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Abstract

The main objective of this paper is to review the emission characteristics of homogeneous charge compression ignition (HCCI)
engines using different fuels and additives. Additionally, the impacts of various operating conditions on HCCI engine emissions
are also analyzed. There is a demand faced by the engine and car manufacturers for high fuel efficiency and low emission from
both consumers and the government. HCCI is an alternative internal combustion technology that is more efficient and cleaner
than traditional combustion techniques. In this engine, fuel and oxidiser (typically air) are entirely mixed and compressed to the
point of auto-ignition. It is a new combustion concept that provides high efficiency and resolves high nitrogen oxide (NOx) and
particulate matter (PM) emissions simultaneously. Conventional diesel engine emits NOx around 2000-2500 ppm which is a
primary concern; however, when diesel is used in HCCI engine, it reduces NOx to only 70400 ppm. Furthermore, natural gas
cannot be used as fuel in the conventional engine but can be used in HCCI engine. It helps reduce NOx emission even below 10
ppm. This paper reviews several works done by researchers on HCCI engines to reduce their emissions and benefit future
research.
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Introduction

Spark ignition (SI) and compression ignition (CI) engines are
the most widely used ground transportation engines these
days. Even though both engines are reciprocating in nature,
they are still different in fuel economy, power efficiency, and
emissions. SI (petrol) and CI (diesel) engines use fossil fuels
and contribute largely to air pollution in urban areas. A large
quantity of NOx is formed in the conventional type of IC
engines because of high temperature inside the cylinder.
Smoke is formed within the combustion chamber due to lo-
calized fuel-rich regions and localized low-temperature zone.

Responsible Editor: Philippe Garrigues

< Anil Kumar
anilkumar76 @dtu.ac.in

Department of Mechanical, Production & Industrial Engineering and
Automobile Engineering, Delhi Technological University, -110042,
Delhi, India

Harcourt Butler Technical University, -208 002, Kanpur, India

Centre for Energy and Environment, Delhi Technological University,
-110042, Delhi, India

@ Springer

Photochemical smog is formed due to this NOx’s reaction
with atmospheric gases (Hussaini et al. 2016). PM emitted
from diesel engines causes various respiratory problems like
asthma, chronic obstructive pulmonary disease (COPD), lung
cancer, and many more. Many emission standards are being
implemented due to such adverse effects on human health
because of these pollutants. They require the reduction of
pollutants like PM and NOx emissions (Ohur and Kariuki
2014).

A new combustion system is required to minimize the
emission level from conventional internal combustion (IC)
engines. HCCI is a technique that is becoming more popular
because of its capability of reducing PM and NOx emissions
simultaneously by using compression ignition of the homoge-
neous fuel-air mixture. It is a form of IC engine in which
oxidizer (mainly air) is thoroughly mixed with fuel and com-
pressed to the point of auto-ignition. Energy released from this
exothermic reaction is transformed in an engine in work and
heat like other combustions. HCCI combines characteristics of
conventional petrol engines and diesel engines (Janathanan
et al. 2016).

HCCI engine gives improved thermal efficiency and very
less emissions. It can be implemented by modifying either
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Fig 1 Comparison of SI, HCCI,
and CI engines
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spark ignition or compression ignition engine using any fuel
type for combination. Air-fuel mixture is kept lean in HCCI
engines. It automatically ignites in different locations and
burns volumetrically without recognizable flame propagation.
In HCCI engine, fuel delivery is essential for the controlled
combustion process.

HCCI engine is a four-stroke IC engine that works similarly to
SI and CI engines. Fuel is injected into each cylinder, and air is
introduced into the cylinder through a separate air intake mani-
fold during suction stroke. Fuel and air are mixed perfectly.
Temperature starts increasing inside the combustion chamber
due to compressed air-fuel mixture during the compression
stroke. As sufficient heat is accumulated for combustion, ignition
takes place without any use of a spark plug. The combustion in
an HCCI engine is a lean and low temperature process (unlike SI
and CI engines), and its energy is released across the entire com-
bustion chamber. Complete air-fuel mixture is burned and pro-
duces a similar amount of power (as SI or CI engine) by using
lesser amount of fuel and releasing very few emissions. At the
end of the power stroke, an exhaust stroke is initiated. Still,
exhaust valves close before all of the burned gases can be evac-
uated, trapping some amount of latent heat of combustion. This
heat is preserved, and small amount of fuel is injected inside the
combustion chamber through the inlet valve for pre-charging
before the next intake stroke begins (Mulane and Limaye
2016) (Fig. 1).

