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Abstract

In this experiment, it was experimentally investigated the combustion and exhaust characteristics, as well as the thermal
efficiency, of RCCI combustion using gasoline, ethanol, and propane as low-reactivity fuels under four operating conditions.
For each operating condition, gISNO, was limited to 0.15 g/lkWh, and gISSmoke was limited to below 15 mg/kWh. The
experiment was conducted by determining the operating conditions that satisfied these limitations and resulted in the highest
city thermal efficiency. The low-reactivity fuels were supplied by port injection, while diesel was directly injected into the
combustion chamber using a diesel injector. As a result, when gasoline is replaced with low-carbon fuels like ethanol and
propane, the reduction in CO, emissions occurred. Under maximum power conditions, using ethanol allowed for a maximum
reduction in CO, emissions of 6.81%. Depending on the driving conditions, ethanol showed a reduction ranging from 3.60
to 6.81%, while propane exhibited a reduction ranging from 3.10 to 5.64%. Additionally, by substituting with ethanol and
propane, the GIE could be improved up to 44.73 and 43.56%, respectively.

Keywords Carbon dioxides (CO,) - Dual-fuel combustion - Ethanol - Gasoline - Propane - Reactivity controlled
compression ignition (RCCI)
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Introduction

According to the Special Report on “Global Warming of
1.5 °C” released by the Intergovernmental Panel on Cli-
mate Change (IPCC) in 2018, countries around the world
are making efforts towards carbon neutrality (IPCC spe-
cial report, 2018). Particularly in the transportation sector,
which accounts for approximately 16% of global carbon
dioxide emissions, there is a push to move away from fos-
sil fuel-based power sources (Climate Watch, 2020) In
principle, there are three main approaches to reducing
carbon dioxide emissions in the power sector.

The first approach is to utilize zero-carbon fuels.
Recently, there has been growing interest in fuels such
as hydrogen and ammonia, which do not contain carbon
in their composition and, therefore, do not produce car-
bon emissions. The use of fuel-cells (FCs) with hydrogen
as the main fuel source, as well as the development of
ammonia combustion engines and gas turbines in the mari-
time and power generation sectors, are being explored.
However, hydrogen is difficult to liquefy and has storage
challenges, while ammonia has a lower heat value per
unit mass (approximately 18.6 MJ/kg) compared to con-
ventional fossil fuels and safety issues related to toxicity.
Additionally, ammonia combustion presents challenges
such as slow flame propagation speed (approximately
0.07 m/s @ stoichiometric condition) and relatively high
minimum ignition energy (approximately 8 mJ @ stoi-
chiometric condition) that need to be addressed (Ayman
et al., 2022).

The second approach involves using fuels that contain
carbon but capturing the carbon emitted into the atmos-
phere, effectively reducing the overall carbon emissions to
zero using net-zero methods. There is increasing interest
in the production of synthetic fuels, known as ‘Electric-
ity based fuel’ (E-fuel), using captured carbon or carbon
dioxide and renewable energy (Lee & Lee, 2022). One
advantage of E-fuels is that they can be immediately
utilized in existing internal combustion engines (ICEs)
without major modifications. However, the use of E-fuels
requires the precondition that all the energy required for
carbon capture, hydrogen production, and their synthe-
sis must come from renewable sources. Furthermore, if
conventional carbon-emitting energy sources like thermal
power generation are used in any stage of the process, the
meaning of net-zero is compromised. Another drawback is
that methanol, which is relatively easy to produce through
E-fuel synthesis, has a disadvantage of having less than
half the heat value compared to conventional fossil fuels
when used as a primary oxidized fuel.

Therefore, the third approach, which focuses on improv-
ing energy conversion efficiency, needs to be implemented
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to maximize the effectiveness of the second approach.
Increasing energy conversion efficiency is fundamentally
crucial as it allows for longer driving distances with the
same level of carbon dioxide emissions.

If it is difficult to replace all existing power sources with
zero-carbon fuels in the current situation, research on the
utilization of low-carbon fuels such as methanol, ethanol,
methane, and propane based on E-fuels is needed. These
low-carbon fuels, especially methanol and ethanol, have low
auto-ignition characteristics and good vaporization proper-
ties, making them suitable for use in spark-ignition engines
if used individually. However, spark-ignition (SI) combus-
tion engines are often operated at relatively low compres-
sion ratios due to concerns about abnormal combustion such
as knocking or pre-ignition (Heywood, 1988). Therefore, it
is inevitable that the thermodynamically expected thermal
efficiency will be low. To apply these fuels at relatively high
compression ratios, it would be beneficial to use them in a
dual-fuel combustion system together with high-reactivity
fuels like diesel.

