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Abstract 

Low-temperature gasoline combustion (LTGC) with 
additive-mixing fuel injection (AMFI) is a new combustion 
strategy that has been demonstrated to deliver 9 – 25% 
better brake thermal efficiency than similar-sized market-
leading diesel engines over the operating map.  
Moreover, the LTGC-AMFI engine shows near-zero 
smoke, and NOx emissions are 4-100 times lower than 
those of a diesel, sufficiently low that no aftertreatment, or 
only passive NOx aftertreatment, would be sufficient 
(diesel exhaust fluid is not required).  LTGC-AMFI 
combustion is based on kinetically controlled 
compression ignition of a dilute charge with a variable 
amount of low-to-moderate fuel stratification.  Fast 
combustion control is provided by adding minute amounts 
of an ignition-enhancing additive into the fuel each engine 
cycle to control its reactivity.  This strategy was used to 
operate a medium-duty (MD) LTGC-AMFI engine at loads 
from idle to 16.3 bar BMEP and speeds from 600 to 2400 
rpm with regular E10 gasoline, which covers nearly the 
entire operating map of a typical MD engine.  Turbine-out 
temperatures were sufficient for an oxidation catalyst to 
control hydrocarbon and CO emissions.  Autonomie 
simulations over the GEM ARB Transient and the GEM 
55 mph Cruise driving cycles for class-6 trucks using this 
technology showed fuel economies of 8.1 and 11.4 mpg-
gasoline-equivalent, respectively, corresponding to 
18.6% and 13.4% improvements over a similar-size diesel 
engine.  Engine-out NOx emissions were 0.024 and 0.01 
g/bhp-h, respectively, well below current U.S. emission 
standards.  These results show that switching from diesel 
to LTGC-AMFI engines would greatly reduce greenhouse 
gas (GHG) emissions for off-road, MD and HD 
applications, which will continue to rely on combustion 
engines because electrification is not practical in the 
foreseeable future.  With their reduced fuel consumption, 
the lower cost of gasoline compared to diesel fuel, and 
much lower aftertreatment costs, LTGC-AMFI engines 
also offer a significantly lower total cost of ownership. 
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Introduction 

The need to reduce greenhouse gas (GHG) emissions 
from transportation has resulted in substantial efforts to 
transition to electrified propulsion systems.  Electrification 
can work well for automobiles; however, it will not be 
practical for many medium- and heavy-duty (MD and HD) 
applications, such as long-distance trucking, nor for most 
off-road equipment (agriculture, construction, mining and 
rail) for the foreseeable future.  These MD, HD, and off-
road vehicles are currently powered mainly by diesel 
engines that are already highly optimized for fuel 
efficiency, making it difficult to achieve further reductions 
in GHG emissions with these engines.  Diesel engines are 
also being challenged by future criteria-emissions 
standards for NOx and particulate matter (PM).  This 
provides strong motivation to develop new combustion 
engines for MD, HD, and off-road applications that have 
significantly lower GHG emissions, well-controlled criteria 
emissions, and a competitive total cost of ownership. 

Low-temperature gasoline combustion (LTGC) using 
additive-mixing fuel injection (AMFI) is a new engine-
combustion strategy that has recently been demonstrated 
to provide very high efficiencies with extremely low NOx 
and near-zero soot emissions, making it an attractive 
alternative to diesel combustion [1].  Although the 
advantages of low-temperature combustion (LTC) have 
been known for many years, various technical barriers 
have limited its practical implementation [2,3], with the 
three most critical barriers being: 

 The lack of robust and rapid combustion-phasing 
control techniques that are not overly complex. 

 Limited maximum engine load due to excessive 
cylinder-pressure rise rates and/or excessive boost 
levels needed to reach required power densities. 

 Poor combustion efficiency at low loads, leading to 
low thermal efficiency and excessive CO and 
unburned hydrocarbon emissions at these conditions. 

Challenged by the need to overcome these barriers, 
researchers at Sandia National Laboratories, focused on 
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understanding of the fundamentals of LTC and applying 
this knowledge to develop techniques to overcome the 
barriers to a commercially viable LTC engine (e.g. [4–9]).  
Over the course of two decades, these efforts led Dec and 
co-workers to develop the LTGC-AMFI combustion 
strategy that was recently introduced in [1,10].  This 
strategy is briefly summarized here. 

The LTGC-AMFI method is based on kinetically controlled 
compression-ignition of a dilute charge using well-
controlled, low-to-moderate fuel stratification.  The engine 
is fueled with gasoline because its relatively high volatility 
allows proper mixture preparation, and its low reactivity 
avoids problems with early autoignition.  Although 
preventing premature autoignition is critical, the natural 
reactivity of gasoline is not ideal for all operating 
conditions.  The AMFI system overcomes this problem by 
introducing very small, but well-controlled, amounts of 
ignition-enhancing additive into the fuel with each fuel-
injection.  This allows the autoignition reactivity to be 
tuned for each operating condition.  For example, using 
more additive per unit of fuel increases the reactivity, as 
required for low loads and cold start, while less additive 
provides a lower reactivity for higher loads.  Perhaps most 
importantly, the AMFI system provides combustion-
phasing control because the fuel’s reactivity can be 
adjusted on a cycle-by-cycle basis.  Thus, AMFI can 
provide the rapid and robust control required for the 
practical LTGC engines for transportation applications.  It 
is also important to note that LTGC-AMFI is fundamentally 
different from dual-fuel reactivity-controlled compression 
ignition (RCCI) techniques because AMFI changes the 
reactivity of all the fuel so there are not regions of high- or 
low-reactivity fuel that make RCCI operation difficult at 
both high and low loads, as discussed further in [1]. 

Another advantage of LTGC-AMFI is that it can reduce or 
even eliminate the need for charge heating, a problem 
that has consistently challenged other gasoline-fueled 
LTC techniques.  The ignition-enhancing additive used 
with LTGC-AMFI can increase the autoignition reactivity 
sufficiently, so intake heating or retained hot residuals are 
not necessary, unlike most other gasoline-fueled LTC 
techniques [11–13].  This simplifies engine design and 
reduces the relative cost of an LTGC-AMFI engine.  The 
lower charge temperatures also significantly increase the 
thermal efficiency, reduce NOx formation, and increase 
the charge density allowing higher loads than LTC 
techniques that require charge heating. 

Finally, the additive used with AMFI system makes the 

fuel -sensitive at naturally aspirated and low-boost 
conditions [14,15] where gasoline does not normally 

exhibit this behavior [4].  Being -sensitive means that the 
autoignition reactivity varies with the local fuel-air 

equivalence ratio () of the charge for the same 
thermodynamic conditions, so richer regions autoignite 
faster than leaner regions.  LTGC-AMFI exploits this 
behavior by applying various forms of fuel stratification to 
improve performance at low loads, to avoid knock and 

excessive noise by spreading out the combustion heat 
release, and by allowing combustion timing to be more 
advanced for better efficiency and stability [3–5,9]. 

The capabilities of the LTGC with the AMFI control system 
have recently been demonstrated in the Sandia MD 
LTGC-AMFI research engine [1].  The current work builds 
on this initial investigation to evaluate the performance of 
the LTGC-AMFI engine over the operating map of a 
typical MD engine.  This more recent effort also included 
engine modifications and the development of improved 
operating techniques for better performance and an 
increased operating range.  With these improvements, 
high-quality LTGC-AMFI data were obtained over the 
operating map, and the results are the compared to those 
of a similar-sized market-leading MD diesel engine.  
Additionally, drive-cycle simulations were performed for 
both an MD class-6 truck and an off-road vehicle powered 
by an LTGC-AMFI-engine, and the results are compared 
against baseline simulations for diesel-powered vehicles.  
Finally, a techno-economic analysis is provided showing 
that the total cost of ownership for an LTGC-AMFI engine 
can be significantly less than that of an equivalent diesel 
engine. 

Experimental Facility and Data Analysis 

LTGC Engine 

The experimental work reported in this article was 
conducted in the Sandia LTGC research engine facility.  
This 0.98-liter, single-cylinder research engine was 
derived from a MD, 5.9-liter, six-cylinder Cummins B-
series diesel engine as discussed in several previous 
publications, e.g. [1,16] and shown in Figure 1a.  The 
engine and the associated facility are essentially the 
same as used for the initial LTGC-AMFI study [1] with two 
key differences: 

1. The compression ratio (CR) was increased from 14:1 
to 16:1 using the piston shown in Figure 1b. This 
increased thermal efficiency and provided better 
performance over the operating range as will be 
discussed. 

2. The cylinder head was switched to Head #1, which 
was used for all studies prior 2017, as explained in 
[16].  Head #1 uses an anti-swirl plate to achieve a 
low swirl ratio of 0.9, whereas Head #2, used in [1], 
had an intake port geometry that produced low swirl 
without an anti-swirl plate.  Performance differences 
between the two heads are small [16,17]. 

Figure 1 presents a schematic of the LTGC research 
engine and 16:1 CR piston used in the current study.  The 
combustion chamber formed by this piston has a small top 
ring-land crevice and large squish clearance to allow 
more complete combustion under dilute LTC conditions 
(i.e. less unburned hydrocarbons and CO) compared to a 
standard diesel or gasoline spark-ignition (SI) combustion 
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chamber [18–20].2  Table 1, updated from Ref. [1], 

provides the engine specifications and operating 
conditions. 