Lean combustion in HCCI increases the fuel efficiency by
15% over the conventional SI engine. It has lower emissions
(especially NOx) than a conventional CI engine. Fuel is
burned quicker and at a lower temperature which reduces heat
energy losses. Also, the overall engine noise, vibration, and
harshness are lower than conventional engines. HCCI engine
does not require any external aid to initiate the combustion
process. A variety of fuels can be used in the HCCI engine,
which also helps in reducing emission losses. Low-pressure
fuel injection system is used, and a spark plug is also not
required, making manufacturing cheaper. Also, it has the least
throttle losses (Hasan and Rahman 2016).

Although HCCI has an advantage over conventional engines
in terms of thermal efficiency and NOx emission, its combustion
has many difficulties. Combustion in HCCI engines is achieved
by controlling the pressure, temperature, and composition of the
air-fuel mixture to ignite itself when the piston reaches top dead
centre (TDC). It is more complex than a direct control mecha-
nism like a fuel injector in the CI engine or a spark plug in the SI
engine, which controls ignition timing. High cylinder pressure in
HCCI needs more robust engine construction, which makes it
expensive. Otherwise, there is a risk of explosion due to high
energy produced during power stroke. Also, it has limited power
and a small torque range compared to SI engine. Although it has
less NOx emission, high hydro-carbon (HC) and carbon mono-
oxide (CO) emissions are compared to the SI engine. HCCI
engine has weak cold start capability, and difficulty is also faced
in preparing homogeneous charge mixture (Venkataramana
2013).

Conventional fuels like petrol and diesel are the main causes
of emissions from automobiles. It is understood that HCCI
technology offers better fuel economy and emissions control;
however, it is not confident that these engines will deliver these
characteristics inexpensively. Continued advancement is
necessary to bring it into the daily production of the vehicle.
These challenges must be overcome for the mass production
and implementation of HCCI engines in the daily production
of the vehicle. This paper reviews several works done by
researchers on the HCCI engine to reduce its emission.
Prospective fuels for HCCI engines to get minimum emission
are also discussed. This compilation will be beneficial for
carrying out future research in this field.

Emissions from HCCI engine
Natural gas

Yao et al. (2006) performed a study to find controlling strat-
egies of HCCI combustion fuelled with methanol and
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dimethyl ether. Experiments were performed on a single-cyl-
inder-modified direct-injection diesel engine which was wa-
ter-cooled. NOx emissions were observed very low for the
HCCI engine at 1400 rpm, and 0.64 MPa indicated mean
effective pressure (IMEP) and varying die-methyl ether
(DME) and exhaust gas recirculation (EGR). Till 10% EGR,
NOx emission was around 30 ppm. At higher EGR like 25%,
40%, and 65%, NOx emission was very less, even less than 10
ppm. NOx emission increases sharply when knocking occurs
up to 70 ppm. HC and CO emissions in HCCI engine were
analyzed at 1400 rpm and 0.44 MPa IMEP and varying DME
and EGR. On increasing EGR rate from 0 to 65%, keeping
DME at around 62%, HC and CO emission was around 0.3—
0.4%. DME was increased to around 74%; HC emissions
reduced to less than 0.15%, and CO emissions reduced to less
than 0.1%. Exhaust gas recirculation and dimethyl ether have
a considerable effect on the performance and emission of
HCCI engine.

He et al. (2013) studied the combustion characteristics and
emission characteristics of an HCCI engine fuelled by n-bu-
tanol. Experiments were performed on a four-stroke single-
cylinder gasoline engine equipped with variable valve lift
(VVL) and variable valve timing (VVT) devices on both the
valve intake and exhaust. It was observed that for 1500 rpm,
63° CA after top dead centre (ATDC), and 0.26 MPa IMEP,
NOx emission was 40—60 ppm whereas for 2000 rpm, 43° CA
ATDC and 0.158 MPa IMEP, it was 10-20 ppm. Very less
amount of NO emission was observed as compared to other
conventional engines. Methanol emission was around 15-16
ppm for 1500 rpm and 13 ppm for 2000 rpm; however, etha-
nol emission was 345-360 ppm for 1500 rpm and 270-300
ppm for 2000 rpm.