In order to implement dual-fuel combustion in compres-
sion-ignition (CI) engines, the typical approach is to reduce
the fraction of diesel fuel and replace it with low-reactivity
fuels in proportion to the reduced energy content, so that
diesel acts as the ignition source while the main energy
generation is done by the low-reactivity fuel (Karim, 1980,
2015; Reitz & Duraisamy, 2015). In particular, rather than
pre-mixing the fuels before supplying them to the engine,
a dual-fuel combustion system utilizes separate fuel injec-
tion systems for the two different fuels to control the ratio
between them inside the combustion chamber. This approach
is commonly adopted by dual-fuel engines used in maritime
applications.

In the twentieth century, the main approach to dual-fuel
combustion in conventional diesel engines involved sup-
plying low-reactivity fuel, such as through port injection,
alongside regular diesel combustion. In other words, it was
a simple concept of reducing the diesel fraction and compen-
sating with low-reactivity fuel proportional to the reduced
energy. According to research by Karim et al., dual-fuel
combustion consists of three stages (Karim, 1980). First, the
diffusion flame of the highly reactive diesel fuel occurs. Sec-
ond, the low-reactivity fuel contained in the diesel spray is
combusted. Finally, the combustion propagates through the
distributed low-reactivity fuel in the surrounding area. This
fuel substitution method has achieved significant reduction
in smoke emissions, but it has also led to increased nitrogen
oxide (NO,) emissions compared to conventional gasoline
spark ignition (SI) combustion due to increased premixed
ratio. Additionally, the combustion involving low-reactivity
fuels that are unable to participate in the combustion pro-
cess, such as due to crevices, has posed problems in terms
of total hydrocarbon emissions (Felayati et al., 2021; Lee
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et al., 2015). Moreover, the premixed low-reactivity fuels
have caused knocking issues under high load conditions.

Therefore, in the twenty-first century, a dual-fuel PCI
(Premixed Compression Ignition) approach was introduced
by Inagaki et al., which not only incorporates low-reactiv-
ity fuels but also blends them with diesel fuel to achieve
combustion based on premixed mixtures (Inagaki et al.,
2006). The diesel injection timing is advanced to the mid-
to-late compression phase, earlier than the top dead center,
to achieve a stratification of reactivity between diesel and
low-reactivity fuel (in the mentioned paper, iso-octane) and
enable smoother HCCI (Homogeneous Charge Compression
Ignition) combustion.

A derived approach is the RCCI (Reactivity Controlled
Compression Ignition) method proposed by the Wisconsin
ERC (Kokjohn et al., 2011, 2012; Splitter et al., 2010, 2012).
Essentially, using two fuels with different reactivities quali-
fies as RCCI, but this specific strategy involves dividing the
diesel fuel into two injections to maximize the stratifica-
tion of reactivity. This approach has significantly improved
thermal efficiency compared to the conventional diesel-pilot
dual-fuel combustion and offers advantages in reducing both
smoke and NO, emissions.

According to the research by Kokjohn et al., they have
achieved a gross indicated thermal efficiency (GIE) of over
50% in large compression ignition engines through gasoline
and diesel RCCI combustion (Kokjohn et al., 2011). They
have also expanded the maximum load, based on the high-
est rate of pressure rise in the combustion chamber, up to a
maximum gross indicated mean effective pressure (g2IMEP)
of 1.6 MPa. On the other hand, according to the research by
Benajes et al., they have mapped the combustion based on
homogeneous charge by optimizing the degree of reactiv-
ity stratification in the combustion chamber through diesel
injection timing, reaching gIMEP values exceeding 2.0 MPa
under high-load operating conditions (Benajes et al., 2017).
However, both studies were conducted using conventional
gasoline and diesel fuels and not alternative fuels.

