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Abstract
Global climate initiatives and government regulations are driving the demand for zero-carbon 
tailpipe emission vehicles. To ensure a sustainable transition, rapid action strategies are essential. 
In this context, renewable fuels can reduce lifecycle CO2 emissions and enable low-soot and NOx 
emissions. This study examines the effects of renewable ethanol in dual-fuel (DF) and blend fueling 
modes in a compression ignition (CI) engine. The novelty of this research lies in comparing different 
combustion modes using the same engine test rig. The methodology was designed to evaluate the 
characteristics of various injection modes and identify the inherent features that define their appli-
cation ranges. The investigation was conducted on a single-cylinder engine equipped with state-
of-the-art combustion technology.

The results indicate that the maximum allowable ethanol concentration is 30% in blend mode, 
due to blend stability and regulatory standards, and 70% in DF mode, due to combustion stability 
and emission concerns. DF mode produces higher THC and CO emissions compared to blend or 
conventional diesel combustion (CDC) modes. However, ethanol consistently reduces smoke forma-
tion across all engine test conditions and fueling modes. At ultra-low-NOx levels (0.5 g/kWh), smoke 
emissions remain below 0.5 FSN. At the highest ethanol fraction in DF mode (70%), smoke emissions 
decrease to very low levels (−0.1 FSN), with improvements in thermal efficiency and CO2 emissions. 
DF mode requires specific injection control strategies to mitigate THC and CO emissions. In blend 
mode, the highest ethanol fraction (30%) results in CO2 and soot reductions, with CO and THC 
emissions comparable to CDC.
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1. � Introduction

In the short term, the transportation sector must meet 
stringent emissions standards aimed at reducing 
pollutant and greenhouse gas (GHG) emissions [1], 

with the goal of achieving net-zero emissions by 2050 
[2]. Currently, the sector is responsible for about 16% of 
total GHG emissions, with on-road transportation appli-
cations accounting for approximately 12% [3]. Within this 
framework, renewable fuels may offer a viable solution, 
particularly for sectors where electrification is chal-
lenging, such as heavy-duty, aviation, and maritime 
transportation [4, 5].

To meet GHG reduction targets, high efficiency can 
be achieved by co-optimizing renewable fuels with innova-
tive combustion engine technologies, further contributing 
to the decarbonization goal [6, 7]. Specifically, renewable 
alcohols can also be used with advanced combustion 
modes, dual-fuel (DF) or partially premixed combustion 
(PPC), enabling soot-less combustion and reducing life-
cycle CO2 [8, 9]. Alcohol fuels such as ethanol (EtOH) are 
particularly noteworthy as they can be produced from 
renewable energy sources by fermenting carbohydrates 
found in sugar cane, corn, rice, potatoes, and various fruits, 
using catalysts (enzymes) [10]. Ethanol is a low-carbon fuel 
since biomasses can almost entirely absorb the CO2 
produced from ethanol combustion (0.96kgCO2/kgfuel) [11]. 
It can partially or fully replace conventional fuels in both 
compression ignition (CI) and spark ignition (SI) engines. 
Indeed, it has a higher research octane number (RON) 
than gasoline but lower density and lower heating value 
(LHV) [12]. As a result, at the same thermal efficiency, 
approximately 11% more ethanol mass is required to 
achieve the target load of a gasoline-fueled engine. The 
higher heat of vaporization and lower boiling point induce 
a cooling effect, influencing the cold start phase. 
Additionally, the lower viscosity and lubricity of ethanol 
could impact the durability and functionality of engine 
components. CI engines can run on ethanol using various 
fuel injection strategies, either in blend mode or DF mode. 
Notably, DF mode requires modifications to the engine 
hardware and fuel injection system (FIS) [13].

Direct injection of neat ethanol in PPC mode on a 
heavy-duty CI engine has led to significant soot reduction 
at similar gaseous emissions and efficiencies [14, 15]. 
However, hardware modifications to the fuel injection 
system, such as the injector and high-pressure pump, are 
necessary to address ethanol’s low lubricity. Blending 
ethanol with diesel in proper concentrations can meet 
fuel quality standards, though ethanol’s hydrophilic nature 
limits its concentration to avoid phase separation. To 
extend this limit, anhydrous ethanol or blending agents 
are required [16]. Emulsifying agents can be added to 
produce a homogeneous mixture to suspend the small 
droplets or a cosolvent, which acts as an intermediate 
through molecular compatibility [17]. Biodiesel, acting as 
a surfactant, has been shown to effectively stabilize 

ethanol–diesel mixtures [18]. Ternary blends of ethanol, 
biodiesel, and diesel in various ratios have been tested in 
CI engines [16]. Using a 30% ethanol blend improved 
thermal efficiency by about 4% compared to conventional 
diesel combustion (CDC) and significantly reduced the 
soot–NOx trade-off [19]. A stationary application study 
confirmed that a 20% ethanol blend led to 7% and 32% 
reductions in NOx and soot emissions, respectively, 
compared to diesel mode, albeit with increased CO and 
HC emissions. At full load, thermal efficiency improved by 
6%, while at partial load, ethanol application delayed the 
combustion phasing by about 2 crank angle degrees [20]. 
The mean particle size diameter decreased from approxi-
mately 200 nm (diesel) to 100 nm (ethanol blend), as also 
observed in [21]. Generally, ternary blends demonstrate 
superior performance in smoke and NOx emissions, albeit 
with a relative fuel consumption penalty. Their low-soot 
nature allows for higher exhaust gas recirculation (EGR) 
rates, achieving ultra-low-NOx emission levels. These 
blends have been shown to enhance the low-temperature 
combustion (LTC) operating range and increase maximum 
power output [22, 23]. Additives, including glyceric 
compounds, further improve emissions reduction in 
ethanol–diesel blends [24].