As in other recent works from this laboratory, fueling was 
provided by a Bosch HDEV 5.1 GDI injector with an 
axisymmetric spray pattern using an injection pressure of 
120 bar.  The injector was centrally mounted in the 
cylinder, and detailed injector specifications are given in 
Table 1.  Fueling rates were accurately measured using a 
Max Machinery P002 positive-displacement flow meter 
located upstream of the point of additive introduction.  
Intake air flow rates were accurately metered with 
calibrated sonic nozzles, as shown in Figure 1a.  By 
adjusting the amount of air metered into the engine, the 
intake pressure could be set to the desired value for either 
naturally aspirated or intake-boosted operation.  For the  

current study, only the auxiliary heater (mounted close to 
the engine) was used to precisely control the intake 
temperature (Tin) which was held to low values 
representative of Tins for turbocharged engines, as 
discussed later in the Experimental Results section.  The 
main air heater was not used.  As also shown in Figure 
1a, cooled EGR could be added to the intake air as 
needed at higher boost pressures.  To produce the 
desired EGR flow, the exhaust was throttled to raise the 
exhaust pressure about 2 kPa above the intake pressure, 
and for consistency, this pressure differential was 
maintained even when EGR was not used, as discussed 
further in [7,16]. 

The engine was fueled with a research-grade E10 
gasoline (10% vol ethanol) that is representative of 
regular market gasoline sold in the U.S.  Its specifications 
are provided in Table 2. 

 

Figure 1.  a) Schematic of the LTGC/HCCI engine facility, and b) combustion chamber geometry for the CR = 16:1 piston at TDC. 

AMFI System 

The AMFI system supplied the ignition-enhancing 
additive immediately upstream of the fuel injector, as 
indicated in Figure 1a and shown in greater detail by the 
schematic in Figure 2.  Additive dosing is controlled by a 
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 This piston design, first reported in [16], is the same as that of the CR 

= 14:1 [1] and 18:1 [6] pistons used in various other works from this 
laboratory, except that the bowl depth was adjusted to obtain the desired 
CRs.  The design was based on a combination of intuitive reasoning and 
the location of the top piston ring which was fixed by the ring groove in 
the piston blanks provided by Cummins, Inc.  The squish clearance was 
made as large as possible (for more complete combustion [18a]) while 
keeping sufficient material above the top piston ring to maintain its 

high-speed piezo-electric valve (shown near the center of 
Figure 2) that is synchronized with the fuel injection.  The 
differential between the additive supply pressure and the 
fuel pressure can be adjusted to help control additive 
dosing and was typically set to 30 – 50 bar.  With each 

integrity.  This also minimizes the depth of the top ring-land crevice, 
reducing unburned hydrocarbons from this location [18–20].  With the 
squish clearance then fixed, a partial spherical cut was made to create 
the bowl shown in Figure 1b, which gives the desired CR = 16:1.  As the 
results show, this piston design works fairly well, but a detailed 
optimization of the piston geometry together with optimization of other 
parameters has significant potential to provide even better LTGC 
performance; however, this is beyond the scope of the current study. 
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fuel injection, the additive dosing valve meters a very 
small, precisely controlled but variable amount of additive 
into the fuel to produce the desired autoignition reactivity.  
Because the amount of additive can be varied with each 
fuel injection, the AMFI system allows the combustion 
timing to be adjusted to maintain good performance with 
changes in operating conditions, such as engine warm-up 
or variations in load and speed. 

The additive used for the data in this article was 2-
ethylhexyl nitrate (EHN), which is a common, readily 
available, and inexpensive diesel fuel ignition improver, 

but other additives could be used.  EHN also enhances 
the autoignition of gasoline, as shown in several previous 
studies [1,14,21,22].  The amounts of additive required for 
LTGC-AMFI are very small, typically ranging from 0.01 – 
0.7 mm3 per cycle, which corresponds to about 0.1 – 3% 
of the fuel by liquid volume.  In general, more additive is 
required per unit of fuel at low loads and less at higher 
loads.  A full discussion of the additive concentrations and 
additive consumption over the operating map will be 
presented later in the Experimental Results and 
Discussion section.  Additive flow rates were measured 
by the rate of change in the displacement of the piston 
accumulator used to supply the pressurized additive.  This 
was accomplished by continuously monitoring the digital 
output of a Mahr (MarCator 1086R) linear displacement 
indicator. 

Data Acquisition and Analysis 

Cylinder pressure was measured using an AVL QC34C 
water-cooled pressure sensor mounted in the cylinder 
head at 42 mm off-center.  This sensor was pegged to the 

 

Figure 2.  Block-diagram schematic of the AMFI system. 

Table 1. Sandia LTGC-AMFI Research Engine Specifications 
and Operating Conditions. 

Displacement (single 
cylinder) 

0.981 liters 

Bore 102 mm 

Stroke 120 mm 

Connecting rod length 192 mm 

Geometric compression 
ratios 

16:1 

Number of valves 4 

IVO 0°CA * 

IVC 202°CA * 

EVO 482°CA * 

EVC 8°CA * 

Swirl ratio 0.9 

Fueling system GDI, Bosch HDEV 5.1I 

GDI injector 

Included angle 

Hole size 

Injection pressure 

Bosch, 8-hole 

90˚ 

Stepped-hole, min. dia. = 0.125 mm 

120 bar 

Engine speed 600 – 2400 rpm 

Intake pressure (abs.) 1.0 to 3.0 bar 

Coolant and oil 
temperatures 

100˚C 

* 0 CAD is taken to be TDC intake. The valve-event timings are for 0.1 mm lift. 

Table 2.  Fuel Properties of the research-quality regular-grade 
gasoline 

 
RD5-87, Research-
Quality, Regular-

Grade, E10 Gasoline 

Antiknock Index (R+M)/2 88.4* 

RON 92.1 

MON 84.8 

Specific gravity 0.749 

Carbon [wt%] 82.26 

Hydrogen [wt%] 13.98 

Oxygen [wt%] 3.67 

A/F Stoichiometric 14.05 

Lower Heating Value, gas-phase 
[MJ/kg] 

41.639 

Hydrocarbon type [vol%] 

Aromatics 

Olefins 

Saturates 

Ethanol 

 

22.12 

6.51 

60.09 

9.97 

Distillation [˚C] 

5% 

10% 

30% 

50% 

70% 

90% 

95% 

 

54.5 

57.5 

64.8 

99.8 

125.3 

155.9 

171.2 

* Regular-grade gasolines sold in the U.S. that contain 10% ethanol commonly 
have AKIs ~ 88, which is above the minimum value of 87 shown on the pump.  The 
88.4 AKI of this RD5-87 is well within the range of current, regular-grade pump 
gasolines, especially considering that RON or MON values can vary up to 0.7 
octane units between tests done at different laboratories. 
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intake pressure (measured by a Taber model 2911, 0-100 
psia, strain-gauge type pressure sensor) near bottom 
dead center (BDC).  The intake temperature was 
measured by thermocouples installed near the cylinder 
head in each of the two intake runners.  Exhaust 
emissions were measured using standard exhaust-gas 
analyzers from California Analytical Instruments, with the 
sample being drawn from the exhaust plenum using a 
heated sample line to obtain the CO, CO2, hydrocarbons 
(HC), nitrogen oxides (NOx) and O2 concentrations in the 
exhaust.  In addition, the CO2 concentration at the intake 
was monitored just before induction into the engine, which 
allows an accurate calculation of the exhaust gas 
recirculation (EGR) fraction.  Smoke was measured using 
an AVL 415S smoke meter, but smoke levels were well 
below both the current U.S. MD/HD and the recently 
adopted U.S. 2027 on-road particulate matter standards, 
so they are not reported.  A detailed uncertainty 
quantification for this engine facility, including nominal 
accuracies and experimental errors associated with the 
pressure sensors and emissions instruments can be 
found in [23]. 

The cylinder-pressure signal was digitized at a resolution 
of 0.25 crank-angle degree (CAD), and at each operating 
condition, pressure data from 100 consecutive cycles 
were recorded.  After applying a 2.5 kHz low-pass filter [6] 
to the data from each cycle, a 100-cycle ensemble 
average was computed to obtain a representative 
pressure trace for each condition.  To eliminate the need 
for using combined before-top dead center (TDC) and 
after-TDC notation or negative crank angles, 0 CAD is 
defined as TDC-intake, so TDC-compression occurs at 
360 CAD. 

Combustion phasing was determined from the 50% burn 
point (CA50) computed from the apparent heat release 
rate (AHRR).  At each operating condition, CA50s were 
computed separately from the AHRRs for each of the 100 
cycles acquired, and the CA50s reported are averages of 
these individual-cycle CA50s.  The methodology for 
computing the AHRRs and accounting for changes in the 
specific-heat ratio (ɣ = cp/cv) between operating conditions 
is discussed in [1] and [16].  

At all operating conditions, the ringing intensity (RI) 
introduced by Eng [24] was monitored to avoid overly high 
pressure-rise rates (PRRs) that can cause engine knock 
and potentially, engine damage.  The RI equation and its 
relationship to the maximum PRR and other engine 
parameters is discussed in [1].  Based on previous works, 
a criterion of RI = 5 MW/m2 was selected as the knock 
limit for this engine [25,26]. For most lower-load 
conditions (IMEPg < 5 bar), the RI was well below this limit 
after operation was adjusted for high thermal efficiency 
and low NOx emissions.  However, at higher loads, 
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 Even though LTGC-AMFI is inherently capable of rapid adjustments in 

CA50, transient studies are beyond the scope of the current study. 

particularly for intake-boosted operation, engine 
operating parameters, such as CA50 or the amount of fuel 
stratification, were adjusted to ensure that the RI was ≤ 5 
MW/m2 to avoid engine knock.  A key parameter for 
computing the RI is the maximum PRR, which was 
obtained from the low-pass-filtered pressure data by 
averaging the maximum PRRs of each of the 100 
individual cycles acquired for each operating condition 
[16]. 