In this regard, several previous studies, including the Wis-
consin ERC group, have utilized natural gas as a low-reac-
tivity fuel. Nieman et al. explored the possibility of RCCI
combustion up to gIMEP of 1.9 MPa through interpretation
and some experimental research (Nieman et al., 2012). Other
previous studies mainly focused on load expansion through
extending the knocking limit of dual-fuel combustion or
reducing smoke emissions (Wang et al., 2016, Wei & Geng,
2016; Zhang et al., 2017). In the case of liquid alternative
fuels, ethanol was used as a low-reactivity fuel, and research
primarily focused on improving low-load RCCI combustion,
unlike the previous natural gas-diesel RCCI combustion.
Ethanol, with lower calorific value compared to gasoline or
natural gas, was mainly studied under low-load conditions,
and results were derived based on the fuel substitution ratio.

Particularly, Pedrozo et al. expanded the range up to gIMEP
of 0.3 MPa in ethanol-diesel RCCI combustion, achieving
a GIE level of around 36-41% using internal exhaust gas
recirculation (EGR) (Pedrozo et al., 2016). Meanwhile, Lee
et al. confirmed an approximate 42% GIE level between
gIMEP level of 0.2-0.8 MPa under ethanol-diesel direct
injection RCCI combustion conditions, also discussing the
size of smoke emissions (Lee et al., 2018).

However, there is a lack of previous studies that com-
paratively analyze the combustion characteristics of low-
reactivity fuels under both low-load and mid-load condi-
tions. Particularly, experimental results evaluating the effect
of carbon dioxide reduction through low-carbon fuels in the
era of carbon neutrality are needed. Therefore, in this study,
experimental investigations were conducted on combustion,
thermal efficiency, and exhaust characteristics by varying
low-reactivity fuels such as gasoline, ethanol, and propane
in the same compression ignition engine, optimizing each
operating condition under four different load conditions.

Experimental Setup and Condition
Experimental Setup

In these experiments, a single-cylinder diesel engine was
used. This engine had a displacement of 0.4 L and fea-
tured a compression ratio of 14, specifically configured
to reduce NO, emissions. To inject fuel, a solenoid diesel
injector capable of spraying at pressures up to 180 MPa
was employed alongside a common rail system. Addition-
ally, two solenoid gasoline port fuel injectors (PFIs) were
installed on the intake port, operating at a fuel pressure
of 0.5 MPa. Gasoline and ethanol were delivered through
these PFIs, while propane was introduced into the intake
port as a gaseous substance at a pressure of 0.3 MPa. The
propane flow rate was controlled using sonic orifices via
choke flow. The ratio of diesel to low-reactivity fuels (LRFs)
was determined based on mass measurements. You can find
detailed specifications of the engine in Table 1. The engine’s
operation was regulated by a 37 kW DC dynamometer. Flow
rates of diesel, gasoline, and ethanol were measured using a

Table 1 Engine specifications

Engine type Single cylinder (four-
stroke) compression
ignition

Displacement (L) 0.4

Bore X stroke (mm) 77.2%x84.5

Connecting rod (mm) 140

Compression ratio (-) 14
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mass burette-type flowmeter (ONO SOKKI, FX-203P) and
a mass flow meter (AVL, 7030 flow meter), respectively.
Meanwhile, a gas flow meter (MK Precision Co., MFM
(TSM-230)) was used to measure propane. The air-to-fuel
ratio (AFR) was continuously monitored by an oxygen sen-
sor (Horiba, MEXA 110Lambda) located on the exhaust
manifold. Airflow rates were calculated considering the fuel
ratio between each LRF and diesel, taking into account the
measured AFR.

To assess the exhaust gas composition, an exhaust gas
analyzer (Horiba, MEXA 7100DEGR) was employed to
measure the concentrations of NO,, total hydrocarbons
(THC), CO, CO,, and O,. Smoke emissions were evaluated
using a smoke meter (AVL, 415S). Both Exhaust Gas Recir-
culation (EGR) and air were pressurized simultaneously
using an independent supercharger, effectively simulating
a low-pressure (LP) EGR system. Subsequently, the EGR
and air mixture was cooled through an intercooler system,
and EGR rates were adjusted using an EGR valve. EGR

Heat transfer loss =

rates were computed based on volumetric values derived
from the CO, fractions in the exhaust and intake gases. Pres-
sure measurements were conducted using an absolute pres-
sure transducer (Kistler, 4045A5), while a relative pressure
transducer (Kistler, 6055Bsp) was employed to determine
in-cylinder pressure. Data from these pressure transducers
were recorded at intervals of one crank angle per 200 cycles
for each test scenario using a data acquisition system (Kis-
tler, KiBox To Go 2893). The experimental setup is visually
depicted in Fig. 1, and you can find fundamental characteris-
tics of each fuel in Table 2. The Gross Indicated Efficiency
(GIE) and combustion loss were computed using Eqs. 1-4
(Kokjohn et al., 2012).

