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Abstract 

Gasoline compression ignition (GCI) using a single gasoline-type fuel for direct/port 

injection has been shown as a method to achieve low-temperature combustion with low 

engine-out NOx and soot emissions and high indicated thermal efficiency. However, key 

technical barriers to achieving low temperature combustion on multi-cylinder engines 

include the air handling system (limited amount of exhaust gas recirculation (EGR)) as 

well as mechanical engine limitations (e.g. peak pressure rise rate). In light of these 

limitations, high temperature combustion with reduced amounts of EGR appears more 

practical. Furthermore, for high temperature GCI, an effective aftertreatment system 

allows high thermal efficiency with low tailpipe-out emissions. In this work, 

experimental testing was conducted on a 12.4 L multi-cylinder heavy-duty diesel engine 

operating with high temperature GCI combustion with port and direct injection. Engine 

testing was conducted at an engine speed of 1038 rpm and brake mean effective pressure 

(BMEP) of 1.4 MPa for three injection strategies, late pilot injection (LP), early pilot 

injection (EP), and port/direct fuel injection (PD). The impact on engine performance and 

emissions with respect to varying the combustion phasing was quantified within this 

study. At the same combustion phasing, EP and PD had an earlier start of combustion and 

higher maximum pressure rise rates than LP attributable to more premixed fuel from pilot 

or port injection; however, brake thermal efficiencies (BTE) were higher with LP due to 

reduced heat transfer. EP also exhibited the highest cylinder-to-cylinder variations due to 

differences in injector behavior as well as the spray/wall interactions affecting mixing 

and evaporation process. Overall, peak BTE of 46.1% and 46% for LP and PD was 

achieved comparable to diesel baseline (45.9%), while EP showed the lowest BTE 

(45.3%). 

Keywords 

Gasoline Compression Ignition, Brake Thermal Efficiency, Pilot injection, Port Fuel 

Injection, Advanced Combustion Engines 



1 Introduction 

Strict CO2 emissions and fuel consumption regulations of heavy-duty engines and 

vehicles coupled with the business interests of heavy-duty vehicle operators to reduce 

total cost of ownership drive an increased push for high-efficiency heavy-duty motive 

power [1]. Stringent emissions standards also mandate low system-out (including engine 

and aftertreatment) levels of gaseous (including NOx and non-methane hydrocarbons 

(NMHC)) and particulate emissions [2]. Reflecting the need for higher efficiency heavy-

duty engines, a key objective of the Department of Energy (DOE) SuperTruck II program 

is the demonstration of a heavy-duty engine with 55% brake thermal efficiency (BTE) 

based on the successful SuperTruck I program, which had already demonstrated heavy-

duty engines with BTE above 50% [3]. Many previously developed low-temperature 

diesel combustion strategies produce low engine-out emissions but frequently at the 

penalty of lower engine efficiency. However, increasingly effective aftertreatment 

systems for heavy-duty diesel engines have enabled higher overall engine efficiency - 

combustion concepts designed to produce low engine-out emissions must therefore also 

deliver comparable efficiencies to remain competitive [4]. Dual-fuel combustion and 

gasoline compression ignition (GCI) concepts were developed as methods of addressing 

the limitations of earlier low temperature combustion strategies while providing high 

engine efficiency. 

Reactivity controlled compression ignition (RCCI) has been shown to achieve high 

engine efficiency, but it has been typically limited to the low- to mid-load range [5]. In 

the SuperTruck I program, Hanson et al. applied adaptive injection strategies (AIS) to the 

dual fuel mode by combining the kinetically and mixing controlled combustion to reach 

high loads while keeping noise within acceptable limits [6]. Peak BTE of 47.6% was 

demonstrated at 2.0 MPa brake effective mean pressure (BMEP) and 1200 rpm using 

natural gas and diesel without waste heat recovery (WHR) or engine architecture 

upgrades [6,7]. However, dual fuel concepts require two individual fuel storage and 

supply systems raising cost and complexity. To further improve efficiency by increasing 

the premixed fuel fraction, one method is to use a low reactivity fuel (e.g. gasoline) direct 

injection in place of the main diesel injection. 

The first combustion strategy for GCI was homogeneous charge compression ignition 

(HCCI), which has been investigated since 1970s [8]. Despite the high efficiency and low 

NOx and soot emissions, limited load range, increased combustion noise, and challenges 

with combustion control methods have been constraining HCCI operation. Derived from 

earlier HCCI concepts, Dec et al. utilized direct injection in the compression stroke to 

achieve partial fuel stratification (PFS) while using early direct injection in the intake 

stroke or PFI to form the well-mixed charge on a single cylinder engine [9]. The direct 

injection was usually introduced around -50 °CA ATDC with a mass fraction less than 

10%. By controlling the combustion noise with PFS, the maximum load was extended to 

1.8 MPa gross indicated mean effective pressure (IMEP) using 93 AKI gasoline with 

ringing intensities less than 5 MW/m2 [10]. In their recent study, the peak indicated 

thermal efficiency (ITE) reached 49.7% at a gross IMEP of 1.1 MPa on a single cylinder 

engine [11]. A similar injection strategy was used by Yang et al. with 40% mass from 

direct injection (~ -40 °CA ATDC) to achieve 49% indicated thermal efficiency [12]. 



However, it might be unrealistic for current production vehicle air handling systems to 

provide sufficient in-cylinder oxygen at the high exhaust gas recirculation (EGR) rates 

required to maintain the desired combustion phasing. Also, the high pumping losses due 

to high EGR rates result in reduced BTE for multi-cylinder engines.  