Maurya and Agarwal (2010) performed experiments to
study the combustion and emission characteristics of HCCI
combustion engine running on ethanol. A four-stroke two-
cylinder engine was used, which was naturally aspirated, air-
cooled, and bowl-shaped combustion chamber. Direct injec-
tion diesel engine was modified for experiments. An experi-
ment was performed at 1500 rpm, and intake air temperature
of fuel was maintained between 120 and 150°C to analyze
different emission parameters. HC emission was 200—400
ppm at 120 °C for a range of “\” value from 2 to 3.5.
However, at 150 °C, it was 175-225 ppm for a range of “\”
value from 3 to 5. CO emission ranges from 0.1 to 0.8% for
different temperatures and different “\” values. NOx emission
for all the temperatures was found to be less than 10 ppm.
Results show that NOx emissions are lower than 10 ppm for
all stable operation points; however, HC and CO emissions
were higher.

Tsolakis et al. (2007) studied the exhaust gas fuel applica-
tion of reforming in diesel and HCCI engines fuelled with bio-
fuels. They explained the exhaust gas fuel-reforming benefits
by adding simulated reformed gas to a diesel engine which
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was fuelled by the mixture of 50% ultra-low sulfur diesel and
50% rapeseed methyl ester, referred to as B50. They also used
a HCCI engine that uses bio-ethanol. It was observed that at
4.5 bar IMEP and 2.6 “)\”, exhaust gas composition was
0.01% CO, 12.6% O,, 4.76% CO,, and 5.02% H,0. Also,
as the percentage by volume of EGR increases from 0 to
20%, NOx emission is reduced from 700 to 400 ppm, and
on increasing reformed EGR (REGR) by same, NOx emission
reduced from 700 to 650 ppm for fuel injection at standard 22°
BTDC. As fuel injection is retarded to 19° BTDC, NOx emis-
sion is found to be 700-550 ppm. At 6.1 bar IMEP and 2.14 ),
exhaust gas composition was 0.01% CO, 10.8% O,, 6.3%
CO,, and 6.4% H,0. NOx emission decreased from 1050 to
600 ppm for EGR and 1050 to 800 ppm for REGR.

Olsson et al. (2001) worked on a dual-fuel turbocharged
HCCI engine. A 6-cylinder truck engine was modified for
dual fuel turbocharged HCCI engine operation. Ignition
timing was controlled by using two different fuels, ethanol
and n-heptane. A study was done to demonstrate high load
operation of a HCCI engine. As the load was increased at high
speed, HC emission reduced from 10 to 8 g/kWh, and at low
speed, it was around 67 g/kWh. The same trend can be seen
in CO emission also. At high speed, CO emission reduced
from 90 to 20 g/kWh on increasing the load; and at low speed,
CO emission was around 10-15 g/kWh. It was observed that
NOx emission increases with an increase in load; however,
even at the highest load condition of 16 bar break mean effec-
tive pressure (BMEP), NOx was less than 4 ppm (0.063
g/kWh).

Again Olsson et al. (2003) performed experiments to study
the cooled EGR effect on emissions and performance of tur-
bocharged HCCI engine. A six-cylinder D12 truck engine was
modified for this study. Ethanol and n-heptane port fuel injec-
tion was used. For the closed-loop combustion control, cylin-
der pressure sensors were also used. It was observed from the
experiment that, for intermediate loading of 11.5 bar, HC
emission reduces from 40 to 20g/kgg, when EGR is in-
creased from 0 to 60%; and for intermediate loading of 7.5
bar, HC emission reduces from 25 to 10 g/kgg..;. Maximum
CO emission is 22 g/kgg, for both 11.5 and 7.5 bar load
conditions and reduces to around 10 g/kgg, on increasing
EGR rate. Observing for NOx emission at 11.5 bar, it was
found that it ranges between 0.02 and 0.07 g/kWh. When a
turbocharger is used at 1600 rpm and 11 bar BMEP, NOx
emission for no EGR condition is between 15 and 25 ppm
and for 45% EGR, NOx ranges between 20 and 35 ppm.