14

gross

GIE =

b}

ey

MTHC of each cycle X CLHV avg of fuel T €O of each eycle X @LHV of CO

mgasoline X QLHV of gasoline + Mgiesel X QLHV of diesel

Combustion loss =

s
Mgy, reactivity fuel X QLHV of low reactivity fuel T Mdiesel X QLHV of diesel

2

(M rE X Orav of LRE T Mdiesel X QLHV of diesel) X (1 — combustion loss) — Cumulative HR 3)

My rE X QLav of LRE T Miesel X QLAV of diesel

Diesel

Kistler Ki-Box

OVAL

Horiba fuel flow meter

MEXA-7100 DEGR

Back pressure
valve

[ ) EGR cooler _
L EGR valve 1
Smokemeter - =

4155 AVL7030
fuel flow meter

s

Exhaust loss = 1 — (GIE) — (combustion loss) — (heat transfer loss).

“)

Experimental Conditions

Four representative operating conditions as various engine
speeds and gIMEP conditions were selected for this research.
There were four constraints about gross indicated specific
NO, (gISNO,) below 0.15 g/kWh, smoke emission below
15 mg/kWh, the maximum in-cylinder pressure rise rate

(PRR,,,,) below 1 MPa/deg and CoV of gIMEP lower than
Supercharger
3%.
Fig.1 Schematic diagram of experimental setup
Table.2 Properties of diesel, Properties Diesel Gasoline Ethanol Propane
gasoline, ethanol and propane
Chemical formula CH, . CH, . CH;CH,0H C;Hg
Density (g/cm3) 0.831 (liquid) 0.724 (liquid) 0.789 (liquid) 1.808 x 1073 (gas)
Low heating value (MJ/kg) 44.0 42.8 26.8 46.4
Cetane/octane number 54 (CN) 91 (RON) 113 (RON) 112 (RON)
Auto-ignition temp. (K) 483 520-553 638 723
Stoichiometric ratio (wt%) 14.6 14.5 9.0 15.5
Adiabatic temperature@ stoi- ~2270 2411 2355 2523
chiometric condition (K)
The maximum laminar flame  None 42 48 45

speed (cm/s)
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The four experimental conditions were determined in
consultation with the engine manufacturer as representative
operating conditions for low-to-medium loads. In addition,
the exhaust emission constraint and combustion stability
criteria were also modified to fit the single-cylinder engine
experiments, taking into account the engine manufacturer’s
guidelines and EURO-VI emission regulations. These con-
straints were satisfied by controlling the fuel ratios between
each LRF and diesel, diesel start of injection (SOI), EGR
rate. For all the test, single diesel injection was applied, and
its injection pressure was fixed as 45 MPa. Detailed experi-
mental conditions are introduced in Table 3.

Results and Discussion
Combustion Analysis

Figure 2 illustrates the energy supply reference ratio (a)
and EGR rate (b) of low-reactivity fuel across four distinct
operational scenarios, all aligned with the requirements for
minimizing NO, and smoke while regulating combustion.
To curtail NO, emissions, it becomes imperative to either
prolong the ignition delay phase to extend the premixing
interval or diminish the oxygen concentration in the intake
air (Heywood, 1988). As detailed in Table 2, for propane,

Table 3 Experimental conditions

Common variables

Parameter Specification

Case number 1 2 3 4

1500 1750 2000 2000
0.52 0.74 095 1.15
0.62 0.74 091 0.88

Engine speed (rpm)
¢IMEP (MPa)
Overall equivalence ratio @ (-)

Intake air temperature (K) 298
Coolant and oil temperature (K) 358
Diesel injection pressure (MPa) 45

Varied as low reactivity fuels

Low reactivity fuel injection pressure
(MPa)

Low reactivity fuel port SOI (°BTDC)

Diesel DI SOI (°BTDC)
EGR rate (%)

Constraints

gISNO, (g/kWh)
gISSmoke (mg/kWh)
PRRmax (MPa/deg)
CoV of gIMEP (%)

Gasoline/ethanol 0.5
Propane 0.3

Gasoline/ethanol 60
Propane: fumigation

30

Varied according to
operating conditions
(from 37 to 50)

