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Abstract

A new metric for ranking the suitability of fuels in LTC engines was recently introduced, based on the
fraction of potential fuel savings achieved in the FTP-75 light-duty vehicle driving cycle. In the current study,
this LTC fuel performance index was calculated computationally and analyzed for a number of fuel blends
comprised of n-heptane, isooctane, toluene, and ethanol in various combinations and ratios corresponding to
octane numbers from 0 to 100. In order to calculate the LTC index for each fuel, computational driving cycle
simulations were first performed using a typical light-duty passenger vehicle, providing pairs of engine speed
and load points. Separately, for each fuel blend considered, single-zone naturally aspirated HCCI engine
simulations with a compression ratio of 9.5 were performed in order to determine the operating envelopes.
These results were combined to determine the varying improvement in fuel economy offered by fuels, forming
the basis for the LTC fuel index. The resulting fuel performance indices ranged from 36.4 for neat n-heptane
(PRF0) to 9.20 for a three-component blend of n-heptane, isooctane, and ethanol (ERF1). For the chosen
engine and chosen conditions, in general lower-octane fuels performed better, resulting in higher LTC fuel
index values; however, the fuel performance index correlated poorly with octane rating for less-reactive,
higher-octane fuels.

Keywords: Low-temperature combustion, HCCI engines, Gasoline, Octane number

1. Introduction

Low-temperature combustion (LTC) strategies offer the potential of improved fuel economy and reduced
pollutant emissions, both necessary to meet the increasing demands of federal regulations. Although LTC
concepts such as homogeneous charge compression ignition (HCCI) engines have received significant research
attention since first introduced [1, 2]—and continue to receive attention, albeit alongside related concepts
such as reactivity controlled compression ignition (RCCI) [3–6] that varies fuel reactivity by stratifying a
lower reactivity fuel like gasoline with a highly reactive fuel like diesel—a number of research challenges
remain. In particular, unlike spark-ignition (SI) and compression-ignition (CI) engines where the spark and
fuel injection initiate combustion, respectively, in HCCI and related engine concepts complex autoignition
chemistry controls combustion timing. As a result, since the fuel chemistry plays a stronger role, varying
fuel composition can result in a significantly different and potentially smaller range of operation in HCCI
engines. In addition, while the lower combustion temperatures of HCCI combustion offers reduced nitrogen
oxide (NOx) emissions, it also results in high levels of carbon monoxide and unburned hydrocarbons [7]. Yao
et al. [7] reviewed these and additional challenges in HCCI engine research, and the various strategies under
investigation to solve them.

Early studies on HCCI strategies with gasoline [1, 2, 8] found that successful HCCI combustion could
only be achieved in limited operating ranges. With a typical SI compression ratio, at low loads and while
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idling the knock resistance of typical high-octane gasoline prevents the initiation of autoignition; on the other
hand, knocking can occur at higher loads. Diesel fuel, on the other hand, is much more reactive than gasoline
and ignites too early when used in a premixed charge at the high compression ratios typical of CI engines [9].
While strategies to use typical gasoline and diesel fuels in HCCI engines have been investigated [7, 9], another
option is to find new fuels or fuel blends that may offer more attractive performance. Various groups studied
the operating ranges of different fuels in HCCI engines with the goal of identifying attractive species or
mixtures [10–23]. The fuels studied include—but are not limited to—real fuels such as gasoline [10, 11, 17, 20–
22], diesel [10, 18, 20], and Jet B [18]. In addition, numerous studies focused on neat fuels and mixtures
of such, including n-butane [11], neat and blends of the primary reference fuels (PRFs) n-heptane and
isooctane [10–13, 16, 17, 19, 22, 23], and mixtures of the PRFs with toluene [22, 23] and ethanol [17, 22, 23]
both individually and together [23]. Other groups investigated the behavior of alcohols in HCCI engines,
including neat butanol [20] and ethanol [20, 24–26]; wet ethanol also received significant attention as a
neat fuel due to the potential for increased overall energy efficiency by avoiding or reducing distillation
and dehydration [27–29]. The low reactivity of alcohols such as ethanol and methanol motivated additional
research into operating HCCI engines using blends with more reactive fuels/additives such as n-heptane [30],
diethyl ether [31, 32], dimethyl ether [33–36], and di-tertiary butyl peroxide [37]. In the opposite direction,
other efforts studied injecting water into the engine cylinder to temper the reactivity of highly reactive
fuels [33, 38–41]. However, nearly all of these efforts focused on a small subset of fuels and a narrow range
of operating conditions; furthermore, a robust method to rank—and potentially predict—fuel performance
in HCCI and other LTC-strategy engines has not yet emerged.