In DF applications in CI engines, the ethanol–diesel 
ratio can be tuned, maximizing the use of alcohol fuel 
across the engine operating map at the cost of increased 
complexity in the injection and control system design and 
operation. Various engine parameters, such as injection 
pattern, ethanol concentration, compression ratio, engine 
load, and speed, have been extensively studied in the 
literature [25, 26]. DF mode significantly affects the NOx–
soot trade-off, while penalizing CO and THC emissions 
compared to CDC [27]. CO and THC emissions are 
primarily influenced by inlet temperature and ethanol 
concentration. Padala et al. [25] examined the effect of 
ethanol fraction in a CI engine under medium load, 
observing an efficiency increase of up to 10% compared 
to CDC, with a 60% ethanol fraction and advanced injec-
tion timing. Gawale and Naga Srinivasulu [28] investigated 
the DF strategy using a diesel–biodiesel blend as the 
directly injected fuel, with varying hydraulic nozzle flow 
rates. At full load, the highest flow rate achieved reduc-
tions of approximately 88% in smoke, 65% in NOx, and a 
slight 1.5% decrease in efficiency compared to CDC, while 
THC and CO emissions increased. Gargiulo et al. [29] 
reported similar outcomes, showing significant reductions 
in soot mass and particle number.

Overall, the literature indicates that while ethanol 
offers notable benefits in terms of engine performance 
and emissions reduction, its effective integration into 
compression ignition (CI) engines necessitates careful 
control of premixed or blending ratios, as well as close 
consideration of engine operating conditions to mitigate 
potential drawbacks. Both DF and blend strategies 
present viable pathways for reducing emissions and 
enhancing efficiency, yet the optimal approach depends 
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on specific engine configurations, performance targets, 
and regulatory constraints. DF systems typically offer 
greater flexibility in fuel utilization, whereas blend 
approaches provide simpler integration with existing 
engines and fuel infrastructure.

Despite the extensive research on ethanol-fueled CI 
and SI engines, comparative studies assessing the combus-
tion and emission characteristics of ethanol-based DF and 
blend modes under identical engine platforms and 
boundary conditions remain scarce. The novelty of this 
work lies in the systematic evaluation and comparison of 
these combustion modes on a single-cylinder research 
engine equipped with advanced combustion technology. 
This controlled setup allows for direct assessment of etha-
nol’s effects across different fueling strategies. The meth-
odology is designed to characterize the behavior of various 
injection configurations, identifying the intrinsic features 
that define their operational ranges. The performance and 
emissions outcomes of each mode are benchmarked 
against CDC to elucidate their respective advantages and 
limitations in modern engine applications. Ultimately, this 
study aims to provide practical insights and technical 
guidance for the deployment of ethanol in existing internal 
combustion engines across diverse sectors such as trans-
portation, off-road machinery, and power generation.

2. � Experimental Setup and 
Test Procedures

This section summarizes the main characteristics of the 
experimental setup and the fuels tested during the test 
campaign. It then explains the test methodology and 
procedure adopted for the proposed research.

The experimental activities were performed using a 
0.5 dm3 CI single-cylinder engine (SCE). This setup is highly 
flexible, allowing for variations in key engine control 
parameters such as boost and exhaust pressures, fuel 
injection settings, and EGR rate. The engine setup is illus-
trated in Figure 1. A port fuel injector (PFI) is mounted on 
the intake manifold near the intake valves and connected 
to a specific pressure regulator for ethanol fuel. In the DF 
configuration, a constant start of injection at 360 crank 
angle degrees before the firing top-dead center (bTDC) 
was used for the ethanol injection. A state-of-the-art 
direct fuel injection system with a seven-hole solenoid 
injector was used. The combustion chamber featured a 
conventional diesel omega-piston bowl shape. The main 
features of the SCE are shown in Table 1.

The boost, exhaust pressures, and EGR levels were 
managed through pneumatic valves controlled by NI CRIO 

  FIGURE 1    Schematic of the research engine setup and emission measurement system.

©
 T

he
 A

ut
ho

rs



524	 Belgiorno et al. / SAE Int. J. Engines / Volume 18, Issue 4, 2025

FPGA hardware and NI LabVIEW software. This setup 
provided the flexibility to replicate the engine-like condi-
tions of a multi-cylinder engine. For the fuel injection 
systems, both PFI and DI, the software was used to 
monitor and control the start of injection (SOI), injection 
pressure, energizing time, and number of pulses.

The lubricating oil, coolant, and intake air engine 
conditions were monitored and controlled through 
external conditioning systems to maintain constant 
boundary conditions. A Kistler 6125C piezoelectric 
pressure sensor was employed to detect the in-cylinder 
pressure, mounted in the glow plug seat, and connected 
to a Kistler amplifier. The in-cylinder pressure traces were 
recorded with a resolution of 0.1 crank angle degrees and 
averaged over 300 cycles. The apparent heat release (HR) 
and heat release rate (HRR) were calculated based on the 
in-cylinder pressure, actual volume as a function of crank 
angle, and specific heat ratio using real-time AVL software. 
Based on the post-processing of the signals, correlated 
combustion parameters such as IMEP (indicated mean 
effective pressure), CA10, CA50, and CA90 (angle positions 
where 10%, 50%, and 90% of the total HR, respectively), 
and pumping losses were calculated [30]. The ignition 
delay (ID), expressed in crank angle degrees, is calculated 
as the difference between the CA10 and the SOI of direct 
injection. Similarly, CA10-90 indicates the combustion time 
necessary to complete the combustion process, calcu-
lated as the difference between CA10 and CA90.

The AVL 733 gravimetric balance was used to 
measure the fuel consumption. The pollutant emissions 
were measured using a HORIBA MEXA 7100H emissions 
test bench, which recorded THC, CO2, O2, CO, and NOx 
at the exhaust and O2 and CO2 at the intake. Emissions 
were measured under steady-state conditions and 
averaged over at least 60 s. The EGR rate was evaluated 
as the ratio between the intake and exhaust CO2. The 
smoke number was detected using the smoke meter AVL 

415S. The measurement of the particles’ distribution at 
the exhaust would have been very interesting but not 
possible at the time the authors conducted the experiments.