Polat (2015) performed experiments to study engine per-
formance, combustion, and emission characteristics of HCCI
engine using diethyl ether blend and ethanol. Four-stroke sin-
gle-cylinder HCCI engine with port injection was used.
Mixture of diethyl ether and ethanol was used in the experi-
ment in the ratio like 30% ethanol-70% diethyl ether (E30/
D70), 40% ethanol-60% diethyl ether (E40/D60), 50%
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ethanol-50% diethyl ether (E50/D50), and 100% diethyl ether
(DEE). Observations were taken at a fixed speed of 1200 rpm.
For E30/D70 mixture, if inlet temperature was fixed at 353 K
and “)\” is increased from 1.5 to 3, CO emission reduced from
0.09 to 0.07% and HC emission reduced from 230 to 180
ppm. However, on fixing “\” at 2 and increasing temperature
from 333 to 393 K, CO emission reduced from 0.05 to 0.07%,
and HC emission reduced from 330 to 240 ppm. For E40/D60
mixture, on increasing A from 1.46 to 2.25 at same 353 K, CO
emission reduced from 0.08 to 0.05%, and HC emission re-
duced from 290 to 220 ppm. But on fixing “A” at 2 and
increasing temperature from 333 to 393 K, CO emission re-
duced from 0.14 to 0.1%, and HC emission reduced from 425
to 360 ppm. For E50/D50 mixture, if inlet temperature was
fixed at 353 K and “\” is increased from 0.8 to 1.6, CO
emission reduced from 0.15 to 0.11%, HC emission reduced
from 340 to 300 ppm, and NOx emission ranges between 94
and 40 ppm. But on fixing “A” at 1 and increasing temperature
from 333 to 373 K, CO emission reduced from 0.22 t0 0.16%,
HC emission reduced from 460 to 400 ppm, and NOx emis-
sion increased 75 to 117 ppm. For DEE, if inlet temperature is
fixed at 353K and increased “\” from 1.59 to 2.85, CO emis-
sion reduced from 0.065 to 0.04% and HC emission reduced
from 190 to 140 ppm.

Ying et al. (2009) performed a comparative study of emis-
sion and combustion characteristics of HCCI engine and
HCCI-DI engine. A four-stroke single-cylinder naturally aspi-
rated direct injection diesel engine fuelled with dimethyl ether
was used for the experiment. Observations were taken for
different values of “/”” which was ratio of the mass consump-
tion rate of port aspirated DME fuel and total mass of fuel. For
18% “r” ratio, NOy emission increases from 150 to 350 ppm
on increasing BMEP, and as ‘7 ratio is increased to 1, NOx
emission decreases to almost 10 ppm. Maximum NOx emis-
sion was found to be 700 ppm for direct injection compression
ignition (DICI) engine. Maximum HC emission reduced from
1080 for 100% ““r” ratio to 300 ppm for 18% 7 ratio at low
load condition. As load is increased, HC emission was further
reduced to 500 ppm for 100% “r” ratio and almost 0 ppm for
other “r” ratio values. On increasing load from 0.05 to
0.35 MPa BMEP, CO emission reduced from 2.2 to 0.1%
for 100% 7 ratio. But for 18%, 26% and 33% 7 ratio,
CO emission increases on increasing the load. As EGR was
increased from 0 to 12%, NOx emission reduced from 50 to
20 ppm for 33% “r” value and from 72 to 60 ppm for 26% “r”
value. HC emission increased from 350 to 450 ppm for 26%
“r” value and from 440 to 520 ppm for 33% “r” value. CO
emission increased from 0.2 to 0.35% for 26% “r” value and
from 0.45 to 0.6% for 33% “|r” value.

Yap et al. (2005) experimented with studying exhaust gas
fuel reforming on HCCI engine operation worked on natural
gas. Modified single-cylinder SI engine was used for com-
pression ratio from 10.5 to 15 at 1500-rpm engine speed.

CO emission increased with REGR addition was observed
during emission characteristics. CO emission is 0.16% for
10% H, in 5% REGR, 0.18% for 15% H, in 5% REGR, and
0.06% for HCCI combustion without H, supply. Similarly,
HC emission also increased with the addition of H, in
REGR. HC emission increased to 210 ppm if 15% H, was
supplied with 5% REGR and 200ppm at 10% H, with 5%
REGR. But NOx emission decreases on supplying H, with
REGH. NOx emission reduced to 300 ppm if 15% H, was
supplied with 5% REGR and 500 ppm at 10% H, with 5%
REGR compared to 800 ppm for no EGR condition.