Another strategy proposed by Kalghatgi et al. using one or multiple direct injections to 

achieve gasoline partially premixed compression ignition (PPCI) is an evolution of diesel 

low temperature combustion [13]. The injection close to top dead center (TDC) triggered 

the combustion and controlled the combustion phasing. Usually, PPCI operation required 

all of the injections to be completed before start of combustion (SOC). However, high 

combustion noise at high loads (> 1.0 MPa IMEP) was still challenging. Manente et al. 

designed a new injection strategy in which the end of the injection near TDC was not 

strictly separated from SOC, partial premixed combustion (PPC) combining both 

premixed combustion and diffusion combustion [14]. In PPC mode, gross IMEP could 

reach around 1.9 MPa with gross indicated efficiencies above 55% and maximum 

pressure rise rates (MPRR) below 1.5 MPa/°CA using gasoline-type fuels at the expense 

of high soot emissions (~ 2 FSN) [15]. While all the injections start before SOC in the 

above strategies, Yang et al. and Ciatti et al. adopted split injections with one injection 

after the premixed combustion for high load operation [16,17]. The multi-stage 

combustion achieved with such strategies was effective in reducing combustion noise, 

however, with a penalty of reduced efficiency due to longer combustion duration and 

potentially high soot emissions resulting from insufficient mixing [17-19]. Similar to 

PFS, high EGR dilution and boost levels were still required in these combustion modes 

turning the air system capability into a key technical barrier [20]. 

So far, most GCI studies have been conducted using single cylinder engines. In multi-

cylinder light-duty engine studies, the most outstanding results were achieved by Sellnau 

et al. at Delphi [21-25]. Sellnau et al. developed a combustion system and injection 

strategies coupled with exhaust rebreathing or low pressure EGR for gasoline direct 

injection compression ignition (GDCI). A supercharger and variable nozzle turbocharger 

provided the required boost at different operating conditions. The engine was 

demonstrated to operate at up to 2.2 MPa BMEP at high speed conditions and peak BTE 

of 40.2% (brake specific fuel consumption of 214 g/kWh) [25].  

Results of GCI operation performed on heavy duty multi-cylinder engines are 

summarized in Table 1. The highest BTE was 45.5%, achieved by Zhang et al. using 

RON58.8 naphtha and diesel-like injection strategies, and the peak BTE with regular 

gasoline was 43.7% [26,27]. The highest load using PPCI was 1.1 MPa BMEP 

constrained by MPRR, while the peak load using PPC was almost 0.5 MPa higher and 

limited by the in-cylinder oxygen concentration as well as soot emissions [26,28]. 

Table 1 Summary of GCI studies on multi-cylinder heavy duty engine. 

 
Lund[20,28] Aramco[26,29,30] Tianjin[27,31] 

CR 16 18 17.3 18.9 16.8 

Number of 

Cylinders 
6 6 6 6 

Displacement 

(L) 
12.8 12.7 14.9 8.42 

EGR & 

Turbocharger 

LP-EGR, 

VGT 

LP&HP-

EGR1 
HP-EGR, 1-stage VGT 

LP&HP-EGR, 2-

stage VGT 



Fuel 
RON70, 

87 
RON762 RON58.8, 70 

RON80, 

91 
RON56 RON92 D204 

Combustion 

strategy 
PPC PPC CDC PPCI CDC CDC CDC PPC 

Speed (rpm) 1200-1800 1300 1150-1600 1375 
1150-

1600 
13503 

950-

2200 

1330-

1990 

Load (MPa) 
0.6-

1.6(IMEP) 

0.4-1.8 

(NMEP) 

0.5-2.0 

(BMEP) 

0.5-1.1 

(BMEP) 

0.5-2.0 

(BMEP) 

1.0 

(BMEP)3 

0.3-1.9 

(BMEP) 

0.5-1.7 

(BMEP) 

Max BTE (%) 43.6 44.2 45.5 41 43.6 43 43.7 40.4  

Speed @ Max 

BTE (rpm) 
1200 1300 1375 1375 1375 1350 1350 1660 

Load @ Max 

BTE (MPa) 
1.6(IMEP) 

1.7 

(NMEP) 
1.5(BMEP) 0.8(BMEP) 

1.5 

(BMEP) 

1.0 

(BMEP) 

1.7 

(BMEP) 

1.4 

(BMEP) 

NOx @ Max 

BTE (g/kWh) 
<0.4 <0.05 4.7 0.4 5.6 4.7 - 0.4 

Soot @ Max 

BTE (g/kWh) 
<2 FSN 0.005 0.1 FSN 1.75 FSN 0.1 FSN 0.36 FSN - 0.04 

HC @ Max 

BTE (g/kWh) 
- 0.02 0.2 0.4 0.06 - - - 

CO @ Max 

BTE (g/kWh) 
- 0.8 0.1 2.7 0.3 - - - 

1 Compressed air was used for sufficient boost 
2 80% RON 95 gasoline and 20% n-heptane 
3 FTP and RMC cycles were also tested 
4 20 vol% CN 50 diesel and 80 vol% n-heptane or RON 95 gasoline or n-butanol 

To date, most GCI studies have been conducted for low temperature combustion (LTC) 

modes. However, as mentioned above, air handling system capacity constrains high load 

operation and efficiency improvements on a multi-cylinder engine. Thus, high 

temperature combustion (w/o EGR or w/ only a small amount of EGR) was utilized in 

this study. The goal of this work is to develop an approach to achieving high efficiency 

on a heavy duty engine using GCI. Three injection strategies including late pilot 

injection, early pilot injection, and PFI/DI are evaluated and compared with the diesel 

baseline results. 

2 Experimental Configuration 

2.1 Instrumentation 

The test engine used in this study is a MY2010 Navistar MaxxForce 13 six-cylinder 

heavy-duty diesel engine [6,7,32]. A schematic of the test engine configuration is shown 

in Figure 1, along with basic engine specifications in Table 2. 



 

Figure 1 Schematic of test engine configuration. 

Table 2 Engine specifications. 