Table 2 shows the relevant chemical and physical 
properties of the fuels used, collected and averaged 
where possible [16, 31–34]. Hereafter, some brief explana-
tion about the reasoning behind the ethanol percentage 
used in both blend and DF combustion modes. Ethanol 
is characterized by a low boiling point, high latent heat of 
vaporization, and lower viscosity and density. Thus, volu-
metric efficiency may increase due to the in-cylinder 
charge cooling effect, at the expense of issues in cold 
start conditions [13, 35]. Ethanol’s shorter molecular chain, 
oxygen content, and higher H/C ratio in comparison to 
diesel ratio may speed up the combustion process and 
reduce emissions [36]. Its polar nature can cause in-phase 
separation [37]. Literature studies demonstrated that 
EtOH concentration in diesel should not exceed 25% to 
avoid modifications to the diesel injection hardware [35]. 
The presence of biodiesel in the blend acts as a solubilizer, 
allowing for an increased ethanol content in diesel [15, 30, 
31]. Temperature affects the stability of the blend, with 
phase separation occurring below 10°C. In such condi-
tions, isopropanol can act as a stabilizer [17].

The European EN 288 standard and the 2009/30/EC 
directive prescribe a maximum limit of 10% v/v of ethanol 
in gasoline to ensure compatibility with most engines on 
the market [38]. On the other hand, ethanol in diesel 
impacts lubricity and kinematic viscosity, potentially 
causing durability issues in injection system components 
[39]. To this aim, the authors have collected data from 
the technical literature [40–45] and normalized it to 
provide essential information, through a single graph, to 
current EN 590 standards. Indeed, Figure 2 shows the 
kinematic viscosity and wear scar diameter (WSD) as a 
function of the ethanol concentration.

It can be stated that the reduction in viscosity is 
evident with the increase in ethanol. However, blends with 
about 30% ethanol are still compliant in terms of viscosity. 
For higher ethanol concentrations, the DF strategy is 
recommended. Based on this evidence, the ethanol 

TABLE 1  SCE characteristics.

Engine type CI-SCE, 4 valves
Displacement 
volume

0.5 dm3

Bore × stroke 82 mm × 90.4 mm
Piston geometry ω-bowl
Compression ratio 16.0:1
Diesel fuel injection 
system

Common rail with solenoid injector (up to 
2000 bar)

Injector number of 
holes

7

Port fuel injection 
system

Multi-hole solenoid injector

In-cylinder swirl 
ratio

2.5

Valve timing Inlet Exhaust
Opening time 350°bTDC 123°bTDC
Closing time −137°bTDC −345°bTDC ©
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TABLE 2  Fuel properties.

Fuel properties Diesel Biodiesel Ethanol
RON [—] — — 108
CN [—] 53 51 —
H/C ratio [—] 1.8 1.79 3.0
O/C ratio [—] 0 0.11 0.5
Stoichiometric air/fuel 
ratio [—]

14.5 13.8 9.0

Lower heating value 
[MJ/kg]

43.2 37.0 26.9

Viscosity [mm/s2] 3.91 >6 1.36
Boiling point [°C] 188–343 182–338 78
Enthalpy of 
vaporization [kJ/kg]

−300 −350 920
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concentration in the ternary blends made of diesel, 
ethanol, and biodiesel, and used within this study, has 
been limited to 30%. Complementary, in DF mode, the 
ethanol concentration has been varied from 30% to 70%.

The lubricity of diesel–ethanol blends decreases with 
ethanol. According to EN 590:1999, the lubricity test (ISO 
12156-1), the corrected WSD should not exceed 450 μm. 
The studies from which the data are collected have 
demonstrated that the WSD value of diesel–ethanol 
blends with ethanol concentrations of 90% v/v exceeds 
this limit, reaching 460 μm. On the other hand, for blends 
with 30% v/v ethanol, the values remain well below this 
limit [43].

It is important to highlight that ethanol-based blends 
may promote the oxidation processes attributed to ionic 
impurities, water content, and the polarity of the ethanol 
molecule [32]. The corrosion rate increases in the presence 
of copper, aluminum, and stainless steel [46]. A weight 
reduction of all metal parts immersed in different blend 
samples was observed, ranging between 0.1 and 0.2 mg 
over a limited observation period [45]. Aluminum has 
demonstrated a higher resilience to corrosion [47].

Moreover, the ethanol–biodiesel–diesel blend stability 
tests for ratios of 68:17:15 and 58:14:30 were conducted 
again for this test campaign. As for previous tests, 
soybean methyl ester (SME) was used as a solubilizer [16]. 
No phase separation was detected during the observation 
period of the test campaign. It would be interesting to 
extend much more this period. In DF mode, three levels 
of ethanol fraction were injected via PFI (−30%, −50%, 
−70% v/v), allowing for greater flexibility in the 
fraction control.

The test campaign was designed to assess the 
effect of ethanol in achieving ultra-low-NOx emission 
targets or defining the operating domain for blend and 
DF modes. To this aim, ethanol concentration and EGR 
rate sensitivities were studied for both DF and blend 
fueling modes. The results were compared to the CDC 
mode. Medium engine speeds (1500, 2000 rpm) and 
loads (7, 10 bar of IMEP) were investigated. CDC engine 
calibration was used as a reference. For the analysis, 
one parameter at a time was varied, such as combustion 
phasing (CA50) and injection pressure. The boost and 
intake manifold temperature values were derived from 
CDC settings and kept constant for both fueling modes. 
The approach was to maintain high efficiency in all 
combustion modes tested. Fuel injection pressure and 
CA50 were defined for CDC, as they represent the 
optimal balance between efficiency and combustion 
noise. These parameters were used as a reference for 
both DF and blend strategies.