Maurya and Agarwal (2014) modified a four-cylinder four-
stroke engine and experimented with different engine speeds
by preparing homogeneous charges using port fuel injection.
Air-fuel mixture was auto ignited by air preheater intake in the
combustion chamber. Heat release curve for calculating com-
bustion parameters was used. NOx emission was below
10 ppm till 1800°C of mean cylinder temperature, but after
that, it boosts to 70-90 ppm; however, in conventional mode,
NOx emission ranges around 2000-2500 rpm. Highest CO
emission was observed to be 55 g/kWh for methanol.
However, it was lower in the case of gasoline-fuelled engine.
It was found that HC emission was reduced by advancing the
combustion timing. The highest HC emission was 18.4 g/kWh
at the lowest engine load for gasoline in HCCI mode.

Mack et al. (2009) investigated heat release rates, intake
temperatures, engine operating limits, and exhaust emission
parameters for the engine operating with 40%, 60%, 80%,
90%, and 100% ethanol-in-water mixtures. It was observed
that HC emission was above 1000 ppm for E60/W40 mixture,
between 400 and 600 ppm for E80/W20 mixture, and less than
200 ppm for 100% ethanol fuel. Similarly, CO emission was
also highest for E60/W40 mixture going maximum to
1400 ppm and least for 100% ethanol fuel around 500 ppm.
Also, NOx emission for 100% ethanol fuel was around 0.5-—4
ppm; and for E60/W40 mixture, it was 4-8 ppm. It was con-
cluded that CO, HC, and NO emissions increased, but O,
emission decreased with increasing water content in fuel.

Gharehghani (2018) investigated three fuels: natural gas,
ethanol, and methanol, for finding load limits vis-a-vis proper
operating range for each type of fuel. A single-cylinder vari-
able compression ratio diesel engine of 507cc volumetric ca-
pacity was used for experiments. In this study, for stable
HCCI operation, a high load limit was defined by the knock
phenomenon and low load limit by combustion stability. CO
emission for natural gas ranges between 1.5 and 6.5 g/lkWh,
whereas for ethanol and methanol, CO emission ranges be-
tween 0.7 and 5.8 g/kWh, which was less than natural gas.
Similarly, HC emission for natural gas was around 0.8—4.2
g/kWh, whereas for ethanol and methanol, it ranges between
0.35 and 4.9 g/lkWh. NOy emission for natural gas was around
0.02-0.12 g/kWh, whereas for ethanol and methanol, it was
around 0.06-0.26 g/kWh and 0.05-0.45 g/kWh, respectively.
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Therefore, ethanol and methanol could be used for the lean
mixture (low loads) and lower intake temperatures. In con-
trast, natural gas should be used for HCCI for the rich mixture
(high loads) and higher intake temperatures. Methanol is also
usable even for ultra-lean mixtures. Emissions from HCCI for
Natural Gas are mentioned Table 1.

Diesel

Singh and Agarwal (2012) performed an investigational ex-
periment on emission, combustion, and the HCCI engine per-
formance worked on diesel. Experiment was performed on an
engine of two cylinders in which one cylinder was modified to
operate on HCCI technique. In contrast, other cylinder was
operated on conventional CI engine mode. Combustion, emis-
sion, and performance characteristics were analyzed with 15%
EGR and without EGR. As data of emissions are checked, it
was found that maximum CO emission in diesel engine is 5
g/kWh, whereas for HCCI engine, it is 7 g/lkWh; and on using
15% EGR in HCCI engine, CO emission further increases to
13 g/kWh. Also, the maximum HC emission in diesel engine
is 0.75 g/lkWh, whereas for HCCI engines, it was 2.1 g/kWh;
and on using EGR in HCCI engine, HC emission further in-
creases to 3 g/lkWh. On the contrary, NOx emission in diesel
engine was 8.9 g/kWh and for HCCI engine, it decreased to
3.9 g/kWh; and if 15% EGR was used in HCCI engine, NOx
emission further decreases to 2.9 g/kWh. CO and HC

emission increases in HCCI engine, whereas NOX emission
decreases compared to diesel engine emissions.