Cylinders 6 

Bore (mm) 126 

Stroke (mm) 166 

Displacement (L) 12.4 

Compression ratio 17 

DI pressure (MPa) 250 

PFI pressure (MPa) 0.7 

The SuperTruck engine features an air system configured for high thermal efficiency, 

utilizing a single stage turbocharger and a dual-pass EGR cooler with high- and low-

temperature stages. A prototype variable geometry turbine (VGT) turbocharger was 

implemented to decrease pumping losses compared to the original equipment 

manufacturer (OEM) two-stage system. The stock low pressure EGR system was utilized 

maintaining the stock EGR cooler. With the EGR valve fully closed, the EGR ratio was 

below 1% (production valve leakage). A building process water system was used for 

cooling the heat exchangers in the high- and low-temperature engine coolant loops, and 

to directly cool the high-pressure charge air cooler. Cooling systems were tuned using 

Navistar internal metrics to mimic heat rejection available in a production vehicle. Intake 

and exhaust restrictions were likewise adjusted to simulate vehicle air filtration systems 

along with exhaust aftertreatment and muffler restrictions. Constant restrictions were 

used across all tested conditions. Additionally, the engine employed a production-intent 

prototype variable valve actuation (VVA) system developed by Jacobs Vehicle Systems 

(JVS) [33] to control the closing timing of the intake valves. The VVA system had been 

used in previous gasoline-diesel dual fuel tests to study the effect of effective 

compression ratio [32]. 

The prototype pistons feature a higher than stock compression ratio and a 250 MPa 

capable common-rail fuel injection system was used with prototype injectors. The intake 

manifold was modified to incorporate two PFI injectors per cylinder with 0.7 MPa 

injection pressure for gasoline. Reported start of injection (SOI) timing was determined 

from the engine control unit (ECU) command and not directly measured from injector 

current. 



Low-speed measurements of engine operating parameters, including temperatures, 

pressures, emissions, and fuel flow, were logged at 10 Hz. Fuel flow rates, for both 

gasoline and diesel fuel, were measured with Micro Motion CMFS010 Coriolis-type 

flowmeters. The airflow rate was measured using a laminar flow element. Gaseous 

emissions were measured using a standard 5-gas analyzer (Horiba MEXA-7100DEGR), 

which includes CO2 measurements in the intake for EGR calculation. An AVL 415 

Smoke Meter was used for soot emissions measurements. 

High-speed combustion data were taken using AVL IndiCom, which was also used to 

postprocess the pressure data. Crank-angle resolved measurements of cylinder pressure 

were collected using Kistler 6125B transducers in all six cylinders at 0.1 crank angle 

degree resolution for 300 engine cycles. A 3 kHz low-pass filter was used to suppress 

significant cylinder pressure oscillation due to chamber resonance, while the unfiltered 

data was used in noise calculations. The location of the 10%, 50%, and 90% burn point 

(CA10, CA50, and CA90) were computed from the filtered data and used to monitor the 

SOC, combustion phasing, and end of combustion, respectively. Combustion duration 

was defined by the interval between CA10 and CA90. The MPRR and IMEP were also 

obtained from the filtered pressure traces. All of the cycle based results are an average of 

all six cylinders. The efficiency and energy losses were calculated according to equations 

(1) to (4) in [18]. 

2.2 Test Fuels 

The gasoline used in this study was EEE certification gasoline with an AKI of 93, while 

the diesel was an ultra-low sulfur (ULSD) certification diesel fuel with a cetane number 

(CN) of 44. A lubricity improver (Infineum R655) was blended into the gasoline at a 

concentration of 300 ppm to protect the high-pressure diesel injection system. Relevant 

properties of the two fuels are listed in Table 3. 

Table 3 Test fuel properties. 

 Gasoline Diesel 

Density (kg/m3) 743 851 

LHV (MJ/kg) 43.1 42.8 

RON 97 - 

MON 89 - 

CN - 44 

Aromatics (vol%) 29 28 

Olefins (vol%) 1 1 

Saturates (vol%) 70 71 

C/H ratio 1.82 1.88 

Sulfur (ppm) 28 10 

T10 (°C) 52 214 

T50 (°C) 103 259 

T90 (°C) 156 317 

2.3 Operating Conditions and Limits 

Testing was conducted at 1038 rpm with an engine load of 1.4 MPa BMEP (known as 

A50 condition), the cruise point for this test engine in a typical vehicle application. In 



order to mimic realistic operating conditions, limits were placed on the emissions and 

engine operation. The peak cylinder pressure was limited to 26 MPa, while maximum 

rate of pressure rise was limited to less than 1.5 MPa/°CA. This limit was established as 

an outer boundary based on engine hardware durability – combustion noise concerns 

were not a critical factor. Since maximum brake thermal efficiency is the target for the 

SuperTruck project, engine-out NOx emissions were not explicitly limited. The soot 

emissions target was 0.5 FSN to protect the turbocharger as no particle filter was used 

before the turbo. Explicit limits were not placed on CO or HC emissions, though they 

were evaluated. Unlike the high cycle-to-cycle variation in a spark ignition engine [34], 

stable operation was maintained at each operating point, with a coefficient of variation 

(COV) of engine-averaged net IMEP less than 3% for all tested conditions.  

3 GCI Operating strategies 

Three different injection strategies were compared in this study. The intake valve closing 

(IVC) timing was set at -170 °CA ATDC with the same VGT position, 0% EGR, and 70 

MPa direct injection pressure. The late pilot injection strategy is similar to the 

conventional diesel injection strategy with ~8 mass% pilot injection, main injection (~-16 

°CA ATDC), and ~5 mass% post injection. To maximize the benefits of the gasoline 

properties (high volatility and resistance to autoignition), more fuel was introduced early 

in the cycle via either an early pilot injection (~-80 °CA ATDC) or port injection (~-550 

°CA ATDC). A schematic of typical injection timings for these three strategies is 

included in Figure 2. 

 

Figure 2 Schematic of injection strategies. 

3.1 Late Pilot Injection 

The original diesel injection strategy at this operating point uses main and post injection. 