The octane rating, typically given by the research octane number (RON) and/or motor octane number
(MON), is used to rank the resistance to knock of a gasoline-like fuel in SI engines, where a higher number
indicates greater knock resistance. These values are determined by comparing the knocking characteristics
under standardized conditions to those of a binary mixture of the PRFs n-heptane and 2,2,4-trimethylpentane
(isooctane), where 0 and 100 correspond to the volume percentage of n-heptane and isooctane, respectively.
However, various studies showed that octane rating does not adequately predict autoignition in HCCI en-
gines [14, 15, 22, 23], due to the fact that real fuels consist of more complex mixtures of fuel components
compared to the PRFs.

A number of new metrics have been proposed to better quantify fuel performance in HCCI engines.
Kalghatgi [14] first introduced the octane index, which combines the RON and MON values for a fuel with
an empirical parameter related to engine-specific operating conditions. Later, Shibata and Urushihara [15]
developed three HCCI fuel indices, including the relative HCCI index that combines MON with information
about the fuel composition. However, as Rapp et al. [22] recently showed in a study of the performance of
various fuels in a Cooperative Fuel Research (CFR) engine operating in HCCI mode, neither of the octane
or relative HCCI indices can predict the autoignition behavior for a wide range of fuels. In particular, the
correlations for both indices poorly predict the behavior of gasoline blends with naphthenes, aromatics, and
ethanol. Truedsson et al. [23] recently presented another number for specifying fuel performance in HCCI
engines: the Lund–Chevron HCCI Number, based on the required compression ratio for autoignition at a
particular combustion phasing.

However, while the various existing indices partially succeed in describing the combustion behavior of
gasoline-like fuels in HCCI engines, none relate the fuel performance to fuel savings in realistic engine
conditions. This motivates the development of a new metric for measuring the performance of fuels in LTC
engines in order to both rank fuels and predict future performance. Such a metric could also be used to
identify attractive fuels for HCCI engine operation or assist in the development of new fuels. Niemeyer
et al. [42] recently introduced a novel LTC fuel index that combines information about the fuel operating
envelope—the feasible engine speeds and loads for a fuel in HCCI mode—with the operating conditions
needed under realistic engine operation. As such, this LTC index ranks poorly fuels with wide operating
ranges that are outside the conditions needed for typical vehicles in typical driving conditions, because using
such a fuel in an HCCI engine would have a minimal impact on overall fuel consumption.

By gauging the impact of various fuels on real-world fuel economy via transient driving cycles, the
current approach is distinct from the (significant) prior efforts focused on advanced internal combustion
engine development. However, certain studies summarized here used transient driving cycles to predict fuel
economy and emissions improvements using advanced engine modes such as HCCI and related concepts.
Zhao et al. [43] simulated a hybrid SI/HCCI gasoline engine through the European New Emission Drive
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Cycle, although they reported achieving only moderate improvements in fuel economy and emissions due to
the limited range of operating conditions in HCCI mode. Curran et al. [44] used five steady-state modal
points [45, 46] to approximate the EPA Federal Test Procedure (FTP-75) driving cycle, then compared fuel
economy and emissions of RCCI, diesel HCCI, and conventional diesel combustion by performing engine
experiments over the set of conditions. Similarly, Ortiz-Soto et al. [47] developed an engine and vehicle
modeling framework that they used to simulate a hybrid SI/HCCI engine-powered vehicle over the EPA
UDDS, Highway Fuel Economy Test, and US06 driving cycles. Using similar methodologies to the above
efforts, Gao et al. [48] and Ahn et al. [49] modeled hybrid-electric vehicles capable of conventional/HCCI
operation. Both studies found that while conventional vehicles benefit from HCCI operation in terms of fuel
consumption and emissions, HCCI offered little improvement to hybrid-electric vehicles due to its limited
operation range in the higher loads where the electric motor was not needed. Unlike the current work,
the studies cited here studied the performance of typical gasoline fuels over the driving cycles, rather than
exploring the performance of various fuels or seeking to find new fuels that might offer wider HCCI operating
envelopes.

The current study builds on an earlier effort [42] that introduced a new LTC fuel performance index
by determining the indices for a number of fuel blends comprised of n-heptane, isooctane, toluene, and
ethanol in various combinations and ratios. The range of fuels investigated here is similar to that studied
by Truedsson et al. [23, 50–52] in their experiments on the compression ratio required for autoignition;
however, unlike the current computational approach those experiments held equivalence ratio and engine
speed constant. Following the general procedure first introduced by Niemeyer et al. [42], we performed
driving cycle simulations for a typical light-duty passenger vehicle to generate steady-state operating points
in terms of engine speed and torque, and also obtained the corresponding baseline SI engine fuel consumption
for these operating points. Next, HCCI engine simulations were performed for a variety of fuel blends in order
to determine their operating ranges. The resulting operating envelopes were combined with the necessary
operating points for the driving cycle, and we then calculated the LTC fuel index for each blend studied by
considering the potential fuel savings achieved by switching to HCCI combustion for the feasible operating
points.

In the following sections, we first describe in detail the methodology for calculating our fuel performance
index, including vehicle driving cycle simulations, fuel HCCI operating envelope simulations, and the index
calculation. Next, we present and discuss results of operating envelope and index calculations for oxygenated
reference fuel mixtures. Finally, we summarize our study and describe future directions for this work.