Gowthaman and Sathiyagnanam (2016) experimented with
analyzing the various effects of inlet air temperature and fuel
injection pressure on performance and emission behavior of
HCCI engine worked on diesel. Inlet air temperature was var-
ied from 40 to 70°C, and injection pressure in the port fuel
injector is varied from 4 to 5 bar. It was observed that at 4 bar,
the maximum NOx emission of the conventional diesel engine
is 980 ppm, and for HCCI engine worked on diesel, it was
520 ppm at 60 °C inlet air temperature. For higher pressure
fuel injection of 5 bar, NOx emission for diesel remained the
same, but for HCCI engine, it increased to 650 ppm. Also, if
BMEP was increased, NOx emission increases. If inlet tem-
perature of HCCI engine was increased by 40 °C, 50 °C, and
60 °C, arise in NOx emission can be seen by 2%, 5%, and 9%,
respectively. HCCI engine, operating at 4-bar injection pres-
sure and 50 °C inlet temperature, emits smoke density maxi-
mum of 32 HSU (Hatridge Smoke Unit), whereas convention-
al diesel engine emits smoke density ranging between 36 and
73 HSU. If inlet temperature of HCCI engine is increased by
40 °C, 50 °C, and 60 °C, rise in smoke emissions can be seen
by 2%, 4%, and 5%, respectively. HC emission in the case of
the diesel engine is 50 ppm and HCCI engine was around 100
ppm. CO emission in diesel engines is 0.2%, and HCCI en-
gine was around 0.34-37%. As the inlet temperature increases
from 40 to 60 °C, HC and CO emissions reduce at all load
conditions.

Table 1 Emission values for

natural gas Emission NOx HC CO CO, 0, H,O
parameters
Authors
Yao et al. (2006) 0-70 ppm 0.15-03% 0.1-04% - - -
He et al. (2013) 10-60 ppm  13-360 - - - -
ppm
Maurya and 0-10 ppm 175-400 0.1-0.8% - - -
Agarwal (2010) ppm
Tsolakis et al. 550-1050 - 0.1% 476-63% 12.6-108%  5.02-6.4%
(2007) ppm
Olsson et al. (2001)  0-0.63 6-10 10-90 - - -
g/kWh g/kWh g/kWh
Olsson et al. (2003)  15-35ppm  1040gkg 10-22gkg - - -
Polat (2015) 40-117 140-460 0.04-0.22% - - -
ppm ppm
Ying et al. (2009) 10-350 300-1080 0.1-2.2% - - -
ppm ppm
Yap et al. (2005) 10-800 100-210 0.04-0.18% - - -
ppm ppm
Maurya and 0-90 ppm 6.7-18.4 55-74 ppm - - -
Agarwal (2014) g/kWh
Mack et al. (2009) 0.5-8 ppm 100-1100 500-1400 - 10-19 ppm -
ppm ppm
Gharehghani 0.02-0.45 0.84.2 0.7-6.5 - - -
(2018) g/kWh g/kWh g/kWh

@ Springer



Environ Sci Pollut Res (2022) 29:50960-50969

50965

Shi et al. (2005) experimented with studying the effect of
internal and external exhaust gas recirculation on the emission
from the HCCI engine. Four-stroke single-cylinder, water-
cooled, and naturally aspirated diesel engine was used. For
internal EGR, at 1500 rpm, if IMEP is increased from 0.3 to
0.4 MPa, NO emission is less than 20 ppm at 10° CA valve
overlap. If valve overlap changes to —20° CA valve overlap,
NOx emission increased from 30 to 150 ppm. A drastic in-
crease in NOx emission was observed at 40° CA negative
valve overlap, and it reached 1100 ppm at 0.4 MPa IMEP.
Maximum smoke opacity was observed at 0.4 MPa IMEP,
and its value is 6.5% for 40° CA negative valve overlap, 6%
for 20° CA negative valve overlaps, and 16% for 10° CA
valve overlap. For External EGR, NOx emission in diesel
engine was found to be approximately 360 ppm, but in the
HCCI engine, NOx emission was reduced to 150 ppm at 0%
EGR. As EGR rate is increased to 50%, NOx emission was
further reduced to even less than 10 ppm. Maximum smoke
opacity of 50% was observed for diesel engines at 40% EGR
rate. In HCCI engine, smoke opacity was reduced to 10-30%.
Maximum CO emission of diesel engine was 0.15% which
was less than HCCI engines which produce CO emissions of
0.4%.

Singh and Agarwal (2016) examined HCCI combustion by
using four test fuels. These test fuels are diesel, diesoline (15%
v/v of gasoline with diesel), diesohol (15% v/v of ethanol with
diesel), and diesosene (15% v/v of kerosene with diesel). A
two-cylinder engine in which one cylinder operated on HCCI
technique while the other on conventional compression igni-
tion mode was used for experimentations. Compression ratio
of HCCI cylinder was kept at 16.5. Analysis was also done for
different air-fuel ratio.