0.15
15

Low reactivity fuel ratio as varying operating conditions

— 100
X
]
£ 80 73.65
= 69.70
8 61.32 61.85
o 60 57.51
2 52.48 52.32 52.3452.99
)
B 44.12
® 40.52
s 40 37.82
[
3
=
3 20
b
©
S o9
2
K] Casel Case2 Case3 Case4
W Gasoline M Ethanol Propane
(a)
EGR rate as varying operating conditions
60
50 28.02 49.12
45.18 44.64
43.4241'2944-04 41.84 4161 42.49

— 40 38.1 .
9 836.81
2
® 30
o
[C]
w20

10

0

Casel Case2 Case3 Case4

M Gasoline ™ Ethanol

(b)

Propane

Fig.2 Low reactivity fuel ratios to total fuel based on LHV (a) and
EGR rate (b) as varying LRFs under four different cases

possessing a relatively elevated adiabatic flame tempera-
ture, a heightened EGR rate was employed to curtail oxy-
gen concentration, thereby enhancing ignition stability when
employing a higher proportion of diesel in comparison to
gasoline (Lee et al., 2017, 2019). Augmenting the EGR rate
effectively curbs NO, emissions, albeit potentially foster-
ing increased smoke when the diesel fraction is substantial.
Yet, due to propane’s gaseous nature, there exists leeway
for smoke emissions, thereby enabling EGR optimization.
Conversely, in the case of ethanol, as indicated in Table 2,
its Research Octane Number (RON) akin to propane inher-
ently permits a protracted ignition delay phase. Moreover,
ethanol inherently contains oxygen within its composition,
translating to less encumbrance in terms of smoke emis-
sions. Thus, as demonstrated in Fig. 2a, during ethanol/
diesel RCCI combustion (£/D), analogous to propane, a
lower diesel fraction was adopted, negating the necessity
for an exceedingly high EGR rate employed in propane for
NO, reduction. Lastly, for gasoline/diesel RCCI combustion
(G/D), in the pursuit of concurrent NO, and smoke reduc-
tion, the gasoline fraction was heightened to reach 52.48%.
As depicted in Fig. 3a, during low-load conditions
(case 1), the combustion characteristics of G/D facilitated
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Fig.3 HRR as various LRFs under case 1 (a), case 2 (b), case 3 (c)
and case 4

areduction in combustion chamber temperature due to the
retardation of combustion phase. This yielded a height-
ened peak heat release rate (HRR) and a more compact
premixed combustion phase for ethanol and propane
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compared to gasoline, which manifested relatively lower
peak HRR and exhibited twin peaks in HRR. In case 1, the
low-temperature heat release (LTHR) region, emblematic
of premixed combustion, was distinctly observable. Yet,
with escalating load, the LTHR region was only conspicu-
ous in G/D (Wagqas et al., 2019).

With heightened load, the twin peaks in HRR coa-
lesced into the prototypical shape of RCCI combustion
HRR, evident in Fig. 3d for case 4 (Lee et al., 2019). This
canonical RCCI combustion HRR pattern features a well-
defined LTHR segment followed by a gradual initial HRR
rise, succeeded by a rapid ascent after the peaks (Reitz
& Duraisamy, 2015). Amplifying the load simultaneously
augmented the supply proportion of low-reactivity fuel,
consequently expediting the start of combustion (SOC)
for G/D due to its comparably low RON and auto-ignition
temperature.

A more exhaustive analysis of combustion metrics
is presented in Fig. 4. The primary combustion interval
was defined as the mass fraction burned from 10 to 90%
(MFB10-90), further partitioned into early combustion
(MFB10-50) and late combustion (MFB50-90) phases
(Fig. 4a, b, respectively). Generally, MFB10-50 remained
consistent around 5°-7° for most instances, barring case
1 with a relatively modest diesel fraction where it slightly
extended. Figure 4b indicates that the late combustion
(MFB50-90) for gasoline and propane was akin, while
ethanol displayed a lengthier duration. Despite similar
laminar flame speed among fuels (as shown in Table 2),
differences in localized premixing within the combustion
chamber, stemming from propane’s gaseous supply versus
ethanol’s liquid delivery through PFI, conceivably influ-
enced the late combustion phase.