However, since gasoline has a longer ignition delay, the premixed combustion is more 

distinct leading to a very high pressure rise rate using only main and post injection. 

Therefore, the earliest main injection timing was limited to -10 °CA ATDC resulting in 

reduced BTE due to the late combustion phasing (Figure 3). In order to reduce the 

ignition delay and pressure rise rate, a pilot injection was employed with SOIPilot at -27 

°CA ATDC, which increased the BTE by more than 1% attributed to the advanced 

combustion phasing and the reduced heat transfer loss. Similar results were also found by 

Zhang et al. using RON91 gasoline with split injection on a heavy-duty engine [29]. 

Without pilot injection, high MPRR thinned and broke the in-cylinder thermal boundary 

layers resulting in higher heat transfer loss. The late stage combustion can be further 



improved by enhancing turbulence and mixing with a post injection. Thus, triple injection 

was utilized for the late pilot injection strategy in the following comparison. 

 

Figure 3 Cylinder pressure traces and heat release rates for three diesel-like injection 

strategies. 

3.2 Early Pilot Injection 

As mentioned above, an early pilot injection was utilized to increase the amount of 

premixed charge. Figure 4 illustrates combustion progression over crank angle for 

different pilot injection timings, including SOI, CA10, CA50, and CA90. The cylinder 

pressure traces and heat release rates for different SOIPilot are shown in the Appendix. The 

pilot injection contained 15% of the total amount of fuel and the main injection timing 

was held constant at -15 °CA ATDC. With earlier pilot injection, the start of combustion 

also advanced, while combustion was stable when pilot injection occurred earlier than -

60 °CA ATDC. As the combustion was dominated by the main injection, CA50 remained 

constant during the sweep of SOIPilot. It is worth noting that the combustion duration 

(later CA90) was extended by advancing the pilot injection. The potential cause for this 

phenomenon could be the lower combustion temperatures (suggested by lower NOx 

emissions) or the leaner mixture (suggested by higher HC and CO emissions) and 

corresponding lower reaction rates. Thus, BTE was reduced when advancing the pilot 

injection as shown in Figure 4. In addition to the longer combustion duration, the higher 

heat transfer loss (from 17.8% to 20.4% of total fuel energy) due to the increased 

pressure rise rate (from 0.9 to 1.8 MPa/°CA) and ringing intensity also contributed to a 

lower BTE with early pilot injection. Manente et al. also found high pressure oscillation 

and low gross thermal efficiency with an early pilot strategy (-80 °CA ATDC) at a 

similar operating condition (1100 rpm and 1.48 MPa IMEP) [14]. They attributed the 

quick pressure rise to the low level of stratification by the early fuel injection. 



 

Figure 4 BTE and combustion progression, including SOIMain, CA10, CA50, and CA90 

as a function of pilot injection timing. 

Even though a late pilot injection could provide the highest BTE, the premixed mass was 

constrained by the high pressure rise rate with a pilot injection around -40 to -30 °CA 

ATDC, which limited the further improvement of BTE. Therefore, SOIPilot was set at -80 

°CA ATDC and SOIMain was adjusted to keep CA50 at 6±0.5 °CA ATDC while sweeping 

the pilot fuel mass fraction from 15% to 30%. Three peaks (stages) of heat release rate 

can be associated with the premixed combustion of fuel from pilot injection, the 

premixed combustion of fuel from main injection, and the diffusion combustion of fuel 

from main injection, respectively, shown in Figure 5. In addition, a weak low temperature 

heat release (LTHR) can be observed around -20 °CA ATDC. At naturally aspirated or 

low boost conditions, high octane gasolines do not exhibit LTHR, but if the intake 

pressure increases (0.23 MPa in this study), LTHR is more significantly for ethanol-free 

gasolines [10]. Enhanced LTHR can improve the stability of the ensuing combustion. The 

reactivity of the premixed charge improves with increased pilot mass and therefore CA10 

was advanced and the first stage heat release was enhanced. MPRR was reduced and the 

location of MPRR was shifted from the second stage combustion to the first, when the 

pilot mass fraction was increased to 25%. However, if the pilot mass fraction was larger 

than 25%, MPRR rose again which was attributed to an increased premixed charge. The 

peak BTE of 45.2% was achieved with 25% pilot mass fraction, because of the lowest 

heat transfer loss at that condition. It should be noted that the lowest NOx emissions were 

measured at a pilot mass fraction of 30%, suggesting that it had the fewest locally rich 

and high temperature regions despite the higher overall heat transfer loss. 25% pilot mass 

fraction and -80 °CA ATDC SOIPilot were selected for the early pilot injection strategy in 

the following comparison. 



 

Figure 5 Cylinder pressure traces and heat release rates for different pilot injection mass 

fractions. 

3.3 PFI/DI 

Different from previous dual fuel studies [6,7,32], only one fuel (gasoline) was 

introduced via both port injection and direct injection. As a working hypothesis it was 

assumed that PFI can offer the most homogeneous mixture and direct injection can 

dictate the combustion phasing. In low temperature GCI studies, a PFI/DI strategy was 

employed by Dec et al. and Kavuri et al. to form charge stratification in combination with 

~50% EGR and direct injection was always completed before SOC [9,10,35]. However, 

in the current study, the direct injection was close to TDC leading to obvious diffusion 

combustion and the premixed combustion started before the end of the direct injection 

event.  

Figure 6 shows CA10, CA50, and MPRR with different PFI mass fractions, and the 

cylinder pressure traces and heat release rates for different PFI mass fractions are shown 

in the Appendix. The PFI and direct injection timings were set to -550 and -14 °CA 

ATDC, respectively. Pressure rise rate constrained the PFI mass fraction sweep between 

16.7% and 33.3% on either end. The maximum premixed mass was increased slightly 

from 30% to 33.3% of the total fuel mass by PFI compared to the early pilot injection. 