2. Methodology

The overall process for calculating the proposed LTC fuel performance index consists of three steps:
(1) driving cycle simulations for a model vehicle to obtain engine operating information, (2) HCCI engine
simulations for various fuels to obtain operating envelopes, and (3) the combination of the data from the
previous two steps to calculate the LTC fuel index. This process is depicted visually in Fig. 1, and described
in detail in the following sections.

2.1. Driving cycle simulation
In order to determine necessary fuel operating ranges for HCCI combustion, we performed simulations of

a light-duty passenger vehicle in the US EPA FTP-75 driving cycle [53]. The FTP-75 driving cycle attempts
to emulate typical urban driving conditions with a short cold start phase, a transient phase, and a hot start
phase; it is used to measure the fuel economy and emissions of passenger cars in the United States. It covers
a total distance of 17.8 km in 1874 s (not including a 10min break beginning at 1367 s), with an average
vehicle speed of 34.1 km/h.

We chose the Toyota Camry—the best-selling passenger car in North America in recent years—for the
modeled vehicle as a representative of typical light-duty vehicles in North America. In order to simulate
the performance—and the fuel consumption in particular—of this vehicle over the driving cycle, we used
the ADvanced VehIcle SimulatOR (ADVISOR) [54, 55] package. ADVISOR is a hybrid backward/forward-
facing vehicle simulator, meaning that it combines elements of backward-facing models, which start from
the tractive force needed to move the vehicle at the directed speed, and forward-facing models, which start
from a driver directing the engine to meet the necessary speed, to calculate fuel economy and emissions of
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Figure 1: Flowchart describing the LTC fuel performance index calculation process.

various vehicles over specified driving cycles. See Wipke et al. [54] or Gao et al. [56] for more details on such
models. ADVISOR interpolates data from experimental engine maps of steady-state fuel consumption rates
and emissions, based on engine speed and torque, to model performance in the transient driving cycle.

We simulated the vehicle by modifying ADVISOR’s default model for a small passenger car, VEH_SMCAR,
which is based roughly on a 1994 Saturn SL1. The altered model, VEH_SMCAR_CAMRY, includes refer-
ence and estimated parameters for a 2012 Toyota Camry: coefficient of drag of 0.28, frontal area of 2.28m2,
fraction of vehicle weight on front axle of 0.54, vehicle center-of-gravity height of 0.53m, vehicle wheelbase of
2.775m, and vehicle curb weight of 1447 kg. Coupled with this vehicle model, we used the FC_SI95 engine
model, which is based on the Saturn 1.9 L dual overhead cam SI engine with a compression ratio of 9.5. This
model includes maps of fuel use and emissions based on the experimental data of Reilly et al. [57]. We scaled
the model engine from the default maximum power of 95 kW to 133 kW, to more closely match the Camry’s
engine for which data was not readily available.

Driving cycle calculations performed by ADVISOR return pairs of engine speed and torque in one second
intervals. In order to compare these load requirements to the fuel operating envelopes described in the next
section, the following basic relation for four-stroke engines estimated the corresponding brake mean effective
pressure (bmep):

bmep =
4πT

Vd
, (1)

where T indicates the torque and Vd the volume displaced per cycle [58].
Next, in order to fairly compare engines of different sizes, we obtained the indicated mean effective

pressure (imep) by accounting for the total friction work dissipated in the engine, including pumping, rubbing
friction, and accessory work, using

imep = bmep + tfmep , (2)

where tfmep is the total friction mean effective pressure. This can be obtained using the empirical relationship
for four-stroke four-cylinder SI engines given by Heywood [58, 59]:

tfmep = 0.97 + 0.15

(
N

1000

)
+ 0.05

(
N

1000

)2

, (3)

where tfmep is measured in bar and N is the engine speed measured in revolutions per minute. While updated
friction correlations are available that reflect decreased friction losses in modern engines and incorporate more
factors [60–63], we used the correlation of Eq. (3) to match the age of the SI engine used for the driving cycle
simulations [57]. In addition, no detailed in-cylinder information was available from the ADVISOR-based
driving cycle simulations, preventing the use of more sophisticated correlations.
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2.2. Fuel operating envelope
Next, in order to determine the fuel operating envelopes we modeled an HCCI engine using the single-

zone internal combustion engine model of CHEMKIN version 10131 [64]. Rather than matching the engine
of the Toyota Camry, we simulated the well-studied CFR engine, avoiding dependence of results on engine
size by using imep instead of torque to compare engine performance between the driving cycle simulations
and work output from the HCCI engine simulations (as will be described shortly). We emulated the CFR
engine using the following geometry taken from Rapp et al. [22]: a cylinder displacement volume of 0.616 L,
connecting rod to crank radius ratio of 4.44, and cylinder bore diameter of 82.8mm. Simulations were
performed from intake valve close to exhaust valve open, corresponding to 146° BTDC and 140° after top
dead center (ATDC) [11]. For the current study, we selected a compression ratio of 9.5 to match that of the
SI engine used for the experimental data. All simulations were performed with naturally aspirated intake
conditions and with standard valve timing (i.e., no negative valve overlap [65, 66]). In addition, to partially
address the differences between the engine used for experimental data and the modeled CFR engine, we
quantified load using imep as described previously.