Accurate brake torque measurements cannot be obtained 
in a single-cylinder conversion from a six-cylinder engine, 
as used for this study.  Therefore, the brake values 
reported in this article were determined by correcting net 
indicated values (that already include the pumping work) 
for friction and turbocharger losses using models provided 
by General Motors. 

Experimental Results and Discussion 

Engine Operation 

Before starting experiments, the engine was preheated to 
100°C with electrical heaters on the “cooling” water and 
lubricating-oil circulation systems.  Tin was set to either 40 
or 60°C, which are representative of intake temperatures 
on turbocharged engines (i.e., intercooler-out 
temperatures).  Most of the data presented were acquired 
with Tin = 40°C, which is the lowest Tin that could be 
consistently maintained in the LTGC engine laboratory.  
After motoring the engine to the desired speed, fuel and 
additive were supplied with the GDI injector and AMFI 
system, respectively, which resulted in the engine firing 
within the first few cycles.  As the engine warmed up, the 
amount of additive was adjusted to obtain the desired 
CA50 or RI.  Stable steady-state operation was 
established at each operating condition before acquiring 

data.3 

LTGC-AMFI Combustion Strategies 

For LTGC-AMFI to be feasible as a new high-efficiency, 
low emissions, ultra-low GHG engine for MD, HD and off-
road applications, it must be able to deliver robust 
performance over the operating map.  AMFI allows LTGC 
to achieve the required performance mainly because in 
addition to providing combustion-timing control it:  1) 
eliminates the need for charge heating or changes in 
charge heating between operation conditions, and 2) it 

make the fuel -sensitive at naturally aspirated and low-
boost conditions, allowing various forms of fuel 
stratification to be applied to improve performance in key 
regions of the operating map.  Combining these 
advantages of AMFI with a fundamental understanding of 
LTGC developed through many years of research in our 
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laboratory, good LTGC-AMFI performance has been 
achieved over the operating map, including conditions 
where LTGC cannot be operated without AMFI. 

Figure 3 shows operating envelope of the U.S. EPA 
generic 7L MD diesel engine [27] along with the points at 
which operation of the Sandia LTGC-AMFI research 
engine was tested with good performance (red squares).  
Operation in regions between these points, as well as 
operation at higher loads and higher engine speeds, is 
also possible.  Idle operation (IMEPg = 42 kPa, 600 rpm) 
and cold start from ambient conditions and were also 
successfully tested.  As the figure shows, LTGC-AMFI 
was operated over a very wide range of loads from idle to 
16.3 bar brake mean effective pressure (BMEP) and at 
speeds from 600 to 2400 rpm.  Note that the two operating 
points in the lower-left corner of Figure 3 were acquired at 
600 rpm but are shown at 750 rpm to fit on the EPA 
operating map, as noted in the figure caption.  Acquiring 
the LTGC-AMFI data in Figure 3 required the 
development of three different operating strategies for 
various parts of the operating map, as listed below and 
shown by the different colored regions in Figure 3. 

1) Early single-DI (Early-DI):  central part of the map 
(blue region).  Fuel is injected early in the intake 
stroke with a typical start-of-injection (SOI) of 60 
CAD after TDC intake.  This injection strategy 
provides a relatively well-mixed charge, but some 
stratification remains which helps prevent overly 
rapid combustion and engine knock. 

2) Late single-DI (Late-DI):  low-load operation (green 
region).  This injection strategy, used for loads below 
about 2.5 bar BMEP, keeps the fuel more 
concentrated in the central part of the combustion 
chamber to avoid overly lean mixtures that result in 
incomplete combustion [6].  These less-lean 
mixtures also assist autoignition at low loads due to 

the fuel’s -sensitivity with AMFI, thereby reducing 
additive consumption. 

3) Double-DI (D-DI):  high-load operation (tan region).  
For this strategy, the majority of the fuel is injected 
early to promote mixing for good air utilization, and 
20 – 30% of the fuel is injected in the latter part of the 
compression stroke for additional stratification.  The 
increased stratification reduces the heat release rate 
(HRR) at high loads to prevent engine knock with 
less CA50-retard.  This improves combustion 
stability and increases thermal efficiency. 

As explained in the strategy descriptions above, some 
moderate fuel stratification is needed to obtain good 
performance at both low and high loads.  The specific 
locations of the boundaries between the regions shown in 
Figure 3 were determined empirically by adjusting the 
injection timing to obtain the best engine performance as 
the engine load was decreased or increased at each 
engine speed.  The need to shift from strategy #1 to #2 as 
the load was decreased occurred very definitively 
between the ~2.5 and ~2.1 bar BMEP data points for all 

engine speeds tested.  However, the shift from strategy 
#1 to #3 at high loads was not as well defined, with both 
strategies giving similar performance over the transition 
region indicated by the tan diamond pattern that overlays 
the upper-right part of the blue region.  Finally, it should 
be noted that the exact location of these boundaries may 
shift somewhat for different engines or different fuel-
injector spray patterns. 

 

Figure 3.  Operating envelope of the EPA MD 7L diesel engine 
[27] (heavy black line) and the points where LTGC-AMFI 
operation has been tested (red squares).  The three different 
operating strategies employed are shown by the blue-, green-, 
and tan-colored regions of the map.  BTE [%] contours for the 
LTGC-AMFI engine are also shown by the thinner black lines.  
The two points shown at 750 rpm are actually taken at 600 rpm 
but offset to fit on the plot. 

 

 

Figure 4.  BTEs of selected LTGC-AMFI operating points and 
the percentage improvement in BTE with LTGC-AMFI over the 
EPA generic MD 7L diesel engine.  The heavy black line shows 
the operating envelope of the EPA MD diesel and the thinner 
black lines show BTE contours for the EPA diesel engine [27]. 
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For all three strategies, at all operating conditions, the 
overall mixtures were well lean of stoichiometric.  Even 
when strategies #2 and #3 were used, the amount of 
stratification was minimized to keep the richest parts of 
the change sufficiently lean of stoichiometric for low NOx 
formation and virtually no soot formation.  A Tin of 40°C, 
the lowest temperature that could be consistently 
maintained, was used for loads higher than 3.0 bar 
BMEP, whereas an intake temperature of 60°C was used 
for lower loads.  These low Tins result in low combustion 
temperatures that help minimize NOx formation and 
increase thermal efficiency. 

Intake boosting is required for loads higher than about 4.5 
bar BMEP, but boost levels are similar to those of a diesel 
engine, as will be shown later.  EGR is required for loads 
higher than about 7.0 bar BMEP to prevent overly rapid 
autoignition.  The amount of EGR can be smoothly traded 
off with additive addition to prevent overly rapid 
autoignition while allowing small amounts of ignition-
enhancing additive for combustion-timing control [1].  For 
all three strategies, the AMFI system delivers a variable 
amount of additive each engine cycle to facilitate 
autoignition and control combustion timing.  Because the 

fuel is -sensitive with AMFI, variation in the amount of 
stratification by adjusting the late-DI timing also affects 
combustion-timing.  Accordingly, the late DI-timing is used 
in combination with adjusting the amount of additive for 
combustion-timing control when using strategy #2 and to 
a lesser extent with strategy #3. 

Thermal Efficiency of LTGC-AMFI vs. Diesel 

Also shown in Figure 3 are the brake thermal efficiency 
(BTE) contours for LTGC-AMFI derived from the 

experimental data points shown in the figure.4  For 

comparison, Figure 4 shows the BTE contours for the 
EPA generic 7L MD diesel engine [27].  As can be seen, 
the contours for diesel operation form a somewhat 
different pattern than those of LTGC-AMFI, and the diesel 
BTEs are significantly lower than those of LTGC-AMFI, 
with the maximum diesel BTE contour being 40% 
compared to 45.5% for LTGC-AMFI.  Figure 4 also shows 
selected LTGC-AMFI data points from Figure 3 (red 
squares).  To facilitate comparison of BTEs, twelve of 
these points are labeled with the BTE of LTGC-AMFI (top 
number) and the percentage increase in BTE with LTGC-
AMFI over diesel (lower number in parentheses).  As 
shown near the top-center of the operating map, the 
highest BTE of LTGC-AMFI is 45.5%, which is 14.6% 
higher than the 39.7% BTE of the EPA diesel at this point.  
This is a substantial efficiency improvement over diesel, 
and the improvement is even greater almost everywhere 
else on the map.  For example, at 2400 rpm, LTGC-AMFI 
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 For the LTGC-AMFI data, the energy content of the additive is included 

in the BTE computation even though it is only a small fraction of the total 
supplied energy. 

improves the BTE by 19.6 and 24.1%, and at low loads 
(~2 bar BMEP) BTE gains as high as 26.8 and 30.5% over 
the EPA diesel are seen at 1500 and 1800 rpm, 
respectively.  Even at 600 rpm, 1.1 bar BMEP, a gain of 
23.9% was measured over the EPA generic diesel. 