CO emission was observed to be less than 10 g/kWh till “\”
value of 3.75 for all the fuels, but after 3.75, CO emission of
diesohol increased rapidly to 50 g/lkWh at “\” 4.5 and 81 g/kWh
at “\” 5.25. CO emission for diesel, diesoline, and diesosene
increased to 15 g/lkWh, 20 g/kWh, and 19 g/kWh, respectively,
at “\” 4.5; and at “\” 5.25, it further increased to 70 g/lkWh, 65
g/kWh, and 80 g/kWh, respectively. HC emission also showed
similar trend. Till “\” 3.75, HC emission remained between 4

and 8 g/kWh and at “\” 5.25, it increased to 12—20 g/kWh for all
fuels. Maximum NOx emission found at “\” 1.5 with a value of
2 g/kWh for diesosene, 1.5 g/lkWh for diesel, 1.45 g/lkWh for
diesoline, and 1.2 g/kWh for diesohol. As “\” value increased to
2.25, NOx emission reduced to 1.25 g/lkWh for diesosene, 0.3 g/
kWh for diesel, 0.45 g/lkWh for diesoline, and 0.15 g/kWh for
diesohol. If “\” is further increased to 3.75, 4.5, or 5.25, NOx
emission reduces to even less than 0.3 g/lkWh. They figure out
that addition of volatile additives like gasoline, kerosene, and
alcohols to baseline diesel improved the emission
characteristics in HCCI combustion, mainly up to medium
range of loads. At higher range of loads, diesoline, and
diesosene showed a higher knocking tendency when compared
to diesel and diesohol.

Singh et al. (2014) experimented with studying the com-
bustion, emission, and performance characteristics of the
HCCI engine working on biodiesel using external mixture
formation techniques. Experiments were performed on a
four-stroke two-cylinder air-cooled direct injection diesel en-
gine generator set which was run at a constant speed. One was
operated in HCCI combustion mode out of two cylinders,
while the other was operated on conventional CI combustion
mode. Diesel and its various blends like B20 and B40 were
used. Experiments were performed for different air-fuel ratio
“N’like 2.1,2.7,3.7, and 5.6. It was observed that CO and HC
emissions were reduced by reducing the “\” values or EGR
rate. For diesel, maximum CO emission was 25 g/lkWh for “\”
5.6 and 30% EGR. For lower “\” values of 3.7, 2.7, and 2.1,
CO emission was less than 10 g/kWh. At “\” 5.6 and 30%
EGR, CO emission for B20 was 125 g/kWh; and for B40, it
was 120 g/kWh. On reducing EGR to 0%, CO emissions
reduced to 10 g/kWh for B20 and 85 g/kWh for B40. HC
emission for diesel and B20 fuel ranges between 0 and 7.5
g/kWh for all values of A and all EGR rates. But for B40 fuel,
HC emissions were found to be 29 g/kWh for 30% EGR, 23 g/
kWh for 15% EGR, and 25 g/lkWh for 0% EGR at 5.6 “\”. For
other values of “)\”, HC emission ranges between 5 and 10
g/kWh. NOx emission was highest for diesel fuel at 2.1 “\”
around 33 g/kWh and 0% EGR, 23 g/kWh for 15% EGR, and
12 g/kWh for 30% EGR. As “\” was increased to 5.6, NO

Table 2 Emission values for
diesel

Emission parameters NOx HC CcO CO,
Authors

Singh and Agarwal (2012) 2-4 g/kWh 0.75-3 gkWh  3-13 g/kWh -
Gowthaman and Sathiyagnanam (2016) 10-600 ppm 50-100 ppm 0.05-0.37% -

Shi et al. (2005) 10-1100 ppm - 0.4% -

Singh and Agarwal (2016) 0.15-2 g/kkWh  4-20 g/kWh 10-80 g/kWh -

Singh et al. (2014) 0-33 g/kWh 5-30 g/kWh 10-135 gkWh -

Patel and Yadav (2017) 10-120 ppm 22-120 ppm 0.01-0.09% -
Mohanamurugan and Sendilvelan (2011)  20-500 ppm 20-140 ppm 0.1-0.3% 0.5-6.5%
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Table 3 Emission values for
petrol

Emission parameters NOx HC CcO

Authors

Hyvonen et al. (2003a, b) - 70-110 g/kg 100-700 g/kg
Hyvonen et al. (2005) 0.3-0.65 g/kg 15-140 g/kg 2040 g/kg
Hyvonen et al. (2003a, b) 0.2-0.37 g/kg 80-150 g/kg 80-550 g/kg

emission became almost negligible. Similar output was ob-
served for B20 fuel also. For B40 fuel, NO emission was
almost 0 for all vales of A\ and EGR rates.