In order to model heat loss through the cylinder walls, we used the typical Woschni heat transfer corre-
lation [58]:

Qwall = hA (T − Twall) (4)

Nu =
hB

λ
= 0.035Re (5)

Re =
Bwρ

µ
(6)

where w = 2.28S̄p is the average cylinder gas velocity from Yelvington et al. [12], S̄p = 2LN is the mean
piston speed, N is the engine speed, ρ is the density, and L and B are the cylinder stroke and bore as
given above. CHEMKIN approximates the gas conductivity λ and viscosity µ using an empirical power-law
relationship [64]. For all cases, we used a wall temperature of 430K as given for a CFR engine by Flowers
et al. [67].

As in the previous section for torque, we converted the indicated work reported by CHEMKIN to imep,
in order to readily compare the calculated fuel operating envelopes to the engine operating points given for
the driving cycle by ADVISOR:

imep =
Wc,i

Vd
, (7)

where Wc,i represents the indicated work per cycle.
Using the results from simulations that varied engine speed and fuel-air equivalence ratio, we next deter-

mined which cases corresponded to satisfactory HCCI combustion using operating limits criteria. Operational
limits for HCCI engines are typically based on knock/ringing at the high-load limit and misfire/incomplete
combustion at the low-load limit [68, 69]. Here, the upper limit for HCCI operation is defined as a maximum
pressure rise rate (dP/dθ) of 20 bar/(° CA) [11, 70]. However, Eng [71] first showed that this quantity may
not be appropriate due to its dependence on operating parameters (e.g., engine speed, intake pressure), and
suggested a limit based on ringing intensity [25, 71, 72]; future work will explore using such a criteria.

Experimentally, the low-load misfire limit is typically determined using a threshold on the coefficient of
variation in imep; however, in idealized simulations such instabilities do not occur and a limit based on, e.g.,
the combustion efficiency must be used [68]. We defined the lower (misfire) limit as 90% molar conversion
of C from fuel to CO2, corresponding to incomplete combustion [73, 74]. Figure 2 shows sample pressure
traces for HCCI simulations of PRF0 (n-heptane) at a compression ratio of 9.5, initial temperature of 330K,
initial pressure of 1 atm, and an engine speed of 1400 rpm, with representative examples of knock, normal
combustion, and misfire using the described limits.

In addition to these combustion limits, rather than select particular initial conditions, a restriction on the
combustion timing through a constant CA50 value—the crank angle degree at which 50% of the total heat
release has occurred—ensured acceptable combustion phasing. For all fuels, we varied the initial temperature
with the compression ratio and initial pressure held constant to keep CA50 at 3± 2° ATDC [23, 50–52, 75, 76].
Note that combustion timing control was not considered in the examples of Fig. 2.
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Figure 2: Representative pressure traces for PRF0 (n-heptane) HCCI combustion at CR = 9.5, initial temperature of 330K,
initial pressure of 1 atm, 1400 rpm, and varying equivalence ratios, demonstrating knocking combustion, normal combustion,
and misfire.

Practically, the value of CA50 was determined in this work by cumulatively integrating the net heat
release rate per degree—given by CHEMKIN—using the composite trapezoidal rule to obtain the heat
released as a function of crank angle. This result is then interpolated to find the crank angle associated
with 50% of the total heat release, using third-, second-, and first-order spline interpolations in order (if the
initial higher-order fit resulted in an interpolation error); a linear interpolation was used if all attempted
spline interpolations failed. These calculations were implemented in Python using the SciPy functions
scipy.integrate.cumtrapz and scipy.interpolate.interp1d, respectively [77].

2.3. LTC fuel performance index
By combining the results from the driving cycle simulations with the HCCI operating envelopes obtained

for various fuels, we constructed a novel fuel performance index based on the potential fuel economy improve-
ment offered by a fuel; it contains information about both the size and location of operating envelopes. Fuels
with wide operating limits that also match ranges of operation important to real-world driving conditions
will offer a greater real-world reduction in fuel consumption and therefore should be highly ranked. Due
to a varying HCCI operation range, where SI operation would be required outside of the viable operating
envelope, different fuels offer varying levels of fuel economy improvement.