Comparison of the shapes of the BTE contour lines for 
LTGC-AMFI in Figure 3 with those for the generic diesel 
in Figure 4 helps explain these trends.  As can be seen, 
the LTGC-AMFI contours remain relatively flat as speed 
is increased up to 2400 rpm for BMEP ≤ 8.1 bar, whereas 
for diesel the contour lines curve upward for speeds 
above 1500 – 1800 rpm.  Similarly, as the load is reduced 
below about 8.1 bar BMEP, the contour lines show the 
BTE falls more slowly with LTGC-AMFI than for diesel. 

Changes in BTE with Engine Load (BMEP) 

To better compare changes in BTE with BMEP, Figure 5 
presents plots of BTE as a function of engine load (BMEP) 
for 1200 and 1800 rpm.  Shown are the LTGC-AMFI data 
from the experimental points on Figure 3 (black squares), 
the EPA generic 7L diesel (red triangles), and two market-

 
 

 

Figure 5.  A comparison of BTEs as a function of load (BMEP) 
for LTGC-AMFI and four diesel engines at (a) 1200 and (b) 1800 
rpm. 
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leading MD, 6.7L diesel engines labeled Engine A and 
Engine B (blue Xs and green circles, respectively).  As 
can be seen, LTGC-AMFI provides BTEs that are well 
above those of any of the three MD diesel engines, 
despite its displacement being a little smaller, 0.98L for 
the single-cylinder research engine or 5.9L for a 6-
cylinder configuration. 

For reference, Figure 5 also shows the BTEs of the EPA’s 
generic 15L HD engine (light blue dashed line).  As can 
be seen, the 5.9L (six-cylinder equivalent) LTGC-AMFI 
engine gives a higher BTE than even the much larger 15L 
diesel, except for loads above 8 bar BMEP at 1200 rpm 
where the efficiency is essentially the same as that of the 
15L engine. 

Changes in BTE with Engine Speed 

Figure 6 presents the changes in BTE with engine speed 
at two different loads, 5.0 and 8.2 bar BMEP.  Similar to 
Figure 5, LTGC-AMFI results are compared with the EPA 
generic 7L diesel, market-leading diesels A and B, and 
the EPA generic 15L diesel, using the same color and 
symbol scheme as Figure 5.  The data show that for 
LTGC-AMFI the BTE remains nearly constant with 
increasing engine speed, in contrast to all of the diesel 
engines which show a decrease in BTE with increasing 
speed (the only exception being that for 8.2 bar BMEP, 
Engine A shows a small increase in BTE from 1200 to 
1800 rpm).  As a result, the BTE advantage of LTGC-
AMFI over diesel increases significantly with increased 
speed.  This is particularly noticeable by comparing the 
BTEs at the highest speed points in Figures 6a and 6b.  
For 5 bar BMEP, LTGC-AMFI gives a BTE of 42.1% vs. 
35.6% for the best diesel, a 6.5 %-unit advantage.  While 
at 8.2 bar BMEP. LTGC-AMFI gives a BTE of 43.9% vs. 
37.1% for the best diesel, a 6.8 %-unit advantage. 

LTGC-AMFI Performance Maps 

To better show the potential of LTGC-AMFI, Figures 7 – 
11 present performance maps of key parameters over the 
operating range of a typical MD engine.  These maps are 
derived from measurements at the LTGC-AMFI data 
points shown in Figure 7a. 

Figure 7 compares BTE maps of LTGC-AMFI (left) and 
market-leading diesel engine A (right), hereafter termed 
diesel-A.  The diesel-A data was obtained from Ref. [28].  
For both engines, BTE contour lines are included in the 
maps, and the same color scale is used for both maps to 
facilitate comparison.  As can be seen, the LTGC-AMFI 
engine delivers substantially higher BTEs than the diesel 
engine over most of the load-speed map.  Its BTE is 
above 44% for loads greater than ~8.5 bar BMEP and 
above 41.0% for loads above ~4 bar BMEP across the 

speed range shown.  In contrast, the maximum BTE of 
diesel-A is just 40.7%.  As load is reduced below 4 bar 
BMEP, the BTE of LTGC-AMFI remains higher than that 
of diesel-A down to about 2 bar BMEP, below which the 
BTEs of the two engines are similar. 

In addition to LTGC-AMFI having a significantly higher 
peak BTE than diesel-A (45.5% vs. 40.7%), the maps 
illustrate the substantial BTE advantage of LTGC-AMFI at 
higher speeds.  Even in the 6.5 – 16.5 bar BMEP range 
where diesel-A has its highest efficiency, the BTE drops 
off significantly as engine speed increases above about 
1900 rpm, whereas LTGC-AMFI’s BTE remains nearly 
constant with engine speed, increasing its efficiency 
advantage over the diesel engine at high engine speeds 
(in agreement with Figure 6b). 

 

 
 

 

Figure 6.  A comparison of BTEs as a function of engine speed 
for LTGC-AMFI and four diesel engines at (a) 5.0 bar and (b) 8.2 
bar BMEP. 
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Figure 7. BTEs over the operating map for: a) the LTGC-AMFI single-cylinder research engine and b) diesel-A, a market-leading MD 6.7L 
diesel engine. The red squares in Figure 7a show the location of data points acquired for the LTGC-AMFI maps in Figures 7 – 11. 

The reasons LTGC-AMFI provides higher thermal 
efficiency than modern diesel engines are mainly lower 
wall heat transfer and lower exhaust heat losses.  Results 
show that LTGC-AMFI has up to 25% lower heat transfer 
losses than an equivalent-size diesel engine.  Several 
factors are thought to contribute to this, primarily:  lower 
combustion temperature, which reduces the temperature 
difference between the post-combustion gases and the 

wall (T), reduced surface area of the combustion 
chamber due to the simple piston geometry, i.e. no 
combustion bowl (see Figure 1b), and much more 
quiescent combustion due to the lack of the high-velocity 
fuel jets present in diesel engines.  The reduced exhaust 
losses with LTGC-AMFI are thought to be due mainly to 
its more rapid combustion, which results in a higher 
effective expansion ratio, and the higher ɣ due to LTGC-
AMFI’s lower combustion temperatures [25]. 

Figure 8 shows the brake specific NOx emissions 
(BSNOx) over the operating map for both the LTGC-AMFI 
engine (left) and diesel-A (right).  BSNOx emissions of 
LTGC-AMFI are 4 to 100 times lower than those of the 
diesel engine over the operating map.  The BSNOx of 

LTGC-AMFI is below the current U.S. regulatory limit for 
on-road MD/HD engines (0.27 g/kWh) for most loads 
above ~3.0 bar BMEP, and below the current US 
regulatory limit for off-road engines (0.40 g/kWh) for 
almost all loads above 2.5 bar BMEP.  Moreover, BSNOx 
of LTGC-AMFI are lower than the recently adopted U.S. 
2027 MD/HD limit (0.047 g/kWh) for a significant part of 
the operating map, as shown by the darkest blue region 
in Figure 8a.  BSNOx for diesel-A is much higher, being 
well above the current legal limits for both MD/HD and off-
road engines over most of the operating map. 

Although NOx emissions from the LTGC-AMFI engine 
exceed regulatory limits at low loads, MD/HD and off-road 
engines spend little time operating at these conditions.  As 
will be shown by drive-cycle simulations presented later 
in this article, BSNOx of LTGC-AMFI is sufficiently low 
that NOx aftertreatment would not be required to meet 
current U.S. NOx-emissions requirements for MD/HD 
(0.27 g/kWh) or off-road engines (0.4 g/kWh).  LTGC-
AMFI can also meet the more stringent U.S. 2027 MD/HD 
NOx standard of 0.047 g/kWh by a comfortable margin 
without aftertreatment for all four driving cycles simulated. 
 

Figure 8. BSNOx over the operating map for: a) the LTGC-AMFI single-cylinder research engine and b) diesel-A, a market-leading MD 
6.7L diesel engine. The red squares in Figure 8a show the location of data points acquired for the LTGC-AMFI maps in Figures 7 – 11. 
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As a result, urea-SCR NOx aftertreatment would not be 
required, making LTGC-AMFI a two-fluid solution, i.e. fuel 
and additive, but no DEF, which would allow OEMs to 
claim the space previously allocated to DEF for an 
additive tank.  Moreover, the additive tank would be 
considerably smaller than a DEF tank even with longer 
refill intervals, as discussed later.  Transients are not 
expected to significantly influence NOx since EGR is not 
used for NOx control.  Finally, should future legislation 
require lower NOx emissions, even modest optimization 
of fuel sprays and mixture formation at low loads would 
almost certainly provide a significant further decrease in 
NOx emissions.  At most, non-urea, HC-SCR NOx 
aftertreatment would be sufficient, even for very stringent 
standards.  Exhaust emissions and exhaust temperatures 
(presented later in Figure 10) are within the operating 
range of a passive non-urea HC-SCR with a 0.17wt% Au 
/ Al2O3+Mn2O3 (19:1wt) catalyst [29,30]. 

Soot emissions for the LTGC-AMFI data presented were 
near or below the detection limit of the AVL smoke meter 
over the operating map, with the highest measured value 
being a brake specific particulate matter (BSPM) = 0.005 
g/kWh (FSN = 0.01).  This value is far below the current 
U.S. emissions regulatory limit of 0.014 g/kWh BSPM.  It 
is also well below the U.S. 2027 BSPM limit of 0.0067 
g/kWh.  Furthermore, even modest optimization of the fuel 
sprays and mixing at low loads would likely decrease soot 
emissions significantly.  Therefore, a particulate filter for 
soot emissions will not be required, and smoke 
measurements are not reported in this article. 