Regarding the blend mode, the injection pattern of 
the CDC was adopted, and the SOI was tuned to reach 
the same CA50 target. This approach was employed to 
assess the reliability of the blend fueling mode, given that 
the system did not require modifications to the injection 
system. In contrast, the DF mode has necessitated a 
recalibration of the diesel injection to better distribute 
the high-reactivity fuel into the combustion chamber to 
better control and stabilize the combustion. A combustion 
noise limit of 95 dBA and a THC limit of 2500 ppm (−9.8 
g/kWh) were established to preserve combustion effi-
ciency. It was observed that single-pulse DI injection 
resulted in combustion noise values exceeding the desired 
range, although it exhibited slightly higher efficiency 
values than the multi-injection pattern.

Regarding the DF mode, the tests were carried out 
using a multi-injection strategy for direct injection, which 
provided the optimal compromise in terms of efficiency, 
combustion noise, and stability [48]. In general, the tests 
were performed following the same approach as for the 
blend mode (i.e., SOI tuning to reach the CA50 target of 
CDC). The main operating settings used for the experi-
mental campaign are shown in Table 3.

An analysis of both injection modes (DF and blend) 
in terms of the combustion process and emissions was 
performed under steady-state conditions at two oper-
ating points. Specifically, the method applied is oriented 
toward the following results:

	 1.	 Assess the impact of the EtOH fraction on global 
engine performance within the operating domain 
of convenience for both combustion modes. The 
ranges investigated are complementary and vary 
from 0% to 30% in blend mode and 30% to 70% in 
DF mode.

	 2.	 Evaluate the EGR rate sensitivity at the maximum 
EtOH concentration for each fueling mode (30% in 
blend and 70% in DF) by increasing the EGR rate 
(up to 50%) to achieve ultra-low-NOx values.
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  FIGURE 2    Kinematic viscosity and WSD dependencies of 
the ethanol fraction in diesel–biodiesel blends at 40°C.
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	 3.	 Compare DF and blend combustion modes, at 
their maximum EtOH fraction, to the CDC in the 
ultra-low-NOx emissions area (0.5–1.0 g/kWh).

The mass-based ethanol premixed ratio (rp) is defined 
according to Equation 1:

	  = ×  +
100 %ethanol

p
ethanol diesel

mr
m m 	 (1)

where the mdiesel and methanol mean the mass flow rate of 
diesel direct injection and ethanol fuel (PFI), respectively, 
while the LHVdiesel and LHVethanol are the LHV for each fuel. 
The average LHV is calculated as in Equation 2:

   1ethanol ethanol
mix ethanol diesel

tot tot

m mLHV LHV LHV
m m

 
= × + − × 

 
	 (2)

The generic X engine-out emission mass flow rate 
(mX) were referred to the indicated specific power (Pind) 

to calculate the indicated specific emissions (isX) by the 
following equation:

	

 
=  

 

g
kWh

X

ind

misX
P 	

The energy balance analysis assesses the energy 
distribution and process losses, and the main factors 
affecting the gross indicated efficiency (ηgross) and fuel 
consumption. Figure 3 reports the energy balance terms 
and equations [30]. The various terms include the fuel 
energy ( )

fuelQ  into the gross indicated work ( )

grossW  and 
energy losses such as incomplete combustion (1 − ηcomb), 
in-cylinder heat transfer (heat transfer loss), and exhaust 
energy ( ) Exh Exhm h , where hExh is the enthalpy content of 
the exhaust mass flow.

The combustion loss represents the fraction of 
unburned fuel energy from incomplete combustion. Heat 
transfer (HT) losses are defined as convection heat (oil 
and water coolant) and radiative heat losses. The exhaust 
losses are the enthalpy content available at the 
engine exhaust.

Uncertainty analysis is fundamental to identifying 
potential sources of error and assessing their impact on 
the overall outcomes. To this aim, the experiments were 
performed three times and averaged. The uncertainty 
and the accuracy of instruments are listed in Table 4. The 
combined uncertainty (ucomb) was computed using the 
root mean square method (error propagation method) 

( )2
n

comb i

i

u u= ∑  [49].

3. � Results and Discussion
This section discusses the experimental results for both 
DF and blend modes, focusing mainly on the combustion 
process, engine-out emissions, and efficiencies. The results 
are then compared with the CDC data. First, the analysis 
addresses the sensitivity of the ethanol premixed ratio on 

TABLE 3  Test matrix and engine settings.

Combustion 
mode CDC EtOH—DF

EtOH—
blend

Engine speed 
[rpm]

1500 | 2000

IMEP [bar] 7.0 | 10.0
Boost pressure 
[kPa]

115 | 120

EGR rate [%] 0–50
T intake manifold 
[°C]

60 | 65

Injection pressure 
[MPa]

76.5 | 91.5

CA50 [aTDC] −8 to −10
EtOH fraction [%] 0 30–50–70 | 70 15–30
Direct injection 
pattern

Pilot/main Pilot1/pilot2/main Pilot/main
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  FIGURE 3    Energy balance calculation.
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the main engine outputs to determine the effect of alcohol 
fuel. Next, the sensitivity of the EGR rate on NOx, soot 
trade-offs, gross indicated efficiency, and related combus-
tion processes are discussed for both strategies. Finally, 
a comparison between the ethanol combustion modes 
investigated and CDC is presented at low-NOx emission 
levels. Additionally, the results and trends observed are 
compared with findings from the literature review. This 
section summarizes the main opportunities and challenges 
of ethanol combustion applications compared to the CDC 
baseline, aiming to provide guidelines for practical ethanol 
applications in internal combustion engines.

3.1. � Ethanol Premixed Ratio
This section presents the results of the impact of different 
ethanol premixed ratios (rp) in DF and blend modes on 
the combustion process, emissions, and gross indicated 
efficiency. The results are also compared to the CDC. The 
motivation for this analysis is, first, to discriminate the 
effect of the ethanol ratio on the global performance 
without the combined influence of other parameters, and 
second, to emulate the application of ethanol on existing 
engines without substantial modifications and not using 
EGR. This is the case, for example, with older stationary 
or off-road engine applications.