Increasing PFI mass fraction led to an early premixed combustion and further promoted 

the diffusion combustion, thus, both CA10 and CA50 advanced by about 5 °CA, in spite 

of the constant direct injection timing. SOC was controlled by the direct injection timing 

at lower reactivity of the premixed fuel (with little PFI mass), while SOC was dictated by 

the PFI mass at higher reactivity of premixed fuel (with high PFI mass). That is to say, 

the dominant factor of SOC gradually changed from mixing process to chemical kinetics 

with increasing PFI mass fraction. Engine operation when injecting only 16.7% in the 

port was pressure-rise-rate-limited due to the longer ignition delay of the premixed as 

well as the direct injection event. Increasing the PFI mass fraction to 25.9% caused an 

early combustion event, resulting in less fuel entrainment from the direct injection event 

and therefore low pressure rise rate. Further increasing the PFI mass fraction to 33.3% 



involved more fuel in the early combustion event before TDC leading to an increase in 

MPRR. 

 

Figure 6 CA10, CA50 and MPRR as a function of PFI mass fraction. 

The highest BTE measured for the PFI/DI injection strategy was 45.8% with 31% PFI 

mass fraction as shown in Figure 7. PFI mass fractions beyond 31% caused a reduction in 

efficiency due to high pressure rise rate and heat transfer loss. With reduced PFI mass, 

the efficiency decreased due to either late combustion phasing or high heat transfer loss. 

Heat transfer loss and PPRR showed a similar trend with respect to PFI mass fraction, 

apparent in Figure 6 and 7. Contrary to the expected scenario, NOx emissions increased 

with increasing PFI mass, because of the early combustion phasing and high temperature 

despite more premixed combustion. The slope of NOx emissions as a function of PFI 

mass was much smaller with PFI mass fraction beyond 28.6%. Even though the peak 

temperature increased with PFI ratio, more lean premixed combustion (equivalence ratio 

< 0.2) from PFI fuel reduced the portion of diffusion combustion which was the major 

source of NOx emissions in this scenario. Thus, the overall effect is that NOx emissions 

are not sensitive to combustion phasing for higher PFI mass fractions. 



 

Figure 7 BTE, heat transfer loss and NOx emission as a function of PFI mass fraction. 

4 Results and discussion 

4.1 Combustion and emission characteristics as a function of combustion 

phasing 

The late pilot injection (LP), early pilot injection (EP), and PFI/DI (PD) strategies were 

compared as a function of combustion phasing by sweeping the main (direct) injection 

timing. The VGT position was held constant for all tests, thus the intake pressure and 

temperature were not constant during the sweep due to different exhaust temperatures and 

mass flow rates. For the late pilot injection, the intervals between SOIPilot / SOIPost and 

SOIMain were kept the same at a mass split ratio 8/87/5 (pilot/main/post). For the early 

pilot injection, SOIPilot was -80 °CA ATDC containing 25% of the total fuel mass. For the 

PFI/DI, the PFI mass fraction was 33.3% and SOIPFI was -550 °CA ATDC. A summary 

of the specific engine operating parameters is provided in Table 4. 

Table 4 Engine operating conditions during combustion phasing sweep. 

Injection Strategy LP EP PD 

Speed (rpm) 1038 

BMEP (MPa) 1.4 

EGR (%) 0 

Intake pressure (MPa) 0.23~0.24 0.23~0.24 0.22~0.23 

IVC Timing (°CA ATDC) -170 -170 -170 

SOIMain (°CA ATDC) -22~-10 -15~-11 -14~-9 

SOIPilot/PFI (°CA ATDC) -33~-21 -80 -550 

Injection Mass Split Ratio (%) 8/87/5 25/75 33.3/66.7 

DI Pressure (MPa) 70 70 70 

PFI Pressure (MPa) - - 0.7 



Coolant Temperature (°C) 87±1 

Oil Temperature (°C) 98±2 

Figure 8 compares CA10, combustion duration, MPRR, and combustion noise for these 

three strategies. The PD strategy contained the largest amount of premixed charge 

resulting in the earliest combustion followed by the EP. CA10 of LP was the most 

sensitive to combustion phasing as both the pilot and main injection timing were varied 

and the combustion phasing was entirely determined by the mixing process. However, no 

significant differences in CA10 for PD can be observed, because the start of combustion 

was chemical kinetics controlled as mentioned above. Even though 25% of fuel was 

injected through EP, CA10 was still partially controlled by the main injection as the fuel-

air mixture from early pilot injection was not sufficiently reactive in some cylinders. That 

is why CA10 was delayed when retarding the combustion phasing. Since the majority of 

the fuel was introduced into the cylinder by the main injection dominating the late-stage 

diffusion combustion, the early CA10 of EP and PD extended the combustion duration 

(2-6 °CA longer than LP) at the same combustion phasing. Similar to CA10 results, 

MPRR was also affected by the combustion phasing (main injection timing) for LP and 

EP, while MPRR was stable during the sweep for PD, around 1.5 MPa/°CA, because it 

occurred in the premixed combustion and was independent of the direct injection event. It 

is not surprising that PD had the highest MPRR, however, the combustion noise was 

higher for EP when CA50 was earlier than 7 °CA ATDC. Guidelines from the USCAR 

advanced combustion and emission control (ACEC) team for combustion noise for light-

duty vehicles are used here as the reference value [36]. For loads and speeds similar to 

the ones in this test, the guidelines suggest a maximum noise of 89 dB, which means only 

LP satisfied the criterion, although heavy-duty specific noise targets would likely be 

higher. 

 

Figure 8 CA10, combustion duration, MPRR, and noise as a function of combustion 

phasing for three injection strategies. 