Brake specific CO emissions (BSCO) for the LTGC-AMFI 
engine are shown in Figure 9.  The current U.S. MD/HD 
legal limit for CO emissions (21 g/kWh) is indicated in the 
figure.  CO is low over most of the map, but it increases 
for loads lower than ~3.0 bar BMEP, where an oxidation 
catalyst will be required to control both CO and unburned 
hydrocarbon emissions. 

Figure 10 shows the turbine-out exhaust temperatures 
over the operating map for LTGC-AMFI, which is the 
temperature available for the aftertreatment systems. 
These temperatures were computed from the 
experimentally measured single-cylinder exhaust 
temperature using a turbocharger model provided by 
General Motors.  As shown in the figure, turbine-out 
exhaust temperatures are 200°C or higher over almost all 
of the operating map, which are sufficient for an oxidation 
catalyst and for passive HC-SCR NOx aftertreatment (if 
required).  However, the turbine-out temperatures are 
below 200°C at low loads (BMEP < 1.0 bar) and low 
speeds (< 1500 rpm).  This issue can be overcome by 
adjusting the operating parameters to increase the 
exhaust temperature at the expense of fuel economy (e.g. 
by retarding combustion timing or by burning additional 
fuel very late in the cycle).  Exploring these optimized 
operating parameters is beyond the scope of the current 
study. 

The intake pressures for the LTGC-AMFI engine data 
presented previously are shown in Figure 11.  All the 
values are absolute.  Intake boosting was used at loads 
higher than 4.5 bar BMEP, and these intake pressure 
levels are similar to those of modern diesel engines.  
Assuming a maximum combined turbocharger efficiency 
(turbine and compressor) of 50%, exhaust enthalpy 
(calculated using experimentally measured exhaust 
temperatures) are sufficient to reach the required intake 
pressures, according to the turbocharger model provided 
by General Motors.  Note that the BTE values shown 
above in Figures 3 - 7 have been corrected to account for 
turbocharger losses. 

 

Figure 9.  BSCO emissions [g/kWh] for LTGC-AMFI. 

 

Figure 10. Turbine-out exhaust temperatures for the LTGC-
AMFI engine. 

 

Figure 11.  Intake pressure [bar, absolute] for the LTGC-AMFI 
engine. 
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Combustion noise levels from the single-cylinder LTGC-
AMFI engine have been evaluated for various engine 
loads and speeds, and they were found to be similar to, 
or a little lower than, those of MD diesel engines at the 
same operating conditions [31].  As such, the noise from 
an LTGC-AMFI engine can be kept to reasonable values 
even at high-load and high-speed conditions.  Also, the RI 
was kept below 5 MW/m2 to avoid engine knock, as 
discussed previously in the subsection on Data 
Acquisition and Analysis.  Taken together, these findings 
indicate that the NVH levels of LTGC-AMFI engines are 
typical of, or less than, those of diesel engines currently 
used in MD, HD and off-road applications. 

Additive Requirements 

The amount of additive required for LTGC-AMFI varies 
significantly over the operating map, as shown in Figure 
12.  Briefly summarizing, this figure shows that more 
additive is required per unit of fuel at low loads and less 
at higher loads, with typical additive concentrations being 
in the range of 0.5 – 3% of the fuel for BMEP ≤ 4.5 bar, 
dropping to 0.1 – 1.4% for 4.5 < BMEP < 8.5 bar, and ≤ 
0.1% for BMEP ≥ 8.5 bar.  This large effect of engine load 
on additive requirements is primarily due to the increased 
wall and residual temperatures at higher loads which 
facilitate autoignition.  Additionally, the additive makes the 

fuel -sensitive, so the higher s, resulting from the 
increased fueling at higher loads, also facilitate 
autoignition reducing additive requirements.  Engine 
speed also affects additive requirements at lower loads.  
As the figure shows, there is a general trend of higher 
additive concentrations being required with increased 
speed to compensate for the shorter time available for 
autoignition to occur.  However, this trend is less clear 
because various amounts of fuel stratification were used 
at lower loads to improve combustion efficiency and 
reduce additive consumption, i.e. operating strategy #2 
was used as discussed previously.  In fact, optimization 
of these fuel stratification techniques could significantly 
reduce additive consumption at low loads compared to 
these initial results from the Sandia research engine. 

The data in Figure 12 show that amount of additive 
required depends on the duty cycle of the engine and the 
operating conditions where it spends the most time.  For 
example, an engine operating mainly at 50 – 100% load, 
such as HD long-haul trucks or some off-road 
applications, would require relatively little additive, while 
a duty cycle involving substantial time at low loads will 
consume more.  A general estimate of the amount of 
additive required can be obtained from the off-road ISO 
8178 C1 and C2 cycles.  As discussed in the next section, 
these cycles consist of a series of steady state operating 
points that are averaged using specified weighting factors 
(see Table 3).  Based on the additive consumption in 
Figure 12, this gives a cycle-averaged additive 
requirement of about 0.4% of the fuel by liquid volume.  
Using this value as a guide, an additive reservoir of 2 – 3 
gallons should be sufficient for an MD-size engine with 

refill intervals of 4000 – 7500 miles or the equivalent hours 
for an off-road engine.  In practice, the actual size 
selected would be customized for each application 
depending on acceptable refill intervals and because 
additive consumption varies significantly with the engine’s 
duty cycle, as illustrated by the examples above.  For 
some applications, the additive tank could be sized for 
refills only at service intervals. 

Concluding Discussion of Experimental Results 

The results presented in this article show that LTGC-AMFI 
engine performs very well using the three operating 
strategies shown in Figure 3, and it offers major 
performance advantages over diesel engines.  These 
data were obtained in the Sandia research engine with 
only modest turning of the amount of additive and 
injection timing.  There was no optimization of other key 
operating parameters or the engine hardware, such as 
injection pressures, injector spray patterns, intake port 
geometry or piston bowl shape.  Optimization of these 
features, combined with careful tuning of additive dosing 
levels and injection timing has strong potential to provide 
even better combustion and thermal efficiencies, lower 
CO, HC, and NOx emissions, and lower additive 
consumption.  Finally, it should be noted that due to the 
limits of the current engine hardware, the maximum 
cylinder pressures were 164.8 bar and 157.5 bar for the 
peak BMEP points at 1200 rpm and 1800 rpm, 
respectively.  Higher BMEPs could very likely be achieved 
with LTGC-AMFI using engines designed for higher peak 
cylinder pressure as are typical of many modern HD 
diesel engines. 

Drive-Cycle Simulations 

Vehicle level simulations were performed at Argonne 
National Laboratory using “Autonomie” [32], which is a 
state-of-the-art vehicle system simulation tool that can 
assess the energy consumption, performance and cost of 
multiple vehicles equipped with various powertrain 
technologies.  Simulations were performed on the U.S. 
EPA GEM ARB Transient, GEM 55 mph Cruise and GEM 

 

Figure 12.  Additive requirements as a percentage of fuel by 
liquid volume for the LTGC-AMFI research engine. 
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65 mph Cruise driving cycles [27], which were specifically 
designed to predict GHG emissions of MD and HD 
vehicles, and on the real-word Fleet DNA driving cycle 
from National Renewable energy Laboratory [33], which 
includes real driving data for multiple vehicles operating 
in the U.S.  The vehicle selected for the simulations was 
a class-6 truck for delivery applications that uses an MD-
size engine similar to the LTGC-AMFI research engine 
and to the diesel engines compared in the previous 
figures.  Additionally, these vehicles are seen as early 
adopters for alternative and advanced powertrain 
technologies, and the vehicle specifications for this truck 
have already been reviewed by the technical teams of 
multiple OEMs within the 21st Century Truck Partnership 
(a U.S. government and industry partnership to develop 
advanced engines for MD/HD trucks) [34]. 