The high vaporization tendency and low chemical 
reactivity of ethanol enhance mixture homogeneity in 
both blend and DF cases. However, the polar nature of 
ethanol limits the maximum concentration in diesel 
blends. In this study, biodiesel was used as a solubilizer 
to ensure a stable blend with ethanol concentrations of 
up to 30% v/v. For higher concentrations (rp > 30%), the 
application of DF technology is necessary. As known from 
the literature, one of the main issues with DF mode is 
the increase in unburnt emissions. Therefore, during the 
test campaign, THC was limited to 2500 ppm (−9.8 g/
kWh) to preserve combustion efficiency. This limit was 
never reached in blend mode, while in DF mode, it was 
reached for rp of 70% (Figure 4), the maximum ethanol 

TABLE 4  Uncertainties of instruments used 
in experimentation.

Measurement Accuracy Uncertainty (%)
Load ±1 N ±0.2
In-cylinder pressure sensor ±0.4% FS ±0.4
Crank angle—encoder ±0.02° ±0.2
Fuel mass flow rate ±0.1 kg/h ±0.2
Air mass flow rate ±1 kg/h ±0.5
k-type thermocouple ±2.5°C ±1.0
Gas species [O2, CO2, CO, 
THC, NOx]

±2.5% FS ±0.6

Smoke ±0.025 FSN ±0.5©
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fraction used in DF mode within this study. Gaseous emis-
sions (THC, CO, NOx), smoke, CO2, and ηgross as a function 
of the rp are shown in Figure 4 for EtOH and CDC fueling 
modes. The results refer to the operating point at 
1500 rpm and 7 bar of IMEP at constant boundaries 
(pumping work, direct fuel injection pressure, and CA50). 
EGR was not employed at this stage to discriminate the 
rp effect only. The SOI of the direct injection was properly 
varied to maintain the desired value of CA50 (in the range 
of 8–10°aTDC). In contrast, the dwell times among the 
injection pulses were not varied.

DF mode leads to a significant THC increase mainly 
related to the fuel mixture trapped in squish and crevice 
volumes during the compression stroke before the 
ignition phase. The higher crevice volumes and compres-
sion ratio of CI engines emphasize the THC increase [49]. 
This result is confirmed by 3D CFD studies showing that 
in DF mode, unburned methane emissions were mainly 
confined in the crevice volumes [50]. CO emission increase 
relates to the premixed ratio and lower in-cylinder 
temperatures of the DF modes. Cooling effects and 
higher mixture homogeneity are the main causes. The 
increase in rp, in the range of 30%–70%, leads to a quasi-
linear rise in THC and CO emissions (Figure 4). This trend 
is particularly evident at low loads. Indeed, as observed 
by other studies [51], at rp = 17%, an increase in THC emis-
sions (1.5 to 4.5 g/kWh) was observed when the engine 
load was reduced from 10 to 2 bar IMEP.

The blend combustion mode resulted in slightly 
higher CO and THC emissions than CDC, but lower than 
the DF mode. This is due to the lower concentrations of 
ethanol and the reduced residence time before the start 
of combustion compared to DF mode. Instead, comparing 
the results to the CDC, the higher unburnt hydrocarbons 
are justified by the cooling effect of ethanol, the lower 
reactivity of the mixture, the reduced effectiveness of the 
pilot combustion, and the lower combustion tempera-
tures (confirmed by the NOx trend) [52, 53].

The overall NOx values detected were relatively high 
(>8 g/kWh) without EGR (Figure 4). Looking at the 
maximum rp, in blend mode, a fraction of 30% EtOH 
reduces NOx emissions by −25%, while in DF mode, a 
fraction of 70% EtOH reduces NOx emissions by −16% 
compared to the results at the minimum rp level. The 
lower NOx emissions are mainly attributable to the local 
ethanol cooling effect. The cavitation phenomenon 
resulting from the increase in ethanol fraction promotes 
a more vigorous flow near the nozzle, which reduces 
air–fuel mixing and the temperatures inhibiting the NOx 
formation [54].

For both combustion modes, the smoke level tends 
to reduce below the CDC values. EtOH in the blend 
reduces the smoke to 55%, while DF mode exhibits 
comparable levels compared to the CDC. In general, the 
lower soot emission of ethanol combustion is mainly 
related to the higher H/C ratio (shorter carbon chain), 

which facilitates the reduction of precursor molecules 
primarily responsible for pyrolysis. When alcohol fuels are 
injected in PFI mode, the local equivalence ratio decreases 
in the diesel spray area, causing an increase in the ID and 
resulting in more premixed combustion and less smoke 
formation. Nevertheless, in DF mode, as the mass fraction 
of ethanol rises, particularly under high load conditions, 
the available oxygen can be markedly diminished, poten-
tially increasing smoke emissions [53]. This trend is illus-
trated in Figure 4, where the smoke level is comparable 
to the CDC and tends to increase slightly with the highest 
premixed ratio.

The gross indicated efficiency (ηgross) is plotted as a 
function of the rp. CDC has an ηgross of about 41.2%. For 
50% of rp, DF has a comparable efficiency. Rising the rp to 
70%, ηgross reaches values up to −42.0%, higher than the 
CDC baseline despite the higher THC and CO emissions. 
This relates to the increased premixed combustion stage 
and shorter combustion duration (CA10-90) by about 8°, 
improving the cycle conversion efficiency. EtOH blend of 
30% exhibits the highest efficiency (−42.3%). These results 
can be attributed to the higher cooling effect and the 
reduced combustion duration (CA10-90). These factors 
lead to lower heat losses and higher thermodynamic 
efficiency. Figure 5 depicts the apparent HRR, direct fuel 
injection profiles, and combustion durations (CA10-50 and 
CA50-90) varying the rp. The SOI was varied to maintain 
constant the CA50  in the 8–10°aTDC range. The test 
procedure section described a multi-injection pattern 
implemented in DF mode, while a double-pulse strategy 
was used in CDC and EtOH blend cases.