The LTC fuel index is defined as the percentage of fuel savings achieved through HCCI operation; in other
words, the fuel savings “actually” achieved normalized by the potential fuel savings. First, we can calculate
the potential fuel savings for full HCCI operation, mfs,HCCI, based on the baseline SI fuel consumption over
the entire driving cycle, mf,SI:

mf,HCCI = (1 − α)mf,SI , (8)
mfs,HCCI = mf,SI − (1 − α)mf,SI , (9)

= αmf,SI , (10)

where α represents the potential improvement in fuel economy offered by HCCI combustion over SI com-
bustion (e.g., 0.15–0.2 [9], 0.3 [43]) and mf,HCCI is the fuel consumption for full HCCI operation. The SI
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fuel consumption mf,SI is obtained from the ADVISOR driving cycle simulation, which reports the fuel
consumption rate ṁf,SI in one second intervals. Recognizing the limited operating range offered by HCCI,
the fuel saved during hybrid SI/HCCI operation, mfs,SI+HCCI, is given by

mfs,SI+HCCI = mf,SI −mf,SI+HCCI , (11)
= αmf,SI∈{HCCI} , (12)

where mf,SI+HCCI is the fuel consumed over the hybrid SI/HCCI operation and mf,SI∈{HCCI} is the fuel
consumed during the baseline SI operation over the possible HCCI operating range. In other words, the fuel
saved during the hybrid SI/HCCI operation is determined only by the fuel consumed during SI operation at
the HCCI-viable operating points—the rest of the driving cycle is unaffected.

In order to obtain the mass of fuel consumed during SI operation for a particular fuel’s HCCI operating
envelope, we form a convex hull of the fuel HCCI operating points using a Delaunay triangulation [77, 78].
Then, each of the driving cycle engine operating points is tested for being within the bounds of the hull.
Finally, the corresponding fuel mass consumption data for points within the operating envelope are summed
to give mf,SI∈{HCCI}.

The fuel index is then defined as the percentage of fuel savings achieved:

ILTC =
mfs,SI+HCCI

mfs,HCCI
· 100% , (13)

=
αmf,SI∈{HCCI}

αmf,SI
· 100% , (14)

=
mf,SI∈{HCCI}

mf,SI
· 100% . (15)

Note the cancellation of the fuel savings factor α in Eq. (14). The index ILTC can also be interpreted as
the mass-weighted percentage of discrete operating points for viable HCCI combustion. Therefore, the fuel
index can be calculated independent of a specific HCCI fuel consumption improvement factor, although a
constant improvement factor across the range of operating conditions is implicitly assumed.

2.4. Limitations to approach
Note that since engine simulations covered the compression and expansion strokes of the cycle, the

gross indicated work per cycle was used. The approach presented here is also unable to predict transient
phenomena in the engine between the operating points, or switching from SI to HCCI operation. Gao et
al. [79] developed a methodology to estimate transient effects from steady-state engine data, and used this to
improve predictions of fuel consumption and emissions in vehicle driving cycle simulations. Nüesch et al. [80]
also developed a model to predict transient effects from switching between the SI and HCCI combustion
modes, finding that fuel consumption increased during transitions enough to nearly cancel out the HCCI
improvements, and determined optimal timing delays to reduce these negative effects.

Finally, the single-zone HCCI simulations used here assume spatial homogeneity, with no ability to cap-
ture spatial variations. In order to deal with this limitation, a number of engine modeling approaches have
been developed that—while avoiding the cost of a spatially resolved, multidimensional computational fluid
dynamics simulation—consider multiple zones to represent different regions within an engine (e.g., core,
piston crevice, boundary layer) [74, 81–84]. While these multi-zone models can more closely match experi-
mental results, particularly for heat release rate, peak pressure, and unburned hydrocarbon emissions, the
single-zone model adequately predicts the point of ignition as a function of inlet properties [83]. Furthermore,
Yelvington et al. [12] showed that single-zone calculations could be used to accurately predict knock limits
for HCCI combustion.

Noting these limitations, the current work is focused on demonstrating the methodology of constructing
the fuel index and showing calculations for various fuel blends. Therefore, the computational results are not
quantitatively compared with experiments, but rather only to each other in order to study trends and the
relative performance of various fuels.
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Figure 3: Engine speed and torque operating points with fuel consumption rate overlaid for simulated driving cycle.

3. Results and discussion

First, ADVISOR was used to simulate the performance of the model Camry vehicle over the FTP-75
driving cycle. Figure 3 shows the resulting engine speed and torque operating points for the driving cycle. In
addition, the fuel consumption rate in g/s is overlaid on the points. As expected, Fig. 3 demonstrates higher
fuel consumption rates at higher loads and engine speeds. Note that negative torque values occurred for this
vehicle and driving cycle combination, corresponding to vehicle deceleration. While these points contributed
to fuel economy due to nonzero fuel consumption rates—365 out of 2478 total operating points, or 12.4%
of the total fuel consumption—our current HCCI engine model is not able to produce negative torque/imep
values. Therefore, at best a fuel can currently achieve ILTC = 87.6.

Next, we used engine simulations to determine the HCCI operating ranges for a variety of multicomponent
fuels consisting of n-heptane, isooctane, toluene, and ethanol, including binary, ternary, and quaternary
mixtures. In order to search for operating points that corresponded to viable HCCI combustion over the
specified driving cycle, these simulations were performed by varying equivalence ratio from 0.18–0.45 for all
the fuels. We used the Princeton detailed reaction mechanism for TERF mixtures [85–88] for all the HCCI
engine simulations.