Figure 4c employs the MFB50 point as a reference,
unveiling that the engine employed in the study exhibited
optimal thermal efficiency around 7-10°ATDC for MFBS50.
Nevertheless, certain circumstances necessitated retarding
the MFB50 point to align with NO, limitation constraints.
Figure 5 delineates the ignition delay period for distinct
fuels, commencing from the diesel fuel’s start of injection
(SOI) to MFB10. G/D generally upheld an ignition delay of
approximately 33° regardless of load conditions. Conversely,
for ethanol and propane, the ignition delay phase elongated
with escalating load and output.

Figure 5 delineates the ignition delay period for distinct
fuels, commencing from the diesel fuel’s start of injection
(SOI) to MFB10. G/D generally upheld an ignition delay of
approximately 33° regardless of load conditions. Conversely,
for ethanol and propane, the ignition delay phase elongated
with escalating load and output.

In contrast, Fig. 6 charts the maximum in-cylinder pres-
sure rise rate (PRR,.), which adheres to the stipulated
1 MPa/° limitation for all fuels. The PRR,, expanded with
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MFB10-50 as varying operating conditions
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Fig.4 MFB10-50 (a), MFB50-90 (b) durations and MRB 50 (c) as
varying LRFs under four different cases

increased load across all scenarios. Ethanol registered a
higher PRR .., while propane maintained a relatively sub-
dued PRR ., not exceeding 0.65 MPa/°.

Emissions and Efficiency Analysis

Across all scenarios, NO, and smoke emissions were already
at levels within 0.15 g/kWh and 15 mg/kWh, respectively.
Hence, our primary focus will be on CO,, CO, and THC
emissions.

Ignition delay as varying operating conditions
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Fig.5 Ignition delay (from diesel SOI to MFB10) as varying LRFs
under four different cases
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Gross indicated specific CO, as varying operating conditions
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Fig.7 gISCO, as varying LRFs under four different cases

Figure 7 displays the gross indicated specific CO,
(gISCO,) based on diverse fuels and driving conditions.
Upon replacing gasoline with low-carbon options like
ethanol and propane as low-reactivity fuels, a notewor-
thy reduction in CO, emissions becomes evident regard-
less of driving conditions. Nevertheless, the magnitude
of this reduction varies depending on factors such as the
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CO, reduction potential comparison
(Expected vs. Experimental values)
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Fig.8 CO, reduction potential comparison between expected and
experimental values

substitution rate of low-reactivity fuels, GIE, and EGR
rate. Notably, during Case 2 conditions, propane/diesel
RCCI combustion (P/D) demonstrated the lowest CO,
emissions at 601 g/kWh, while under maximum power
conditions (Case 4), E/D achieved a CO, emission reduc-
tion of up to 609 g/kWh.

To validate this reduction, Fig. 8 compares projected val-
ues with actual experimental data to assess the reduction
rate. Projected values are computed based on chemical reac-
tion equations for gasoline and diesel, assuming iso-octane
(CgH,3) as the component with the smallest carbon number.
Assuming complete combustion of 1 mol of each low-reac-
tivity fuel, gasoline (assumed as iso-octane) yields 8 mol of
CO,, ethanol yields 2 mol, and propane yields 3 mol. Con-
sidering these results in terms of volume, the CO, emission
ratio from complete combustion of 1 kg of fuel is approxi-
mately 3.08:1.76:3.00 for gasoline, ethanol, and propane,
respectively. Consequently, the CO, reduction potential is
formulated and calculated relative to G/D as follows:

CO, mass from CgH,4 - CO, mass from E or P

CO, reduction potential =
CO, mass from CgH g

GIE of E/D or P/D

X LRF substituti tio X
substitution ratio GIE of G/D

&)

The findings reveal that expected values aligned closely
with experimental data for Case 1 conditions, and marginal
discrepancies were noted for other driving conditions. Par-
ticularly, under Case 2, 3, and 4 conditions, both P/D and
E/D exhibited even more pronounced CO, reduction effects
than anticipated values. However, this is likely attributed to
the increase in non-methane hydrocarbons emitted, which
were not emitted as CO,, as elaborated later.

Figure 9 illustrates THC and CO emissions. In Fig. 9a,
barring case 1 with combustion phasing issues in G/D, P/D
exhibited elevated THC emissions. This can be attributed
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Fig.9 gISTHC (a) and gISCO (b) results as varying LRFs under four
different cases

to propane’s gaseous supply, which reduces combustion
efficiency due to the crevice effect compared to the two
liquid fuels. Conversely, in the case of E/D, the inherent
oxygen content within ethanol fuel translated to lower THC
emissions.