In DF mode, by increasing the ethanol fraction from 
30% to 70%, the peak of the HRR advances 5°aTDC, with 
a pronounced premixed phase and faster combustion, as 
demonstrated by the CA10-50 and CA50-90 indicators, 
respectively. The combustion duration reduces by about 
3°, and the ηgross increases by −1%. Despite the slightly 
advanced premixed stage and reduced CA10-90, the 
smoke emissions remain almost constant (−0.2 FSN) 
regardless of rp. In this case, the theoretical benefit of 
ethanol is counteracted by the ethanol fuel enrichment 
around the diesel spray.

The ethanol–diesel blend combustion has a longer 
ID because of the lower fuel reactivity than diesel fuel. 
This impacts the effectiveness of the pilot heat release, 
as observed by the HRR traces in Figure 5. However, since 
the CA50 is adjusted by advancing the injection pattern, 
the premixed phase is almost like the CDC for both rp 
cases (15% and 30%).

The DF and blend mode employing the maximum rp, 
70% and 30%, respectively, reduce the CO2 up to −7.5% 
compared to CDC and are related to the combined effect 
of higher gross indicated efficiency and lower carbon fuel 
content. Based on these results, the highest ethanol ratios 
for both combustion modes have been chosen for further 
analyses in Sections 3.2 and 3.3.
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3.2. � Ethanol as Low-NOx–Soot 
Enabler

The effectiveness of ethanol as a soot suppressor in the 
ultra-low-NOx emission combustion control region is 
investigated in this section. The EGR rate is one of the 
main factors used to control NOx emissions. The EGR 
rate sensitivity was evaluated at 1500 rpm and 7 bar of 
IMEP. The highest ethanol fractions were investigated for 
blend and DF combustion modes, which are 30% and 
70%, respectively. The same boundary conditions were 
used, and the SOI was tuned to maintain the CA50 constant.

In CDC mode, NOx values below 0.5 g/kWh are for 
EGR rates higher than 40%, but at the expense of very 
high smoke levels (>3.2 FSN). The exponential growth of 
smoke results from reduced oxygen availability and an 
amplified diffusion stage [55]. Conversely, since ethanol 
fuel is a relatively simple molecule containing two carbon 
atoms connected to the OH– group and has a short 
carbon chain, the structure generally yields a lower 
tendency to form polycyclic aromatic hydrocarbon (PAH) 
precursors of soot formation [56, 57]. Indeed, it is demon-
strated that EtOH combustion resulted in low levels of 
particle number and soot [58]. Soot reduction is mainly 
linked to the higher premixed combustion phase and 
lower carbon content of ethanol than diesel fuel. This 
leads to decreased precursor molecules, which are 
primarily responsible for pyrolysis and, subsequently, 

particulate matter formation [56]. Additionally, biodiesel 
used as an emulsifier for the blend further reduces the 
carbon intensity, contributing to the soot reduction. As 
shown in Figure 6, with 30% ethanol in the blend, smoke 
does not exceed −0.5 FSN even for high EGR rates (−40%) 
and achieves ultra-low-NOx values (−0.5 g/kWh). When 
operating in DF mode at higher ethanol concentrations 
(rp = 70%), the soot emissions remain consistently low 
(<0.3 FSN) for all the investigated EGR rate levels, with 
the advantage of keeping under control the smoke 
emission values independently of the NOx level. Figure 6 
shows that EGR exerts a relatively modest influence on 
soot, with the high ethanol fraction contributing signifi-
cantly to its reduction. In blend mode, soot increases 
slightly as EGR rises since the dilution effect increases 
the diffusive combustion stage compared to the DF. Thus, 
in both cases, ethanol has the potential to significantly 
optimize the NOx–smoke trade-off and achieve values 
below 0.5 FSN and 0.5 g/kWh for smoke and 
NOx, respectively.

For EtOH blends, the increase of EGR leads to higher 
HRR peaks (−20 J/deg., see violet trace in Figure 7). The 
high EGR rate reduces the in-cylinder temperature 
without a detrimental effect on the combustion duration. 
Consequently, the in-cylinder heat flux through the 
cylinder walls (or HT losses decrease) raises the ηgross by 
4% compared to the case without EGR (Figure 8). 
Comparable differences are also evident when comparing 
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the EtOH blend to the CDC mode using EGR. A reduction 
of approximately 6° in combustion duration and an 
increase of −18 J/deg. on the HRR peak are observed at 
the same NOx (−0.5 g/kWh). This leads to a rise of 2% in 
ηgross compared to the CDC. A higher EGR rate in DF mode 
results in a longer ID (−3°) compared to the no EGR case. 
Consequently, there is a slight delay in CA50 and an 
increase in the peak of HRR (−5 J/deg.), which is lower 
than the sensitivity observed with the blend combustion.

Figure 8 shows the NOx – ηgross correlation for the 
investigated combustion modes. For CDC mode, the ηgross 
increases by −3% when moving from the no EGR to the 
maximum EGR rate (−40%). The higher EGR rate reduces 
diesel reactivity and the low-temperature HR in the initial 
stage of the combustion process, resulting in a longer ID 
in comparison to the no EGR case. Consequently, the 
efficiency improvement is associated with the higher 
premixed combustion phase and lower HR before the 
TDC (Figure 7).

For low NOx (−0.5 g/kWh), DF combustion has a 
lower ηgross of −6% units than CDC (Figure 8). It is worth 
mentioning that the diesel combustion chamber tested 
significantly influences DF rather than the blend mode. 
This is evident mainly for high EGR dilution ratios combined 
with higher EtOH fractions, which emphasize the 
quenching phenomenon, particularly in the squish and 
crevice volumes [59, 60], producing high THC and CO 
emissions. This outcome results from the combustion 
architecture that exploits the direct-injected fuel spray.