3.1. Operating envelopes and fuel indices
Table 1 lists information about the fuels considered in the study, including their RON/MON values and

molar composition in terms of the four neat components, as well as their calculated LTC fuel indices (ILTC).
In addition, the table reports percent coverage of driving cycle operating points. Where necessary, mole
fractions were obtained from given volume fractions using the vol-to-mole utility [89].

Figures 4, 5, 6, and 7 show the operating envelopes of the various PRFs, binary blends of n-heptane with
toluene and ethanol, three-component toluene reference fuels (TRFs) and ethanol reference fuel (ERF), and
four-component toluene ethanol reference fuels (TERFs), respectively, converted to imep and compared to
the engine operating points for the driving cycle. Clearly, PRF0 (n-heptane) offers the largest operating
envelope, although it does not cover numerous driving cycle operating points at the very low and high loads.
Interestingly, the operating envelopes of PRF55–PRF100 seem to converge on a similar location, which is
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Fuel RON/MON XH XI XT XE % pts. ILTC

PRF0 0/0 1.0 − − − 25.3 36.4
PRF20 20/20 0.816 0.184 − − 23.5 29.0
PRF40 40/40 0.625 0.375 − − 19.0 22.0
PRF55 55/55 0.476 0.524 − − 26.6 21.2
PRF70 70/70 0.322 0.678 − − 23.0 17.4
PRF85 85/85 0.164 0.836 − − 22.9 17.4
PRF100 100/100 − 1.0 − − 8.60 9.39
H90T10 14.1/12.6 0.867 − 0.133 − 24.1 31.4
H80T20 27.7/24.8 0.744 − 0.256 − 22.2 26.6
H60E40 [52, 75] 71.4/65.0 0.374 − − 0.626 28.3 22.5
TRF1 [93] 39.0/37.0 0.6379 0.1418 0.2203 − 16.0 18.1
TRF2 [94] 88.8/84.8 0.17 0.56 0.28 − 9.93 10.6
TRF3 [93] 76.2/70.9 0.3061 0.2727 0.4222 − 22.5 17.4
TRF4 [51, 75] 82.8/80.7 0.2085 0.6477 0.1438 − 8.92 10.0
ERF1 [52, 75] 78.7/76.7 0.2769 0.4915 − 0.2317 8.15 9.20
TERF1 [51, 75] 67.1/63.7 0.3764 0.3758 0.1298 0.1181 24.3 18.5
TERF8 [51, 75] 71.8/65.8 0.3445 0.1911 0.3564 0.1081 24.3 18.5
TERF14 [51, 75] 74.8/68.9 0.3242 0.1978 0.2236 0.2543 24.8 18.8

Table 1: List of fuels considered in the study and their performance, with octane numbers, molar compositions (XH, XI, XT,
and XE refer to isooctane, n-heptane, toluene, and ethanol, respectively), percentage of operating point coverage, and HCCI
index calculations. RON/MON values for the H90T10, H80T20, and TRF2 blends were calculated using the correlation given
by Morgan et al. [93]. References indicate the source of the mixture, where applicable.

also mostly shared by TRF2–TRF4, ERF1, and all three TERFs. Therefore, for the current compression
ratio and CA50 target, fuels with octane ratings above 55 appear limited to HCCI operation for imep loads
of 0–3 bar.

While it is somewhat difficult to compare these results for the fuel HCCI operating envelopes with
experimental results from the literature due to the difference in techniques, multiple experimental studies
observed some of the same trends found here. For example, Atkins and Koch [13] found experimentally
that increasing octane number corresponded to reduced operating envelope size for PRF20, PRF40, and
PRF60, operating with a compression ratio of 12, engine speed of 700 rpm, and varying equivalence ratios.
Aroonsrisopon et al. [11] demonstrated similar trends experimentally for PRF70 and PRF91.8. On the other
hand, these and other studies showed that higher-octane PRFs had narrower but higher-load operating
ranges [11, 13, 70]; in our study, while increasing octane rating did result in narrower operating ranges
for fuels—both PRFs and more complex blends—it also led to operating at lower loads. We attribute these
opposing trends to the difference in approaches: whereas our approach focused on holding combustion timing
(i.e., CA50) constant by varying initial temperature, those experimental efforts held temperature constant. In
fact, earlier versions of the current study that took the same approach of holding temperature constant [42]
demonstrated the same trends as the experimental studies. Rapp et al. [22] studied the ranges of HCCI
operation for various fuels, but varied compression ratio and reported the ranges in terms of CA50 while
holding engine speed constant at 600 rpm. Truedsson et al. [23] performed a similar study holding engine
speed constant and reporting the operating range in terms of compression ratio required for autoignition,
with a target CA50 of 3± 1°.

