
detailed HRR data was not available, so CA10 was used in place
of HTHRstart. Only one of the three sweeps (the 1.0 bar intake
pressure sweep) had the full CA10 data reported, and the SOIlate
range had to be slightly altered to −50 to −35°aTDC (or 310 to
325° according to the Sandia convention) to calculate the ϕ-
sensitivity. This gave the RD-587 fuel a Type 1 ϕ-sensitivity of
0.081 in the one Sandia condition for which it could be
calculated. Making the same change from HTHRstart to CA10,
our three test conditions gave the RD-587 fuel an average Type 1
ϕ-sensitivity of 0.105 (with a standard deviation of 0.040 across
the three test conditions). This serves as a good “sanity check”
that the two studies are producing similar results with the same
fuel (0.081 in the Sandia study, 0.105 in our study), despite the
different test conditions, including very different pistons,
injectors, and injection pressures (120 bar at Sandia vs 400
bar in this study), which would cause large changes in the
relation between SOIlate and ϕ distribution.

What is most interesting to compare across studies are the
fuel-dependent ϕ-sensitivity changes. In the Sandia study, Type
1 ϕ-sensitivity (with CA10) increased from 0.081 to 0.107 (a
32% increase) when using their specially designed CB#1
hydrocarbon fuel. In this study, average Type 1 ϕ-sensitivity
(with HTHRstart) increased from 0.056 with the baseline fuel to
0.067 with the methyl pentanoate blend (a 21% increase), 0.087
with the 1-pentanol blend (a 57% increase), and 0.086 with the
2-pentanol blend (a 56% increase). This does not necessarily
mean that the pentanols caused a larger ϕ-sensitivity increase
than the CB#1 blend, for the reasons stated below.

It may seem strange that CA10 was not used to re-calculate our
numbers for a more direct comparison with Sandia’s numbers.
The reason is that our data behave much differently when using
CA10 to calculate ϕ-sensitivity instead of HTHRstart�in fact, ϕ-
sensitivity would appear to decrease with each of the oxygenate
blends. However, this is not due to an actual decrease in ϕ-
sensitivity but due to the shortcomings of defining CA10 as the
point of ignition, as illustrated by Figure 18. This shows the
points used to calculate the Type 1 ϕ-sensitivity metric using
both CA10 and HTHRstart. The upper-left portion of Figure 18

zooms in on the transition between ITHR and HTHR and how
HTHRstart accurately captures this transition, as previously
illustrated in Figure 5. The horizontal distance between these
points matches the separation between the HRR traces
immediately after HTHR begins. CA10, however, occurs well
after HTHR has progressed and, in the case of the ET_10_2B
fuel especially, the HRR traces begin to diverge. As a result, the
horizontal spacing between the CA10 points (and thus the
calculated ϕ-sensitivity) ends up about the same for the two
fuels, despite there being clearly a smaller difference in the
ignition timing of the ET_10_2B fuel than the P2_30_2B fuel.
Accurately gauging ignition timing and thus ϕ-sensitivity may
require more detailed HRR analysis methods than the simple
CAXX methods, which show a tendency to drift up and down the
HRR curve as SOI changes. These issues are discussed further in
a previous analysis of conventional MCCI.26

For the above reasons, the type 2 ϕ-sensitivity metric makes a
better link between the two studies. Both studies used the same
CA50 HRR evaluation, and it was reported for all 3 of Sandia’s
test conditions. Similar to our study, the change in CA50 at the RI
limit varied significantly between the three test conditions in the
Sandia study, but the advance of CA50 with the CB#1 test fuel
was consistent enough to affirm the ϕ-sensitivity benefits. From
the comparison in Table 6, it appears that the increased ϕ-
sensitivity from the Sandia CB#1 fuel was about the same
magnitude as the pentanol blends in our study. However, the
same caveats as before still apply: the two studies used very
different test conditions, pistons, injectors, and injection
pressures.