In conclusion, using EtOH-based fuels in combination 
with EGR strategies offers significant advantages in 
reducing emissions and improving thermodynamic effi-
ciency. The results show that the EtOH blend combustion 
improves the ηgross by −2% and −8% compared to CDC 
and DF, respectively, at ultra-low-NOx levels (−0.5 g/kWh). 
For the explored operating points, the EGR strategy is 
more beneficial for the blend mode, as it permits very 
low smoke values and marginal efficiency gains for 
low-NOx values to optimize engine performance. The DF 

mode is very effective on the NOx–smoke trade-off at 
the expense of higher unburnt and lower efficiency.

3.3. � Comparison of Different 
Ethanol Combustion 
Applications

This section focuses on the comparative analysis of the 
combustion process (Figure 9), combustion parameters, 
emissions (Figure 10), and efficiencies (Figure 11) of both 
DF and blend combustion modes at the maximum ethanol 
ratios, which are 70% and 30%, respectively. Two operating 
points, 1500 rpm and 7 bar IMEP, and 2000 rpm and 10 
bar IMEP, were selected at almost constant CA50 (in the 
range of 8–10°aTDC) and NOx (<1.0 g/kWh). The results 
are compared to the CDC. The NOx values were tuned 
to very low levels through EGR, at −0.5 and −1.0 g/kWh 
for 7 and 10 bar IMEP, respectively. The test points repre-
sent frequently operated part-load conditions of light-duty 
multi-cylinder engine applications. This analysis aims to 
highlight the benefits and drawbacks of these combustion 
modes and to provide valuable evidence as to which 
mode offers the most remarkable advantages toward 
cleaner and more efficient engine technologies without 
significant modifications to the CI application. To this aim, 
a Pugh matrix of ethanol for different combustion modes 
in comparison with CDC is discussed in this section.

HRR traces with corresponding injector signals and 
combustion durations for DF, blend, and CDC modes are 
shown in Figure 9. The use of ethanol has a considerable 
influence on the combustion process. Its low reactivity 
and volatility lead to a greater ID. This behavior is a 
function of the ethanol percentage and the operating 
point. As shown in Figure 10, at 1500 rpm, a delay of 
about 5° is observed for both combustion modes. This 
gap is reduced at higher loads as the thermodynamic 
conditions in the combustion chamber become more 
significant than the chemical-physical properties. A longer 
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ID and the higher heat of vaporization of ethanol, which 
cools down the mixture, resulted in increased premixed 
combustion. This effect is emphasized in the blend mode 
compared to the DF mode because the injection of EtOH 
in the PFI mode reduces the local equivalence ratio in 
the diesel spray area and partially suppresses the 
premixed combustion stage. These results are supported 
by data presented in Figure 10. At 1500 rpm, the ID is 
−5° higher than the CDC for both EtOH modes. As the 
load and speed increase, the IDs are comparable, demon-
strating that thermodynamic conditions in the combus-
tion chamber have a more significant impact than the 
mixture characteristics. The blend mode has been 
observed to exert a more pronounced influence on the 
combustion process, although the tests were conducted 
at lower ethanol fractions than in the DF case. Indeed, 
the impact on CA10-50 is more pronounced, with a 
discrepancy of approximately 2° compared to DF for both 
operating points. Compared to the CDC case, there is a 
reduction of about 3°–4°, further confirming the hypoth-
esis that predominant premixed combustion is more 
effective than the DF and CDC cases. About the CA50-90, 
it can be observed that at high load, the differences 
between the two modes diminish for the reasons 
previously outlined.

The blend combustion resulted in a higher peak of 
HRR compared to DF and CDC. This increased combustion 
noise, exceeding DF and CDC by −5 dBA (Figure 10) at 
2000 rpm. This issue can be mitigated by appropriately 
optimizing the injection strategy for rail pressure, pilot 
quantity, and SOI [9, 61]. The COVIMEP is acceptable and 
below 3% in all the combustion modes tested. At 7 bar 
of IMEP, the higher COVIMEP value in DF mode relates to 
the high premixing nature of the mixture. At higher loads, 
the IMEP values are comparable.

The unburnt emissions of DF are one order of magni-
tude higher than the CDC and EtOH blend. The higher 
emissions of THC and CO may limit the EtOH fuel ratio 
in DF mode, particularly at low loads, because the ethanol 
cooling effect likely inhibits fuel atomization and vaporiza-
tion, reducing combustion efficiency [62]. At 7 bar IMEP, 
the DF combustion significantly reduces smoke emissions 
(<0.2 FSN) compared to CDC (3.1 FSN). The EtOH blend 
decreases smoke emission to 0.5 FSN in this operating 
condition. At 10 bar IMEP, the DF smoke emissions exceed 
1.3 FSN due to the high rp and EGR combination that 
reduces the λ value. Indeed, despite the low carbon 
number of ethanol, the influence of λ is predominant in 
the DF case, resulting in an increased soot level. This 
demonstrates the limitations of DF combustion mode at 
higher loads and lower lambda values that may limit the 
maximum rated power output.

Figure 11 illustrates the energy distributions for both 
combustion modes, calculated according to the calcula-
tion scheme described in the methodology section in 
Figure 3. The main engine losses (incomplete combustion, 
exhaust, and in-cylinder HT) and ηgross are calculated. CDC 
generally emits lower CO and THC emissions, resulting 
in higher combustion efficiencies. The combustion losses 
calculated are below 0.5%. Blend combustion has combus-
tion efficiencies like the CDC. Conversely, DF combustion 
results in higher combustion losses, up to −8% at 7 bar 
and −4.4% at 10 bar of IMEP. DF combustion exhibits 
lower ηgross by −6.2% (at 7 bar IMEP) and −1.2% (at 10 bar 
IMEP) than CDC. EtOH blend resulted in higher ηgross by 
−1.8% and −1.3% units compared to CDC for the lowest 
and highest loads tested, respectively. This is mainly due 
to reduced HT and exhaust enthalpy contents.