As shown in Figure 9, LP and PD had similar peak BTE at 45.7%, while the peak BTE is 

0.4% lower for EP. The differences in gross indicated thermal efficiency (GTE) were 

even more pronounced for the three injection strategies. Both the undesired heat release 

process (a large part before TDC and long combustion duration) and high heat transfer 

loss from the high MPRR resulted in low GTE for PD and EP. The pumping loss was 

around 1.0% of total fuel energy for all of three strategies. Comparing BTE and GTE 

values, it can be inferred that EP has lower friction than LP, possibly attributable to 

reduced oil viscosity by the dilution from the early gasoline injection (friction loss was 

gradually increased with retarding SOIPilot shown in Appendix and a slight change in the 

carbon balance was found using EP). Additionally, PD showed a flat trend of BTE as a 

function of combustion phasing. Advancing the combustion phasing of LP towards TDC 

increased the pressure rise rate sharply and thus reduced BTE resulting from an increase 

in heat transfer loss. If PD had similar levels of MPRR (e.g. 1.5 MPa/°CA) to LP, a 

significant improvement in BTE (~0.8%) would be anticipated by increasing the 

premixed combustion with PFI. 

 

Figure 9 GTE and BTE as a function of combustion phasing for three injection strategies. 

Since EGR was not used in this study, combustion temperatures were high enough to 

produce a significant amount of NOx emissions (Figure 10). Among the three injection 

strategies, PD had the lowest NOx emissions due to the largest fraction of premixed 

combustion. More locally rich and high temperature regions in LP prompt NOx 

formation, although LP had the lowest heat transfer loss. For a given combustion phasing 

(e.g. 6 °CA ATDC), PD showed almost one-third lower NOx emissions compared to LP. 

As the temperature is the key factor to thermal NO production, retarding combustion 

phasing significantly reduced combustion temperature and NOx emissions. Soot 

emissions were extremely low because of the high soot oxidation rate, thus, the benefits 

of reduction in soot emissions by the premixed combustion for EP and PD cannot be 

observed. Similar to other investigations with early injection or port injection, CO and 

HC emissions were significantly higher for EP and PD attributed to the unburned fuel in 

the crevice areas and resulting incomplete combustion. Compared to HC emissions, most 

of which were determined by early pilot or port fuel injection, CO emissions were more 



sensitive to the combustion phasing. Late combustion phasing prompted CO formation by 

increasing the incomplete combustion and reduced CO oxidation by decreasing the in-

cylinder temperature. 

 

Figure 10 NOx, soot, HC, and CO as a function of combustion phasing for three injection 

strategies. 

Figure 11 shows the pressure traces, heat release rates, and injection current profiles of 

cylinder #6 for the three injection strategies with CA50 of 6 °CA ATDC. Both EP and 

PD showed LTHR and an early premixed combustion event before TDC, which is to a 

fair extend chemical kinetics controlled. The fuel injected during the main injection led to 

the second combustion event, mostly diffusion combustion. LP had the highest BTE 

(45.8%), attributed to the shortest combustion duration (21.1 °CA), lowest MPRR (0.7 

MPa/°CA), and heat transfer loss (16.3%). Increased charge motion due to high pressure 

rise and oscillation enhances the heat flux to the wall [37,38]. EP and PD showed higher 

MPRR (1.4 MPa/°CA) and higher heat transfer loss (18.2/ 17.7%) and therefore lower 

BTE values. Even though EP had 0.07 MPa/°CA lower MPRR than PD, EP had 0.5% 

higher heat transfer loss and 0.4% lower BTE (45.2% VS 45.6%). Most of the fuel from 

PFI combusted in the center of the chamber as a result of temperature gradients, however, 

due to the spray impingement in EP, the local rich regions next to the cylinder wall and 

bowl surface with high temperatures after combustion may increase the heat transfer loss. 

Lonn et al. observed that combustion occurred in the squish region using an early SOI on 

an optical engine, which had the similar engine dimensions and injection conditions to 

this study [39]. When the bowl and squish surfaces were exposed to high combustion 

temperatures, increase in heat transfer loss was also verified by numerical simulations 

[40-42]. 



 

Figure 11 Cylinder pressure traces and heat release rates in cylinder #6 for the three 

injection strategies with CA50 of 6 °CA ATDC. 

To better understand the pressure rise or knock difference between EP and PD, the knock 

onset is analyzed for the pressure traces of cylinder #6 shown in Figure 11. The knock 

onset is defined based on the signal energy of pressure oscillations (SEPO) developed by 

Shahlari and Ghandhi [43]. SEPO is calculated using the band-pass filtered pressure trace 

with lower and higher cut-off frequency of 3000 and 25000 Hz, respectively. The 

probability density function of knock onset are estimated by kernel density estimation 

with 300 engine cycles. The probability distributions in EP and PD are very different as 

shown in Figure 12, although they have similar locations of premixed combustion from 

pilot injection or PFI. The peak in PD in Figure 12 corresponds well to the peak of PFI 

fuel heat release in Figure 11 suggesting that the knock or pressure oscillation is caused 

by the fast burning rate of fuel from PFI similar to the knock behavior in HCCI mode. 

However, the distribution of knock onset shows a larger spread for EP and the peak 

locates in the second stage combustion in Figure 11, which means fuel from the main 

injection plays a role in initiating the pressure oscillation. The sequence autoignition at 

different regions (next to the wall versus center) from the pilot and main injection in EP 

makes its knock behavior different from the one in HCCI mode. 



 

Figure 12 Probability distribution of knock onset in cylinder #6 for EP and PD with 

CA50 of 6 °CA ATDC. 

Figure 13 shows a fast Fourier transformation (FFT) applied to the cylinder pressure data 

for two cycles of EP and PD. The straight vertical lines are the estimated frequencies of 

the first four resonant modes using the equations and table in Figure 13, where fm,n is the 

resonant frequency; αm,n is the wave number; γ is the ratio of specific heats; R is the gas 

constant; T is the cylinder temperature (using the mass-average peak temperature in this 

study); B is the cylinder bore diameter. Two distinct peaks can be seen at the frequencies 

of 4.18 kHz and 6.69 kHz for EP and 4.07 kHz and 7.11 kHz for PD, which are close to 

the estimated results. However, the third and fourth resonant mode cannot be clearly 

identified for both injection strategies, similar to the findings by Dernotte et al. 

suggesting that resonant modes could be weak or non-existent [44]. 