Figure 18. Calculation of Type 1 ϕ-sensitivity metric using HTHRstart vs CA10. Using CA10 will make it seem as though there is no difference between
these fuels, despite the fact that the ET_10_2B traces are clearly closer together than the P2_30_2B traces at the very start of HTHR (upper left).
HTHRstart is necessary to accurately capture the point of transition from ITHR to HTHR and calculate ϕ-sensitivity independently of combustion
phasing.

Table 6. Changes in Type 2 ϕ-Sensitivity Metric between
Baseline and Test Fuels, Our Study vs Sandia Study,28

°aTDC, Averaged across 3 Test Conditions

study our study
Sandia
study

test fuel MP_35_2B P1_30_2C P2_30_2B CB#1
average change 0.20° 0.83° 1.03° 1.03°
std. dev 0.34° 0.58° 0.08° 0.51°
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Another major difference between our study and the previous
Sandia study was the relative ignition timing of the fuels when
SOIlate was highly advanced, and the ϕ distribution was very
homogeneous. In the Sandia study, the test fuel was designed
such that ignition was simultaneous with the baseline fuel with
highly advanced SOIlate, and differences in the ϕ-sensitivity
caused the timing of the two fuels to diverge as SOIlate was
retarded. Thus, the ϕ-sensitivity metrics in the Sandia study
were based on how the CA10 and CA50 changed from a common
starting point. In our study, on the other hand, there was no
common starting point. Our test fuels have different ignition
timings from the baseline fuel and from each other when SOIlate
was highly advanced, despite our best efforts to design the fuels
to have reactivities as similar as possible. Synchronizing the
starting points of each of the test fuels would have required a
much more extensive, iterative fuel design and engine testing
process, and we chose to spend our limited resources to do a
thorough comparison of multiple fuels instead. The design of the
engine ϕ-sensitivity metrics in this paper allows ϕ-sensitivity of
several fuels to be compared even if the starting point of ignition
is not perfectly synchronized, which is ideal for enabling the
practical evaluation of as many fuels as possible.

The next step with this work is to link the ϕ-sensitivity metrics
measured in engines to the ϕ-sensitivity metrics measured in
benchtop experiments33,34 and kinetics simulations.24,33 All
three forms of ϕ-sensitivity evaluation are needed to fully
validate simulations of the benefits that ACI engines and ϕ-
sensitive fuels can confer. Kinetic mechanisms for the pentanols
are currently under development at Lawrence Livermore
National Laboratory.35

■ CONCLUSIONS
Two oxygenated pentane substitutes, 1-pentanol and 2-
pentanol, were found to increase the ϕ-sensitivity of gasoline
in ACI engine combustion, while another, methyl pentanoate,
was not. Two ϕ-sensitivity metrics were developed: the first
(“Type 1”) measured the sensitivity of ignition timing to the
timing of the latest injection (“SOIlate”) in a multi-injection ACI
schedule. The second (“Type 2”) measured the advance of CA50
before a RI limit of 5 MW/m̂2 was reached. When blended at
30% with a pure component hydrocarbon BOB, 1-pentanol and
2-pentanol increased Type 1 ϕ-sensitivity by 57 and 56%,
respectively, while advancing the Type 2 knock limits by 0.83
and 1.03°, when compared to the baseline E10 gasoline with the
same RON. For 1-pentanol, this translated to an increase in the
load limit of ACI combustion of 57 kPa IMEPG. These increases
in ϕ-sensitivity did not lead to increases in ITE, although ACI
combustion was still able to demonstrate improved ITE over
conventional diesel combustion despite lower CE. The ϕ-
sensitive pentanols yielded increased ACI CE and exhaust
temperatures over the less ϕ-sensitive fuels, and engine-out CO,
NOX, and soot levels with all fuels were low enough to meet
future emissions standards, at least in the steady-state conditions
tested. The UHC emissions were, on average, at a level where a
CAT would need to remove 97% of the emissions to meet the
2031 CARB standards, with the pentanol blends showing
slightly lower UHC due to increased CE. CFD analysis was used
to determine the relation of the ϕ distribution throughout the
combustion chamber in relation to the SOI timing and which
ranges of SOI were appropriate to use in calculating ϕ-
sensitivity.