The simulated vehicle was equipped with a six-cylinder 
MD-size LTGC-AMFI engine, whose performance was 

obtained from the engine maps shown above.  In Figure 
13, these results are compared against the same vehicle 
equipped with a market-leading 6.7L diesel engine (MD 
engine B in Figures 5 and 6) using performance maps 
obtained from tests at Oak Ridge National Laboratory 
[35].  Figure 13a shows the fuel economy in miles per 
gallon (mpg) gasoline equivalent (GE) for the LTGC-AMFI 
vehicle in blue and the diesel vehicle in red.  The GE 
values for the diesel engine were obtained by correcting 
the amount of diesel fuel consumed in the tests for the 
lower energy content per unit volume of gasoline [36].  
Thus, the fuel economy difference in the figure shows the 
effect of the higher BTE of LTGC-AMFI compared to 
diesel over the various driving cycles.  Figure 13b 
presents the corresponding NOx emissions for the two 
engines over these four driving cycles.  The vehicle 
equipped with LTGC-AMFI technology showed fuel 
economies of 8.1, 11.4, 9.5 and 6.5 mpg gasoline 
equivalent for the ARB transient GEM 55 mph, GEM 65 
 

 

 

Figure 13.  Comparison of a) fuel economy in mpg gasoline equivalent [GE] (energy basis) and b) engine-out NOx emissions for a 
class-6 box truck equipped with either an LTGC-AMFI or a diesel engine.  The percent improvement in fuel economy and percent 
reduction in NOx emissions with LTGC-AMFI are shown on the bargraph.  Note that NOx emissions are plotted on a logarithmic scale, 
with the actual values given in the bargraph. 
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mph and Fleet DNA cycles, respectively.  These numbers 
correspond to fuel-economy improvements of 18.6% 
(ARB transient) and 13.4 – 13.8% (other cycles) over the 
diesel engine, as shown in Figure 13a.  For the engine-
out NOx emissions in Figure 13b, it should be noted that 
the data are plotted on a logarithmic scale to enable the 
very low LTGC-AMFI emissions to be seen along with the 
diesel emissions.  For the LTGC-AMFI engine, NOx 
emissions were 99.4, 99.7, 99.8, and 99.5% lower than 
those of the diesel engine for the ARB transient GEM 55 
mph, GEM 65 mph and Fleet DNA cycles, respectively.  
Thus, LTGC-AMFI decreases NOx emissions by more 
than two orders of magnitude compared to the diesel 
engine for these cycles (exact values are listed in the 
figure).  Moreover, these NOx emission values are far 
below current U.S. 2010 MD/HD emission standards (0.2 
g/bhp-h), and they are even well below the recently 

adopted U.S. 2027 limit (0.035 g/bhp-h) for all four driving 
cycles. 

Test-cycle results were also obtained for off-road vehicles 
by applying the ISO 8178 test cycle standard, which is 
used for emissions certification in the U.S., Europe and 
Japan.  Data were evaluated for both the Sandia LTGC-
AMFI engine and the same 6.7L MD diesel engine used 
for the on-road cycle comparison presented in Figure 13.  
Performance over both the ISO 8178 C1 and C2 cycles, 
which are intended for off-road compression-ignition and 
spark-ignition engines, respectively, were evaluated.  
These cycles are composed of a series of steady-state 
engine dynamometer tests that are averaged using 
different weighting factors.  Table 3 describes the various 
test conditions and weighting factors for the C1 and C2 
cycles. 

Table 3. Testing conditions and weighting factors for the ISO 8178 C1 and C2 cycles. 

Operating conditions 

Torque [%] 100 75 50 25 10 100 75 50 25 10 0 

            

Speed Rated speed Peak torque speed Idle 

Weighting factors 

C1 0.15 0.15 0.15 0 0.1 0.1 0.1 0.1 0 0 0.15 

C2 0 0 0 0.06 0 0.02 0.05 0.32 0.3 0.1 0.15 

Figure 14 shows the brake specific fuel consumption 
(BSFC) and BSNOx of the Sandia LTGC-AMFI engine 
compared against the 6.7L MD diesel engine for the C1 
and C2 off-road cycles.  Fuel consumption is 18% and 
12% lower with LTGC-AMFI than with the diesel engine 
for the C1 and C2 cycles, respectively.  The fuel 
consumption advantage of LTGC-AMFI in the C1 
regulatory cycle is especially relevant because C1 is the 

certification cycle for off-road compression-ignition (i.e., 
diesel) engines.  LTGC-AMFI also has 18 times and 38 
times lower BSNOx than the diesel for C1 and C2, 
respectively.  This corresponds to 95% and 97% lower 
NOx emissions for the C1 and C2 cycles, respectively.  
Moreover, the NOx emissions of LTGC-AMFI are well 
below the current U.S. regulatory limit for off-road engines 
(0.4 g/kWh). 

 

Figure 14.  BSFC (GE) and BSNOx of the Sandia LTGC-AMFI engine and a MD 6.7L diesel engine for the C1 and C2 off-road cycles.  
Compared to the diesel engine, LTGC-AMFI reduces BSFC by18% (C1 cycle) or 12% (C2 cycle) while producing 95% (C1 cycle) or 
97% (C2 cycle) lower BSNOx. 
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Techno-Economic Analysis 

Nearly half the cost of a modern diesel engine is for 
exhaust aftertreatment components required to meet 
current exhaust-emission standards.  In contrast, an 
LTGC-AMFI engine has far lower NOx and particulate 
emissions, eliminating the need for a diesel particulate 
filter (DPF) and the urea-SCR system for NOx control – 
including the associated ammonia slip catalyst (ASC) and 
diesel exhaust fluid (DEF) dosing system.  Thus, LTGC-
AMFI greatly simplifies and reduces the cost of the 
aftertreatment system, as illustrated in Figure 15. An 
oxidation catalyst (OC) is required for CO and HC 
emissions, but turbine-out exhaust temperatures are 
sufficient for OC light-off (see Figure 10).  LTGC-AMFI 

also requires an additive tank, but it would be smaller than 
a DEF tank and require refilling much less frequently.  
Accordingly, the initial cost of an LTGC-AMFI engine and 
aftertreatment system would be about 30% less than that 
of a diesel, reducing the average price for a 15L class-8 
truck engine and aftertreatment system from 
approximately $47,000 (for diesel) to about $33,000 (for 
LTGC-AMFI).  LTGC-AMFI’s lower-pressure GDI fuel 
system is much less expensive than a high-pressure 
diesel system, but this savings will be partially offset by 
the cost of the additive-dosing system, whose cost will be 
similar to that of a piezo-electric GDI fuel injector.  
Additional savings may be accrued due to the lower heat 
rejection of LTGC-AMFI compared to standard diesel 
combustion, which may also provide packaging 
advantages. 

 

Figure 15.  Engine and after-treatment systems for diesel (top) and LTGC-AMFI (bottom) engines. 

 

Operating costs for an LTGC-AMFI engine will also be 
lower than those of a diesel due to a combination of 
factors.  First, LTGC-AMFI has lower fuel consumption.  
Second, LTGC-AMFI operates on regular E10 gasoline, 
taking advantage of the lower price of gasoline relative to 
diesel fuel in the U.S., and this difference will likely 
increase as demand for gasoline falls with electrification 
of the light-duty vehicle fleet.  Figure 16 provides an 
estimate of the reduction in fuel costs for an MD LTGC-

                                                      

5
 This savings is based on the average U.S price of gasoline and diesel 

fuel as of October 16, 2023, which are $3.576/gallon and $4.444/gallon 
for regular E10 gasoline and diesel fuel, respectively. 

AMFI engine compared to a market-leading diesel for the 
four on-road driving cycles presented previously in Figure 
13.  As the figure shows, LTGC-AMFI can be expected to 
provide an 18.0 – 21.6% saving in fuel costs for these 

driving cycles.5  The lower fuel consumption of LTGC-

AMFI would also result in 11.1 – 15.0% less CO2 
emissions than the diesel engine over these driving 
cycles. 
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Additionally, LTGC-AMFI does not require DEF for NOx 
aftertreatment, but this saving will be offset by the cost of 
the additive.  Estimates indicate that the amount of 
additive required is only about 20% of the amount of DEF 

required for a diesel,6 but the additive is more expensive 

per unit volume, so the additive cost will be similar to the 
cost of DEF for a diesel engine.  However, LTGC-AMFI 
has an advantage in that the additive tank would be much 
smaller than a typical DEF tank due to the smaller amount 
of additive required.  Additionally, with the smaller additive 
amounts, the additive tank could be sized for longer refill 
intervals than diesel DEF tanks, including refills only at 
service intervals of 7500 miles or more (or an equivalent 
number of hours for an off-road engine). 

Summary and Conclusions 

Low-Temperature Gasoline Combustion with Additive-
Mixing Fuel Injection (LTGC-AMFI) is a new and effective 
approach to low-temperature combustion.  The technique 
provides robust control of combustion timing, enabling 
good performance over the operating map of off-road, 
medium- and heavy-duty (MD and HD) engines.  
Moreover, it delivers the long-sought promise of low-
temperature combustion to provide very high efficiencies 
with extremely low NOx and soot emissions.  As 
discussed in our initial article describing this technique [1], 
the AMFI system directly controls the autoignition process 
in LTGC engines by adding precisely controlled amounts 
of an ignition-enhancing additive on a cycle-by-cycle 
basis, and it substantially improves LTGC performance 
and efficiency. 

Data demonstrating LTGC-AMFI’s capabilities and 
performance over the operating map were acquired in a 
MD research engine using regular E10 gasoline.  

                                                      

6
 DEF amounts required for typical MD diesel engines are 2 – 3% of the 

fuel consumed [37], and “industrial engines” can be in the range of 3 – 
5% [38].  For LTGC-AMFI, the estimated average additive requirement 

Inputting these data into the Autonomie simulation code 
allowed an evaluation of LTGC-AMFI over four on-road 
and two off-road driving cycles.  Comparison of these 
results with the results of the same Autonomie simulations 
using performance data from a similar-size market-
leading diesel engine showed that LTGC-AMFI provides 
substantial advantages over diesel engines in terms of 
higher efficiency and much lower NOx and soot 
emissions.  Additionally, a techno-economic analysis 
shows that LTGC-AMFI can significantly reduce the total 
cost of ownership. 

Specific findings include: 

1. Good LTGC-AMFI performance was obtained over 
the operating map of a typical MD engine from idle to 
16.3 bar BMEP and from 600 to 2400 rpm.  Intake 
boosting was used for loads above 4.5 bar BMEP with 
boost levels being similar to those of a diesel engine. 