 

Figure 13 FFT analysis of cylinder pressure (cycle #1) in cylinder #6 for EP and PD with 

CA50 of 6 °CA ATDC. 



Figure 14 compares the pressure traces and heat release rates in cylinder #4 and #6 at the 

same operating condition as Figure 11. Obviously, among the three injection strategies, 

the cylinder-to-cylinder variation is most pronounced for EP with the highest standard 

deviation of gross IMEP, MPRR, and peak cylinder pressure among six cylinders. It was 

expected that the differences in boundary conditions due to the dynamic effect in the 

intake and exhaust system, such as in-cylinder temperature and pressure at IVC, residual 

gas fraction, would cause significantly different combustion events in PD, as the start of 

combustion is controlled by chemical kinetics and barely affected by the mixing process. 

However, the heat release rate (HRR) shapes distinctly differ for EP within the two 

cylinders. To further isolate the cylinder-to-cylinder variations in EP and PD, Figure 15 

compares the heat release rates of all six cylinders with the same CA50 containing 31% 

of total fuel mass in the early pilot injection or PFI. The equivalence ratio of the 

premixed fuel was 0.16 for both EP and PD. Clearly, the variation in HRR shapes of EP 

was observed during the early stage combustion and LTHR and intermediate temperature 

heat release (ITHR) were significantly different for EP. LTHR can be affected by 

pressure and temperature, the equivalence ratio, and fuel type [45-48]. Since the LTHR 

behaved similar for all six cylinders in PD, it is believed that the misdistribution of PFI 

fuel mass, differences in volumetric efficiency, effective CR, or boundary conditions, 

etc., played only a minor role in the current investigation. The main contributor to LTHR 

variations in EP could be the differences in local equivalence ratio and temperature due to 

the unequal injected fuel mass (different injector behavior) or spray/wall interactions 

affecting fuel evaporation and mixing process during the early injection. Cylinder #5 and 

#6 could have less fuel film mass and richer mixtures than cylinder #1 and #2 before 

SOC. The heat added to the cylinder through the combustion of LTHR and ITHR 

subsequently led to high temperature heat release [49], thus the HRR was very different 

for cylinder #5/6 and #1/2. Comparing LTHR in EP and PD suggests that it occurs later 

with slightly longer duration for EP probably due to the wider equivalence ratio 

distribution with direct injection, similar to Yang’s findings with PRF73 [45]. In addition, 

the probability distributions for the cases in Figure 15 are shown in the Appendix. Similar 

to Figure 12, EP and PD have distinct distributions due to their different knock behavior.  



 

Figure 14 Cylinder pressure traces and heat release rates in cylinder #4 and #6 for the 

three injection strategies with CA50 of 6 °CA ATDC (σMPRR, σIMEP, and σPmax are the 

standard deviation of MPRR, IMEP, and peak cylinder pressure among six cylinders, 

respectively). 

 

Figure 15 Heat release rates in all six cylinders for EP and PD with pilot/PFI mass 

fraction of 31%. 



4.2 Efficiency breakdown at peak BTE operating conditions 

To achieve the highest BTE, the operating parameters, such as VGT position, IVC 

timing, injection pressure, intake temperature, and EGR, were optimized for the three 

GCI injection strategies. However, BTE was not significantly improved in the 

optimization (less than 0.4% compared to the peak BTE in Figure 9). The decrease in 

heat transfer loss with EGR or low intake temperature could not compensate for the rise 

in exhaust loss, while the benefit of low exhaust loss with late IVC timing or reducing 

intake pressure was offset by increased heat transfer loss. More details about the effect of 

these parameters on combustion and emission performance can be found in [50]. Table 5 

summarizes the operating parameters for the peak BTE conditions for GCI and the 

baseline diesel condition. 

Table 5 Engine operating conditions of diesel baseline and peak BTE conditions of GCI. 

Injection Strategy Diesel GCI-LP GCI-EP GCI-PD 

Speed (rpm) 1038 

BMEP (MPa) 1.4 

EGR (%) 0 

Intake pressure (MPa) 0.22 0.23 0.23 0.22 

Intake Manifold Temperature (°C) 41 25 25 33 

IVC Timing (°CA ATDC) -170 -170 -170 -180 

SOIMain (°CA ATDC) -16 -16 -12 -13 

SOIPilot/PFI (°CA ATDC)  -27 -80 -550 

Injection Mass Split Ratio (%) 8/92 8/87/5 31/69 31/69 

DI Pressure (MPa) 70 

PFI Pressure (MPa) - - - 0.7 

An efficiency breakdown was performed for the four conditions as shown in Figure 16. 

The BTE of diesel baseline was 45.9% with CA50 at 5.7 °CA ATDC and NOx emission 

of 20.1 g/kWh. Operating the engine with EEE showed the highest BTE values with LP 

(46.1%) and PD (46%) which were comparable to diesel, while EP showed the lowest 

BTE (45.3%). The incomplete combustion loss was slightly increased by up to 0.4% for 

GCI. LP had the lowest heat transfer loss as a consequence of the reduced ringing 

intensity and combustion duration. As spray impingement most likely played a significant 

role for EP, the spray/wall interaction might be the underlying cause for the increased 

heat transfer loss and the deteriorating BTE compared to other injection strategies 

investigated. The rise in heat energy in the exhaust for GCI (up to 0.8%) where it can be 

recovered in a waste heat recovery system was an additional benefit to potentially meet 

the SuperTruck II project goals of 55% BTE. Almost 1% less friction loss was observed 

with EP strategy, possibly resulting from the oil dilution as discussed in Section 4.1. The 

lubrication and durability issues should be considered for long-term operation. GCI 

showed lower NOx emission than diesel with a reduction up to 39% attributed to better 

premixing. Soot emissions were similar (~0.06 FSN) for all of these tests as a result of 

high combustion temperature and soot oxidation rates. In terms of efficiency and 

emissions, PD showed the most superior performance. 