Regarding CO emissions in Fig. 9b, comparatively high
emissions were observed for E/D under low-load conditions
(case 1 and case 2). Specifically, under case 1 (low-load
condition), both ethanol and propane exhibited higher CO
emissions than gasoline. In case 2, ethanol displayed notably
higher CO emissions. As deduced from Fig. 4b, where the
MFB50-90 period appeared elongated for E/D, it is hypoth-
esized that inadequate air and premixing within the combus-
tion chamber led to localized rich regions, impeding smooth
combustion and resulting in CO emissions. CO is contingent
upon local equivalence ratios, suggesting that mixture prepa-
ration is at the core of this issue.

Lastly, Fig. 10 presents the energy distribution for dis-
tinct fuels across the four operating conditions. Although
variations in GIE between fuels are not drastic, etha-
nol and propane applications demonstrate clearer GIE
enhancements in case 1 and case 4. In case 1, combus-
tion losses of 13.54% were encountered in G/D due to
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Fig. 10 Energy budget as varying operating conditions under using
gasoline (a), ethanol (b) and propane (c)

combustion phasing challenges and heightened exhaust
enthalpy losses, leading to diminished GIE. Conversely,
P/D incurred combustion losses of 12.21%, yet maintained
a margin for heat transfer losses within the combustion
chamber due to elevated EGR rates, bolstering thermal
efficiency. E/D showcased the lowest combustion losses in
all operating conditions, showcasing the advantages of its
combustion efficiency, buoyed by a lower EGR rate, higher
diesel fraction, and oxygen content in ethanol fuel, con-
tributing to overall GIE enhancement. Across all operating

conditions, P/D exhibited exacerbated combustion losses
due to factors such as the crevice effect.

Conclusions

In this investigation, the feasibility of using gasoline, etha-
nol, and propane as low-reactivity fuels in RCCI combus-
tion to mitigate CO, emissions was explored across four
distinct driving conditions. Each condition adhered to four
specific constraints: nitrogen oxides, smoke, PRR .., and
CoV of gIMEP. The summarized research findings are out-
lined as follows:

1. In the case of P/D, the relative diesel fraction was
heightened, and the EGR rate was increased to extend
the premixing phase, leading to decreased NO, and
smoke emissions. In contrast, G/D, where liquid fuel
injection was employed, exhibited improved premixed
combustion with a greater proportion of low-reactivity
gasoline. Ethanol, due to its inherent oxygen content,
operated comfortably at relatively low EGR rates and
ethanol fractions, especially during low-load condi-
tions, without smoke emission concerns. Moreover,
while there were minimal differences in the MFB10-50
period among fuels, E/D displayed a slightly accelerated
trend. Conversely, E/D exhibited the slowest MFB50-
90 period, and the rate of combustion pressure rise was
most pronounced in E/D.

2. Ethanol and propane, as low-reactivity fuels, showcased
the ability to reduce CO, emissions compared to G/D,
across varied load conditions. In both E/D and P/D set-
ups, the reduction hovered around 5.64% during low-
load conditions and reached up to about 6.81% in E/D
under high-load conditions compared to G/D. The rate
of CO, emission reduction via low-reactivity fuel sub-
stitution in RCCI combustion closely aligned between
projected and actual data. Different driving conditions
yielded comparable GIE regardless of the low-reactiv-
ity fuel employed. However, E/D demonstrated a slight
advantage in terms of combustion losses. Particularly at
1500 rpm/gIMEP 0.52 MPa conditions, where the need
to meet nitrogen oxides limits caused delayed combus-
tion in G/D, resulting in heightened combustion losses.

3. Contrary to expectations, the reduction in CO, emissions
was less significant than anticipated. Given the dual-
fuel nature of this combustion method alongside die-
sel, achieving higher substitution rates of low-reactivity
fuel requires raising the compression ratio. However,
this elevation might inadvertently lead to increased NO,
emissions, underscoring the importance of judiciously
leveraging EGR and managing the air—fuel ratio. While
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the low-carbon fuel combustion method indeed holds
potential for effective CO, reduction, comprehensive
research into their utilization in compression-ignition
engines should factor in these considerations to optimize
engine thermal efficiency.
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