2. To achieve good operation over this range, three 
different operating strategies were developed that 
involve various amounts of low-to-moderate fuel 
stratification, combined with adjustments to the 
amount of additive supplied. 

3. The MD LTGC-AMFI engine provided a peak BTE of 
45.5% which is well above the peak BTEs of 40.7% 
and 41.8% for the two market-leading MD diesels 
sold in the U.S. 

4. Moreover, BTEs with LTGC-AMFI are 9 – 25% higher 
than those of the diesels over the MD load-speed 
map.  For example, LTGC-AMFI’s BTE >44% for 
loads above ~8.5 bar BMEP and >41% for loads 
above ~4 bar BMEP across the MD-engine speed 
range.  In contrast, the BTE of only one diesel engine 
reaches 41% over a limited range, and the diesel-
engine BTEs fall more rapidly as operation shifts to 
lower loads or higher speeds. 

5. Autonomie analyses show that LTGC-AMFI attained 
19 – 24.5% better fuel economy than a market-
leading MD diesel engine, over four standard on-road 
drive cycles and 20.5% lower BSFC over the C1 off-
road cycle for compression-ignition engines. 

6. The LTGC-AMFI engine has up to 25% lower heat 
transfer losses than a similar-size diesel engine.  This 
is a key contributor to its higher efficiency, and it may 
also provide packaging advantages. 

7. LTGC-AMFI has extremely low NOx emissions.  
Autonomie drive-cycle analyses show that BSNOx is 
far below the current U.S. MD/HD standard of 0.2 
g/bhp-h for all four on-road drive cycles evaluated.  It 
is even comfortably below the recent U.S. 2027 
MD/HD limit of 0.035 g/bhp-h for all four drive cycles. 

of 0.4% of the fuel is one-fifth (20%) of the lowest of these DEF values 
(2%). 

 

Figure 16.  Comparison of the fuel costs per mile for a class-6 
box truck powered by an LTGC-AMFI engine (blue) or a 
market-leading diesel einge (red) for the four on-road driving 
cycles.  Based on the U.S. average fuel prices on October 16, 
2023. 
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8. BSNOx is also well below the off-road limit of 0.4 
g/kwh for both the C1 and C2 off-road cycles. 

9. These low drive-cycle BSNOx emissions indicate that 
LTGC-AMFI can meet all current U.S. NOx standards 
and the recently adopted U.S. 2027 NOx standards 
without aftertreatment. 

10. Soot emissions were near or below the detection limit 
of the AVL smoke meter, so a particulate filter will not 
be required to meet either the current or the new 2027 
U.S. BSPM emission standards. 

11. An oxidation catalyst will be required for unburned 
hydrocarbon and CO emissions. 

12. Turbine-out exhaust temperatures were 200°C or 
higher (sufficient for an oxidation catalyst) except at 
the very lowest load points (near idle), where modest 
detuning would be sufficient to reach the required 
temperatures. 

13. Combustion noise levels for LTGC-AMFI, evaluated 
over several loads and speeds, were found to be 
similar to or a little lower than those of MD diesel 
engines at similar conditions. 

14. LTGC-AMFI could significantly reduce the total cost 
of ownership for off-road, MD, and HD engines.  This 
is due to both lower initial cost (much lower cost of 
aftertreatment) and lower operating costs (reduced 
fuel consumption, the lower price of gasoline 
compared to diesel fuel, and no DEF required). 

15. A small additive tank is required for LTGC-AMFI, but 
its refill interval would be much longer than that of 
typical DEF tank for a diesel engine.  The amount of 
additive required is only about one-fifth of the amount 
of DEF required for a diesel engine, but the additive 
costs more per unit volume, making additive costs 
comparable to DEF costs for a diesel engine (DEF is 
not required for LTGC-AMFI).  It should also be noted 
that the cost of the additive is far less than the cost of 
the fuel saved with LTGC-AMFI. 

16. The high thermal efficiency of LTGC-AMFI would 
provide substantial GHG reductions compared to 
current diesel engines.  Even greater GHG reductions 
can be realized in the future by using renewable or 
partially renewable gasoline-like fuels. 

Future Directions 

The results presented in this article show that LTGC-AMFI 
has a lower total cost of ownership and significantly lower 
GHG emissions than diesel engines, which provides 
strong motivation to develop LTGC-AMFI engines into a 
primary power source for future off-road, HD and some 
MD applications that are not practical for electrification.  
The demonstrated advantages of LTGC-AMFI can be 
further improved by optimization of key operating 
parameters and engine hardware, such as injection 
pressure, injector spray patterns, intake port geometry, 
piston bowl shape, and additive dosing techniques.  Also, 

engines designed for higher peak cylinder pressures have 
strong potential to increase the maximum load above the 
values currently reported.  These optimizations and 
engine-design improvements would provide improved 
fuel stratification (particularly at low loads) for reduced 
additive consumption rates, lower CO, HC, NOx, and soot 
emissions, higher power densities, and higher BTEs for 
even greater GHG-emissions reduction. 

Acknowledgments 

The authors would like to thank the following people from 
Sandia National Laboratories:  Gerald Gentz for help with 
some of the data acquisition, and Tim Gilbertson, Keith 
Penney and Aaron Czeszynski for their dedicated support 
of the LTGC engine laboratory. 

Sandia National Laboratories is a multi-mission laboratory 
managed and operated by National Technology & 
Engineering Solutions of Sandia, LLC (NTESS), a wholly 
owned subsidiary of Honeywell International Inc., for the 
U.S. Department of Energy’s National Nuclear Security 
Administration (DOE/NNSA) under contract DE-
NA0003525. This written work is authored by an 
employee of NTESS. The employee, not NTESS, owns 
the right, title and interest in and to the written work and 
is responsible for its contents. Any subjective views or 
opinions that might be expressed in the written work do 
not necessarily represent the views of the U.S. 
Government. The publisher acknowledges that the U.S. 
Government retains a non-exclusive, paid-up, 
irrevocable, world-wide license to publish or reproduce 
the published form of this written work or allow others to 
do so, for U.S. Government purposes. The DOE will 
provide public access to results of federally sponsored 
research in accordance with the DOE Public Access Plan. 

References 

1.  Dec JE, Pintor DL, Gentz G. Additive-Mixing Fuel 
Injection (AMFI): A device for robust control and 
improved performance of high-efficiency LTGC 
engines. International Journal of Engine Research. 
2023;24[8]:3766–82. DOI: 
10.1177/14680874231171429. 

2.  Dec JE. Advanced compression-ignition engines—
understanding the in-cylinder processes. 
Proceedings of the Combustion Institute. 2009 Jan 
1;32[2]:2727–42 

3.  Dec JE. Advanced Compression-Ignition 
Combustion for High Efficiency and Ultra-Low NOX 
and Soot. Encyclopedia of Automotive Engineering, 
John Wiley & Sons. 2014. On-line at 
http://onlinelibrary.wiley.com/book/10.1002/978111
8354179  



Page 17 of 19 

4.  Dec JE, Yang Y, Dronniou N. Boosted HCCI - 
Controlling Pressure-Rise Rates for Performance 
Improvements using Partial Fuel Stratification with 
Conventional Gasoline. SAE Int J Engines. 
2011;4[1]:1169–89. DOI: 10.4271/2010-01-1086 

5.  Lopez Pintor D, Gentz G, Dec J. Mixture 
Stratification for CA50 Control of LTGC Engines 
with Reactivity-Enhanced and Non-Additized 
Gasoline. SAE Technical Paper 2021-01-0513, 
2021. DOI: 10.4271/2021-01-0513 

6.  Dec JE, Sjöberg M. A parametric study of HCCI 
combustion - the sources of emissions at low loads 
and the effects of GDI fuel injection. SAE Technical 
paper 2003-01-0752. 2003. DOI: 10.4271/2003-01-
0752  

7.  Dec JE, Yang Y. Boosted HCCI for High Power 
without Engine Knock and with Ultra-Low NOx 
Emissions - using Conventional Gasoline. SAE Int J 
Engines. 2010;3[1]:750–67 

8.  Hwang W, Dec JE, Sjöberg M. Fuel Stratification for 
Low-Load HCCI Combustion: Performance & Fuel-
PLIF Measurements. SAE Technical Paper 2007-
01-4130, 2007. DOI: 10.4271/2007-01-4130 

9.  Gentz G, Dernotte J, Ji C, Lopez Pintor D, Dec J. 
Combustion-Timing Control of Low-Temperature 
Gasoline Combustion (LTGC) Engines by Using 
Double Direct-Injections to Control Kinetic Rates. 
SAE Technical Paper 2019-01-1156, 2019. DOI: 
10.4271/2019-01-1156 

10.  Dec JE, Lopez-Pintor D. Demonstrating the 
Potential of LTGC-AMFI to Deliver the Promise of 
Low-Temperature Combustion. Thermo and fluid 
dynamic processes in direct injection engines 
THIESEL. 2020 Sep 8 

11.  Urushihara T, Hiraya K, Kakuhou A, Itoh T. 
Expansion of HCCI Operating Region by the 
Combination of Direct Fuel Injection, Negative 
Valve Overlap and Internal Fuel Reformation. SAE 
Technical Paper 2003-01-0749, 2003. DOI: 
10.4271/2003-01-0749 

12.  Koopmans L, Ogink R, Denbratt I. Direct Gasoline 
Injection in the Negative Valve Overlap of a 
Homogeneous Charge Compression Ignition 
Engine. SAE Technical Paper 2003-01-1854, 2003. 
DOI: 10.4271/2003-01-1854  