Finally, based on the results shown in Figs. 4–7, the LTC fuel performance indices for all the fuels were
calculated using Eq. (15) and are shown in Table 1. As expected based on the wide operating range shown
in Fig. 4, PRF0 (n-heptane) showed the highest index at 36.4 while ERF1 gave the lowest performance at
9.20. Figure 8 shows the LTC fuel indices tabulated in Table 1 plotted against the fuels’ RON and MON.
Clearly, neither RON nor MON can completely explain the variation in index for all the fuels studied here.
For higher reactivity fuels (RON/MON < 40), the fuel index starts at the highest observed value for RON/
MON = 0 and decreases linearly with RON/MON. However, for RON/MON ≥ 40 the calculated fuel indices
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(a) PRF0, PRF20, PRF40 (b) PRF0, PRF55, PRF70

(c) PRF0, PRF85, PRF100

Figure 4: Operating envelopes for PRF mixtures at CR = 9.5 and naturally aspirated inlet conditions over FTP-75 driving
cycle. PRF0 (n-heptane) is repeated in each figure for perspective.

10



Figure 5: Operating envelopes for binary mixtures of n-heptane with toluene (H80T20 and H90T10) and ethanol (H60E40) at
CR = 9.5 and naturally aspirated inlet conditions over FTP-75 driving cycle.

do not correlate well with octane number—fuels with similar RON or MON, but different composition,
demonstrate different fuel indices. For example, fuels with RON/MON of approximately 70–80 demonstrate
indices ranging from 9 to nearly 23. These results further support the conclusion that octane number does
not adequately predict fuel performance in HCCI engines, particularly for fuels with RON/MON of 40–90.

From the trends contained in Table 1 and shown in Fig. 8, a few observations can be made on the effects
of different fuel components. For example, PRF70 and H60E40 contain similar amounts of n-heptane and
have octane ratings near 70, but the fuel performance index of H60E40 is 29% higher. These results suggest
that isooctane has a stronger negative affect on the fuel performance index than ethanol, when holding
n-heptane composition constant. Similarly, PRF40 and TRF1 both have octane ratings of around 40 and
approximately the same n-heptane content, but PRF40’s index is 22% higher. We attribute this result to
the presence of toluene and reduced isooctane content of TRF1, suggesting that toluene more negatively
affects the index than isooctane.

We did not attempt to compare our fuel index to those of Kalghatgi [14], Shibata and Urushihara [15],
or Truedsson et al. [23]. All of these depend on specifying engine operating conditions such as a particular
engine speed, intake temperature, or compression ratio in order to determine a fuel rating. As such, it
would be difficult to compare these numbers with our fuel index due to the varying engine speeds and inlet
temperatures used to emulate realistic engine operating conditions. We believe that basing a fuel performance
rating on the wide range of engine speeds and loads experienced in practical conditions provides more useful
information than attempting to emulate the traditional RON and MON tests with a single or limited test
conditions as in the discussed prior efforts. However, we acknowledge the prior work done in this direction,
and feel that our proposed approach represents the next step in terms of a fuel performance index, building
on these prior efforts.

Finally, note that most fuels exhibited viable HCCI operation over the full range of engine speeds con-
sidered, with the exceptions of PRF70, PRF85, and PRF100. However, the location of these operating
envelopes at higher engine speeds below the driving cycle operating points meant that no fuel savings were
achieved for these locations, limiting the performance indices of these fuels. The ability of a fuel to support
successful HCCI operation is necessary but not sufficient in order to improve fuel economy in realistic engine
conditions—the operating envelope must cover practical engine speeds and loads.
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(a) TRF1, TRF2, TRF3

(b) TRF4, ERF1

Figure 6: Operating envelopes for ternary TRF and ERF mixtures at CR = 9.5 and naturally aspirated inlet conditions over
FTP-75 driving cycle.
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Figure 7: Operating envelopes for quaternary TERF mixtures at CR = 9.5 and naturally aspirated inlet conditions over FTP-75
driving cycle.

3.2. Validation of CA50 approach
Next, we provide justification for the constant CA50 approach and the broad applicability of the current

results by showing that, in general, the operating envelope for fuels in terms of imep is relatively consistent
for a particular CA50 value regardless of the specific conditions (e.g., compression ratio, initial temperature)
used to achieve that value. Figure 9 displays the range of viable HCCI operation for PRF70 using imep as
a function of CA50, simultaneously varying compression ratio between 9.5 and 16 and initial temperature
between 310–600K over the range of engine speeds and equivalence ratios given previously. These results
demonstrate that the operating envelope of a fuel in terms of imep (i.e., load) is mostly consistent for a given
value of CA50—particularly for CA50 values in −5–10° ATDC—regardless of the combination of conditions
used to achieve that timing. This observation starts to break down at the highest compression ratio of 16,
which shows some higher-load operation than the other compression ratios.

These results also suggest the possibility of extending the HCCI operating ranges to higher or lower loads
by either increasing or decreasing CA50, within the appropriate range for acceptable engine performance.
Such a strategy for increasing the HCCI operating range—and therefore the LTC fuel index—will be the
focus of future work.