 

Figure 16 Efficiency/loss breakdown for diesel baseline and peak BTE conditions of 

GCI. 

With the same engine platform, Hanson et al. demonstrated that the peak BTE at 1038 

rpm and 1.5 MPa BMEP was 46.5% with natural gas and diesel dual fuel combustion, 

which is 0.4% higher than current GCI results [6,7]. Utilizing higher knock resistance 

fuel (e.g. E85) or narrow cone angle injectors for GCI operation might further improve 

BTE for EP and PD due to the increasing amount of premixed charge (e.g. ~50% of total 

fuel [6]) or avoiding spray impingement. Additionally, the early pilot injection timing 

was constrained by the ECU. An earlier pilot injection in the intake stroke by using 

injectors with narrow cone angle injector (similar to [11,51]) might reduce heat transfer 

loss and improve the efficiency. 

The late pilot injection strategy used in this study proved that a heavy-duty compression 

ignition engine can be operated at medium and high loads using gasoline in place of 

diesel with diesel-like injection strategy. Zhang et al. and Mao et al. utilized a similar 

strategy to achieve 0.5 to 2.0 MPa BMEP on multi-cylinder heavy-duty engines with 

gasoline and the peak BTE was 43.6% and 43.7%, respectively [27,29]. However, the 

idle and cold-start conditions are still a challenge for GCI on a heavy-duty engine.   

Unlike the low temperature combustion strategies (PPC, PPCI, PFS) widely investigated 

by other researchers, the combustion mode with a combination of PPCI and CDC in the 

current study (EP and PD) does not require a large amount of EGR to control the 

combustion phasing and keeps the pumping loss in a relatively low level similar to CDC 

(~1.1% of total fuel energy). Compared with the peak BTE results of LTC GCI on a 

multi-cylinder heavy duty engine from the literature, the current BTE (46%) is at least 

2.4% higher (43.6% in [28], 41% in [26], 40.4% in [31]). It seems that the low heat 

transfer loss from the low combustion temperature cannot compensate the higher 

pumping loss of LTC. Yin et al. achieved peak BTE of 44.2% with PPC, but compressed 

air was used to allow for sufficient EGR and fresh air to be supplied due to the 

insufficient capacity of turbocharger [20]. Additionally, the combustion noise was 

straightforward to be controlled by adjusting the pilot/PFI mass and the main injection 

timing for EP and PD. The high combustion temperatures also help to lower soot, CO and 



HC emissions and increase exhaust enthalpy for WHR. Note that, the availability of high-

efficiency selective catalytic reduction (SCR) systems is essential for this combustion 

mode to allow for high BTE at the expense of high engine-out NOx. Also, EGR is another 

effective means to reduce NOx. For example, NOx emissions were reduced to 5.0 g/kWh 

for PD by introducing 20% EGR with only ~0.3% reduction in BTE and ~0.1 FSN 

increase in soot emissions [50]. Assuming 95% NOx conversion efficiency of an SCR 

system (which can be easily achieved by an advanced SCR system [52]), the tailpipe-out 

NOx is 0.25 g/kWh satisfying both Euro VI and US2010 standards. 

5 Conclusions 

Three different injection strategies, late pilot injection (LP), early pilot injection (EP), 

and PFI/DI (PD), were evaluated on a heavy-duty compression ignition engine using 

gasoline. Operating the engine at 1038 rpm and 1.4 MPa BMEP, the combustion phasing 

was swept to compare the combustion and emission performance of the three strategies. 

Different operating parameters were also optimized to achieve the peak BTE for GCI 

with the three strategies. From the results of these tests, the following conclusions are 

drawn: 

Operating on gasoline with a diesel-like injection strategy required a pilot injection to 

control the pressure rise rate and advance the combustion phasing towards TDC. The 

premixed fuel mass could be increased by an early pilot injection timing around -80 °CA 

ATDC at the expense of higher combustion noise and heat transfer loss. With the same 

pressure rise rate constraint, the premixed fuel mass could be increased slightly by PFI 

compared to the early pilot injection, and the start of combustion was chemical kinetics 

controlled with such high PFI mass fraction. 

At the same combustion phasing, EP and PD had earlier SOC and higher MPRR than LP, 

while BTE was higher with LP due to low heat transfer. The cylinder-to-cylinder 

variation was most pronounced for EP as a consequence of different injector behavior 

and spray/wall interactions affecting the mixing and evaporation process. Differences in 

in-cylinder fuel distribution caused changes in knock onset distributions of EP and PD. 

Finally, peak BTE of 46.1% and 46% for LP and PD was achieved comparable to the 

diesel baseline (45.9%), while EP showed the lowest BTE (45.3%). 
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Appendix 

 

Figure A.1 Cylinder pressure traces and heat release rates for different SOIPilot. 

 

Figure A.2 Cylinder pressure traces and heat release rates for different PFI mass 

fractions. 

FTE is friction thermal efficiency which is the portion of friction work in total fuel 

energy. FTE decreased rapidly with advancing SOIPilot from -30 to -50 °CA ATDC, while 

it was almost constant if SOIPilot was earlier than -50 °CA ATDC. With piston moving up 

towards TDC in the compression stroke, the spray would start to impinge on the piston 

surface or bowl instead of cylinder wall if SOI is later than a specific crank angle, which 

would reduce the possibility of oil dilution. Thus, the reduction in friction loss due to oil 

dilution would diminish gradually with retarding SOI, which is consistent with the trend 

of FTE in Figure A.3. 



 

Figure A.3 FTE as a function of SOIPilot. 

 

Figure A.4 Probability distribution of knock onset for EP and PD with 31% of total fuel 

mass in the early pilot injection or PFI. 

 