Table 5 reports the results of the Pugh matrix analysis 
based on seven engine performance criteria: THC + CO, 
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NOx, PM, ηgross, COVIMEP, and combustion noise. The 
comparison is referenced to the CDC performance. The 
symbols used are S in case of no difference, + in case of 
improvement, and − in case of deterioration. Summarizing, 
the ethanol blend is a valuable alternative to the CDC in 
terms of engine performance (emissions and efficiency), 
exhibiting a substantial PM reduction and efficiency 

improvement compared to DF and CDC. DF combustion 
resulted in lower PM emissions than CDC, but at the 
expense of lower efficiency and higher THC and CO emis-
sions. Thus, based on the operating points investigated 
and the criteria within the scope of this study, the blend 
mode improves the emissions and efficiency behaviors 
than the other combustion modes studied. A possible 
approach for DF mode to address the increased THC and 
lower ηgross could be to properly design and optimize the 
combustion chamber (CR, bowl shape, reduced squish 
and crevice volumes) and the main engine calibration 
settings to reduce THC and enhance thermal efficiency.

Figure 12 reports a synthesis of the results available 
in the literature for ethanol-fueled engines, according to 
the two modes analyzed in the manuscript regarding PM, 
THC, and CO emissions. The data are based on CI engines 
of different sizes, speeds, and load conditions [16, 31, 53, 
63–66]. The findings of the present study are consistent 
with the trends identified in the literature review. In partic-
ular, the blend mode demonstrates the advantage of 
lower PM and comparable THC and CO emissions 
compared to the CDC. Meanwhile, the DF mode shows 
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TABLE 5  Pugh matrix of ethanol combustion applications 
compared to CDC.

Criteria CDC (datum) Dual fuel Blend
THC + CO − S
NOx S S
PM + +
CO2 + +
ηgross − +
COVIMEP − S
Combustion 
noise

+ −

Total 0 2 ©
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PM reduction but with consistently higher unburned emis-
sions than the other combustion modes. Indeed, the blend 
mode proves to be the mode that most attenuates these 
differences with the CDC case. There is a substantial 
increase in the mean and standard deviation values for 
DF, while the blend mode assumes slightly higher values 
than the CDC.

4. � Conclusions
Renewable ethanol as a low-carbon fuel is proposed as 
one of the possible strategies to reduce greenhouse gas 
emissions and local pollutant emissions. This study inves-
tigates the application of ethanol in a CI engine in DF and 
blend modes. The engine performance, combustion, and 
emission behaviors of EtOH combustion modes are 
compared to CDC. The main outcomes of this research 
are summarized below.

•	DF and blend combustion exhibit significantly lower 
pilot HR than CDC. This is due to the high heat of 
vaporization of EtOH, which causes a longer ID, 
favoring a higher premixed combustion phase and 
shorter combustion duration. As the load and 
speed increase, the ID values are comparable, 
demonstrating that thermodynamic conditions in 
the combustion chamber have a greater impact 
than the mixture characteristics. Consequently, 
both fueling modes result in about a 2% 
improvement in indicated thermal efficiency and a 
7.5% reduction in CO2 compared to CDC at high 
NOx levels (8–12 g/kWh).

•	Gross indicated efficiency (ηgross) for blend 
combustion is consistently higher than CDC (+1.8%) 
and DF mode (+8%) modes at ultra-low-NOx level 
(<1.0 g/kWh). This increase in ηgross is associated with 
a reduction in HT and exhaust losses and an 
enhancement in combustion efficiency. Additionally, a 
higher premixed combustion phase and shorter 
combustion duration with favorable CA50 further 
enhance ηgross.

•	EtOH blend has similar combustion efficiency to CDC 
(−99.5%). It reduces significantly (−95%) in DF mode 
due to the high THC and CO emissions as a 
consequence of the fuel trapped in crevice and 
squish volumes partially or not involved in the 
combustion process. The THC and CO emissions of 
EtOH blend are comparable to the CDC.

•	Ethanol-based fuels are known to promote low-soot 
combustion across a broad range of equivalence 
ratios, resulting in a relatively flat NOx–soot trade-off 
compared to CDC. Ethanol, when used in DF 
configurations or blended with diesel, very low 
smoke emissions (−0.1 FSN) largely independent of 
the associated NOx levels. This favorable behavior is 
attributed to ethanol’s molecular structure, which 

consists of a short carbon chain and an OH 
functional group. The low carbon-to-hydrogen ratio 
and oxygenated nature of EtOH hinder the 
formation of PAH precursors, which are critical 
intermediates in soot formation.

•	In both DF and blend modes, the COVIMEP is in line 
with CDC. This indicates that even in DF mode 
with a higher EtOH fraction (70%), small amounts 
of high-reactive fuels help to stabilize the 
combustion process. The peak pressure rise rate 
affects the combustion noise. The combustion 
noise is consistently higher (5 dBA) for the blend 
mode compared to DF and CDC values. This 
drawback can be addressed by properly calibrating 
the injection pattern, EGR, and 
boosting parameters.

Alternative fuels, such as ethanol, can be applied in 
different fueling and combustion modes and can poten-
tially balance NOx and CO2 emissions without degradation 
of soot emissions within the NOx range explored. For a 
real application, DF needs significant modifications to the 
engine, two fuel tanks, an additional fuel injection system, 
and a control system. A dedicated combustion chamber, 
calibration refinement, and specific ATS are required to 
mitigate the THC and CO emissions. On the other hand, 
blending EtOH with diesel up to a certain level (30% EtOH 
with biodiesel as solubilizer) enables the application on 
standard production engines with potential benefits on 
CO2 emissions, lower soot and CO and THC emissions 
like CDC.
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Highlights
•	Ethanol–diesel dual-fuel combustion emits higher 

levels of THC and CO compared to the 
blend mode.

•	Ethanol facilitates low-soot combustion, particularly 
in ultra-low-NOx emission zones.

•	Ethanol blend combustion achieves greater thermal 
efficiency and noise but lower COVIMEP than CDC.

•	A novel comparative study is conducted on dual-fuel 
and blend combustion modes using a single test rig.
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