3.3. Sensitivity to CA50 value and tolerance
Previous efforts found the optimal CA50 within 2–10° ATDC for the best tradeoff between efficiency,

emissions, and maximum brake torque [69, 90–92]. We selected 3± 2° ATDC based on similar values used
in numerous recent studies [23, 50–52, 75, 76], which falls on the early side of the optimal timing range.
However, as shown in Fig. 9 and discussed previously, higher CA50 values corresponding to later ignition
timing may allow HCCI operation at higher loads. Since different engine loads correspond to varying fuel
consumption, shifting CA50 up or down could impact the LTC fuel index.

Figure 10 shows the sensitivity of LTC fuel index (ILTC) for PRF0 (n-heptane) and PRF70 to CA50
values over −7–15° ATDC. For PRF0, the data is shown as well as a quadratic fit, with the coefficient of
determination r2 = 0.988. The data indicate that the maximum fuel index occurs near 3° (3.34° as given by
the maximum of the fit), coincidentally near our chosen CA50 value. The fuel index decreases as the ignition
timing is shifted earlier or later; therefore, it is sensitive to the CA50 value. Figure 10 shows a similar CA50
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Figure 8: Correlations between LTC fuel index and RON/MON, with symbols indicating the different fuel mixtures.
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Figure 9: PRF70 operating range given in imep as a function of CA50 value, with varying compression ratios (as shown), engine
speeds over 800–3000 rpm, equivalence ratios of 0.1–0.45, and initial temperatures over 310–600K.

value sensitivity analysis for PRF70; although the variation is less well-behaved than PRF0, the LTC fuel
index shows a similar dependence on CA50 value, with a maximum also occurring near 3° ATDC. In this
case, the fuel index increases and decreases abruptly with shifting CA50 due to the particular location of
the PRF70 operating envelope inside the driving cycle operating points.

The LTC fuel index could also be sensitive to the CA50 tolerance (±2° here), in addition to the CA50
value itself. Figure 11 presents the sensitivity of LTC fuel index for PRF0 and PRF70 to CA50 tolerance,
with the target value itself set to 3° ATDC. In both cases, the fuel performance index ranges from nearly
zero at ±0.01° to around 50 and 20 for PRF0 and PRF70, respectively at ±10°. Interestingly, the index
values for both fuels respond similarly as the CA50 tolerance increases, although PRF70 exhibits a greater
jump around ±1°.

4. Conclusions

In this work, we developed a new metric to measure fuel performance in HCCI engines, based on the
potential fuel economy improvement offered under realistic vehicle driving conditions. Different fuels offer
varying ranges of HCCI operation, but a wide operating range alone does not guarantee real-world fuel
savings—fuels with operating envelopes that cover practical engine speeds and loads should be favored. We
obtained engine operating information by simulating the performance of a Toyota Camry, a popular passenger
vehicle in North America, over the EPA FTP-75 (federal light-duty) transient driving cycle. Separately, we
performed HCCI engine simulations for a variety of fuels in order to determine the variation in operating
envelopes offered by each fuel. We then combined these data to create a fuel index measuring the percentage
of fuel savings achieved, where 0 represents no fuel savings and 100 represents the full potential fuel savings
achieved, corresponding to no viable HCCI operation and full HCCI combustion, respectively, over the
driving cycle.

The HCCI operating envelopes for mixtures of n-heptane, isooctane, toluene, and ethanol were determined
for a compression ratio of 9.5 and naturally aspirated intake conditions over a range of engine speeds and
equivalence ratios, with combustion timing held constant at CA50 of 3± 2° by varying initial temperature to
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emulate intake heating. In general, the results demonstrated that lower octane rating corresponded to wider
operating ranges, and higher octane fuels converged on a similar low-load operating range for the chosen
engine. By combining the necessary driving cycle engine speeds and with the PRF operating envelopes,
the LTC fuel index ILTC was calculated for each fuel. The lowest octane PRF considered (n-heptane)
ranked highest using this metric, but the index value did not monotonically decrease with increasing octane
number—consistent with literature results showing that octane number is not a sufficient metric for fuel
performance in LTC engine modes. However, even the highest-performing fuel only demonstrated an index
of around 36, indicating that it would only achieve 36% of the possible fuel savings in the driving cycle.
Therefore, additional research needs to be performed into increasing the operating envelope of fuels for HCCI
combustion.

The work presented here represents a stepping stone, and as such our future work involves investigating
fuel operating envelopes at higher compression ratios and with pressure boosting, and considering additional
fuel components necessary to emulate real gasoline. Furthermore, one possibility that merits further investi-
gation for increasing the high-load limits of fuels in HCCI combustion is delaying the combustion timing. In
addition, we will explore the dependence of the fuel index on the particular driving cycle selected by using,
e.g., the New European Drive Cycle (NEDC) and Japanese JC08 tests.
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