The primary result of this study was the finding of increased
ϕ-sensitivity in the 1- and 2-pentanol blends, indicating that

these fuels can be of interest both as low-carbon gasoline
blendstocks and as fuels that will enable HD engines to operate
in ACI modes, reducing NOx and PM emissions. A secondary
outcome was the ϕ-sensitivity metrics developed in this paper,
which can be applied to fuels that do not necessarily have the
same ignition timing when the ϕ distribution is homogeneous,
allowing many fuels to be tested in the same engine and same
test conditions without extensive fuel design. However, further
work must be done to connect these engine-based ϕ-sensitivity
metrics with those developed for benchtop experiments and
kinetic simulations. Ideally, future studies should include a first
round of ϕ-sensitivity “screening” on larger numbers of fuel
candidates using lab experiments and simulations and then a
second round of confirmation testing on engines with a smaller,
down-selected list of the most promising fuel candidates.
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CFD = computational fluid dynamics
CI = compression ignition
CoV = coefficient of variation
DOE = Department of Energy
DPF = diesel particulate filter
DVPE = dry vapor pressure equivalent
EGR = exhaust gas recirculation
EPA = Environmental Protection Agency
FTP = Federal test procedure
GDI = gasoline direct injection
HCCI = homogeneous charge compression ignition
HD = heavy-duty
HOV = heat of vaporization
HRR = heat release rate
HTHR = high-temperature heat release
ICE = internal combustion engine
IMEP = indicated mean effective pressure
ITE = indicated thermal efficiency
ITHR = intermediate temperature heat release
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LLC = low load cycle

LTHR = low-temperature heat release
MCCI = mixing-controlled compression ignition
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MPRR = maximum pressure rise rate
NOX = nitrogen oxides
OI = octane index
ON = octane number
PM = particulate matter
RI = ringing intensity
RON = research octane number
SCR = selective catalytic reduction
SOI = start of injection
TDC = top dead center
UHC = unburnt hydrocarbons
ULSD = ultra-low sulfur diesel
°aTDC = degrees after top dead center

■ REFERENCES
(1) Pachauri, R. K.; Meyer, L. Contribution of Working Groups I, II and
III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change; Climate Change 2014: Synthesis Report; IPCC: Geneva,
Switzerland, 2014.

(2) International Energy Agency. Global EV Outlook 2020; IEA: Paris,
2020, URL: iea.rg/reports/global-ev-outlook-2020.

(3) Tartaglia, K.; Birky, A.; Laughlin, M.; Price, R. E. A. Transportation
Electrification Beyond Light Duty: Technology and Market Assessment;
Report No. ORNL/TM-2017/77-R1; Oak Ridge National Lab (ORNL),
2017.

(4) International Energy Agency. The Future of Trucks: Implications for
Energy and the Environment; IEA: Paris, 2017.

(5) Davis, S. J.; Lewis, N. S.; Shaner, M.; Aggarwal, S.; Arent, D.;
Azevedo, I. L.; Benson, S. M.; Bradley, T.; Brouwer, J.; Chiang, Y. M.;
et al. Net-zero emissions energy systems. Science 2018, 360, 6396.

(6) Leach, F.; Kalghatgi, G.; Stone, R.; Miles, P. The scope for
improving the efficiency and environmental impact of internal
combustion engines. Transport. Eng. 2020, 1, 100005.

(7) Mueller, C. J. Mixing-Controlled Compression-Ignition Combustion:
What it Is Fuel Effects and Prospects for the Future; Sandia National
Laboratory: Albuquerque, NM, 2018, URL: osti.gov/servlets/purl/
1495784.

(8) Dec, J. A Conceptual Model of DI Diesel Combustion Based on
Laser-Sheet Imaging*. SAE Trans. 1997, 106, 970873−971348.
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