13.  Sellnau M, Foster M, Moore W, Sinnamon J, Hoyer 
K, Klemm W. Pathway to 50% Brake Thermal 
Efficiency Using Gasoline Direct Injection 
Compression Ignition. SAE Int J Adv & Curr Prac in 
Mobility. 2019 Apr 2;1[4]:1581–603 

14.  Ji C, Dec JE, Dernotte J, Cannella W. Effect of 
Ignition Improvers on the Combustion Performance 
of Regular-Grade E10 Gasoline in an HCCI Engine. 
SAE Int J Engines. 2014 Apr 1;7[2]:790–806 

15.  Lopez Pintor D, Dec JE. Development and 
validation of an EHN mechanism for fundamental 
and applied chemistry studies. SAE Int J Adv & Curr 
Prac in Mobility. 2022;4[4]:1198–216 

16.  Dec JE, Dernotte J, Ji C. Increasing the Load 
Range, Load-to-Boost Ratio, and Efficiency of Low-
Temperature Gasoline Combustion (LTGC) 
Engines. SAE Int J Engines, 2017;10[3]:1256-1274. 
DOI: 10.4271/2017-01-0731 

17.  Gentz G, Dernotte J, Ji C, Dec J. Spark Assist for 
CA50 Control and Improved Robustness in a 
Premixed LTGC Engine – Effects of Equivalence 
Ratio and Intake Boost. SAE Technical Paper 2018-
01-1252, 2018 DOI: 10.4271/2018-01-1252 

18.  Christensen M, Johansson B, Hultqvist A. The 
Effect of Piston Topland Geometry on Emissions of 
Unburned Hydrocarbons from a Homogeneous 
Charge Compression Ignition (HCCI) Engine. SAE 
Technical Paper 2001-01-1893, 2001. DOI: 
10.4271/2001-01-1893. 

19.  Aceves SM, Flowers DL, Espinosa-Loza F, 
Martinez-Frias J, Dec JE, Sjoberg M, et al. Spatial 
analysis of emissions sources for HCCI combustion 
at low loads using a multi-zone model. SAE 
Technical Paper 2004-01–1910, 2004. DOI: 
10.4271/2004-01–1910.  

20.  Dec JE, Sjöberg M, Hwang W, Davisson ML, Leif 
RN. Detailed HCCI Exhaust Speciation and the 
Sources of Hydrocarbon and Oxygenated 
Hydrocarbon Emissions. SAE Int J Fuels Lubr. 2008 
Apr 14;1[1]:50–67 

21.  Dempsey AB, Walker NR, Reitz RD. Effect of 
Cetane Improvers on Gasoline, Ethanol, and 
Methanol Reactivity and the Implications for RCCI 
Combustion. SAE Int J Fuels Lubr. 2013 Apr 
8;6[1]:170–87 

22.  Ji C, Dec J, Dernotte J, Cannella W. Boosted 
Premixed-LTGC / HCCI Combustion of EHN-doped 
Gasoline for Engine Speeds Up to 2400 rpm. SAE 
Int J Engines. 2016;9[4]:2166-2184. DOI: 
10.4271/2016-01-2295 

23.  Petitpas G, Whitesides R, Dernotte J, Dec J. 
Refining Measurement Uncertainties in HCCI/LTGC 
Engine Experiments. SAE Technical Paper 2018-
01-1248, 2018. DOI: 10.4271/2018-01-1248  



Page 18 of 19 

24.  Eng JA. Characterization of Pressure Waves in 
HCCI Combustion. SAE Technical Paper 2002-01-
2859, 2002. DOI: 10.4271/2002-01-2859 

25.  Dernotte J, Dec JE, Ji C. Energy Distribution 
Analysis in Boosted HCCI-like / LTGC Engines - 
Understanding the Trade-Offs to Maximize the 
Thermal Efficiency. SAE Int J Engines. 2015 Apr 
14;8[3]:956–80 

26.  Sjöberg M, Dec JE, Babajimopoulos A, Assanis DN. 
Comparing Enhanced Natural Thermal Stratification 
Against Retarded Combustion Phasing for 
Smoothing of HCCI Heat-Release Rates. SAE 
Technical Paper 2004-01-2994, 2004. DOI: 
10.4271/2004-01-2994 

27.  US EPA O. Greenhouse Gas Emissions Model 
(GEM) for Medium- and Heavy-Duty Vehicle 
Compliance. 2016. Available from: 
https://www.epa.gov/regulations-emissions-
vehicles-and-engines/greenhouse-gas-emissions-
model-gem-medium-and-heavy-duty 

28.  Deraad S, Fulton B, Gryglak A, Hallgren B, Hudson 
A, Ives D, et al. The New Ford 6.7L V-8 
Turbocharged Diesel Engine. SAE Technical Paper 
2010-01-1101, 2010. DOI: 10.4271/2010-01-1101 

29.  Ueda A, Haruta M. Reduction of nitrogen monoxide 
with propene over Au/Al2O3 mixed mechanically 
with Mn2O3. Applied Catalysis B: Environmental. 
1998;18:115–21 

30.  Piumetti M, Bensaid S, Fino D, Russo N. Catalysis 
in Diesel engine NOx aftertreatment: a review. 
Catalysis, Structure & Reactivity. 2015;1[4]:155–73. 

31.  Hocking C, Kurtz E, Moilanen P, Orzechowski J, 
Peterson R. Light-Duty Noise Guideline for 
Advanced Combustion Research. Presented at the 
DOE Advanced Engine Combustion Working Group 
Meeting in Livermore, CA, USA; 2015 

32.  Autonomie [Internet]. Vehicle & Mobility Systems 
Department - Argonne National Laboratory. 2021. 
Available from: /tools/autonomie/ 

33.  Fleet DNA: Commercial Fleet Vehicle Operating 
Data. Available from: 
https://www.nrel.gov/transportation/fleettest-fleet-
dna.html 

34.  21st Century Truck Partnership [Internet]. 
Energy.gov. Available from: 
https://www.energy.gov/eere/vehicles/21st-century-
truck-partnership 

35.  Vijayagopal R, Curran S, Deter D, Longman D. 
Evaluating Class 6 Delivery Truck Fuel Economy 
and Emissions Using Vehicle System Simulations 
for Conventional and Hybrid Powertrains and Co-
Optima Fuel Blends. SAE Technical Paper 2022-
01-1156, 2022. DOI: 10.4271/2022-01-1156 

36.  State & Alternative Fuel Provider Fleets: Fuel 
Conversion Factors to Gasoline Gallon Equivalents. 
2023. Available from: https://epact.energy.gov/fuel-
conversion-factors 

37. Determine Your DEF Consumption.  Available from:  
https://proformancesupply.com/blogs/tips-
insights/determine-your-def-consumption 

38. DEF for Industrial Applications.  Available from:  
https://www.cummins.com/engines/def-industrial-
applications 

Definitions/Abbreviations 

Greek 
Symbols 

 

 Fuel/air equivalence ratio 

 Ratio of specific heats = cp/cv 

  

Std. Symbols  
AHRR Apparent Heat Release Rate 

AMFI Additive-Mixing Fuel Injection 

AKI Anti-Knock Index = (RON + MON)/2 

BDC Bottom Dead Center 

BMEP Brake Mean Effective Pressure 

BSCO Brake Specific CO 

BSNOx Brake Specific NOx 

BSFC Brack Specific Fuel Consumption 

BSPM Brake Specific Particulate Matter 

BTE Brake Thermal Efficiency 

CA Crank Angle 

CAD Crank Angle Degree 

CA50 Crank Angle of 50% burn point 

CE Combustion Efficiency 

CNL Combustion Noise Level 

CO Carbon Monoxide 
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CO2 Carbon Dioxide 

CR Compression Ratio 

DEF Diesel Exhaust Fluid 

E10 Gasoline containing 10% ethanol 

EGR Exhaust Gas Recirculation 

EHN 2-EthylHexyl Nitrate, ignition 
enhancing additive 

EPA Environmental Protection Agency 

GCI Gasoline Compression Ignition 

GDI Gasoline-type direct injector 

GE Gasoline equivalent (energy basis) 

GHG Green House Gas 

g/hp-h Grams per horsepower hour 

g/kWh Grams per kilowatt hour 

HC Hydrocarbon 

HCCI Homogenous Charge Compression 
Ignition – a well premixed form of 
LTGC HD Heavy Duty 

HRR Heat Release Rate 

IMEPg Gross Indicated Mean Effective 
Pressure 

L Liter 

LTC Low-Temperature Combustion 

LTGC Low-Temperature Gasoline 
Combustion 

MD Medium Duty 

mpg Miles per gallon 

MON Motor Octane Number 

NOx Nitrogen-Oxide and Nitrogen di-Oxide 
(NO and NO2) 

O2 Oxygen, diatomic 

PFS Partial Fuel Stratification 

Pin Intake Pressure 

PM Particulate Matter 

PRR Pressure Rise Rate 

RCCI Reactivity-Controlled Compression 
Ignition 

RD5-87 Research-quality, regular-grade, E10 
gasoline.  Specifications in Table 2. 

RI Ringing Intensity, see Eq. 2 

rpm Revolutions per minute 

RON Research Octane Number 

SCR Selective Catalytic Reduction 

SOI Start of Injection 

TDC Top Dead Center 

Tin Intake Temperature 

 