Patel and Yadav (2017) experimented with improving bio-
diesel and CNG-fuelled HCCI engine performance and emis-
sion characteristics. Experiments were carried out on a four-
stroke single-cylinder high-speed water-cooled diesel engine
which is coupled with an eddy current dynamometer.
Thermocouples were fixed to measure temperatures. Gaseous
emissions such as CO, HC, and NOx were measured using the
exhaust gas analyzer connected to the exhaust pipe. It was seen
that HC emission for all types of fuel increases with an increase
in load. HC emission ranges between 42 and 76 ppm for diesel,
44 to 78 ppm for BS, 30 to 50 ppm for B10, 22 to 44 ppm for
B15, and 80 to 120 ppm for CNG. On checking for NOx
emission, it was least for CNG and ranges between 10 and 20
ppm. NOx emission for diesel and B10 first increases from 80
to 110 ppm if load was increased from 0 to 20% and then it
decreases to 90 ppm at 40% and further increased to 120 ppm at
80%; and if load was increased to 100%, NOx emission de-
creased to 110 ppm. For B5, NOx emission increases from
30 ppm at 0% to 85 ppm at 100% and for B15, NOx emission
increases from 70 ppm at 0% to 110 ppm at 100%. CO emis-
sion for diesel increases from 0.04% vol at 0% load to 0.09%
vol at 100% load. Least CO emission was found for B15 fuel
around 0.01-0.02% vol. For B5, B10, and CNG fuel, CO emis-
sion ranges between 0.02% vol and 0.08% vol. Hence, the best
fuel for getting lease HC and CO emission is B15 and for
getting the least NOx emission is CNG.

Mohanamurugan and Sendilvelan (2011) performed exper-
iments to study the emission and combustion characteristics of
different fuels in the HCCI engine. A four-stroke indirect in-
jection diesel engine was used. Different modes of fuel injec-
tion were applied from the primary injector and pilot injector.
HC emission decreases with an increase in load for HCCI
mode while increasing load for conventional mode.
Maximum HC emissions at 100% load for diesel and biodiesel

were 110 ppm and 60 ppm, respectively. For diesel: diesel,
biodiesel: biodiesel, diesel: biodiesel, biodiesel: diesel, diesel:
petrol, and biodiesel: petrol, maximum HC emissions were
35, 25, 45, 140, 85, and 90 ppm. NOx emission for all modes
increases with an increase in load. NOx emissions were
around 500-550 ppm for conventional mode, much higher
than for HCCI mode, around 300—400 ppm. CO emission
was constant at 0.1% for all loads in the HCCI engine except
in diesel: petrol mode. In diesel: petrol mode, CO emission
was 0.3% for 0-20% load and 0.2% for 40-100% load. For
diesel and biodiesel conventional mode, first increases to
0.5% and 0.4% till 40% load and then decreases to 0.3%
and 0.2% at 100% load condition. Emission values for diesel
are summarized in Table 2.

Petrol

Hyvonen et al. (2003a, b) experimented with studying the
multi-cylinder HCCI engine operating range using the vari-
able compression ratio. A 5-cylinder, 1.6-L engine with a
variable compression ratio (VCR) range of 8:1 and 14:1 in
the original was used. Its piston was modified to get VCR
range of 9:1 and 21:1 and called it P21 piston. They compared
the result with an earlier test of an HCCI engine having VCR
range 9:1 and 17:1 and called it P17 piston. It can be seen that
CO emission reduced by around 85% from 700 to 100 g/kg as
the speed is increased from 1000 to 5000 rpm. Also, HC
emission was reduced by around 35% from 110 to 70 g/kg
as the speed increased from 1000 to 5000 rpm.

Furthermore, Hyvonen et al. (2005) performed a compara-
tive study on operating conditions of HCCI engine using spark
ignition and without using spark ignition. A 5-cylinder, 1.6-
dm’ engine having a variable compression ratio (VCR) rang-
ing between 10:1 and 30:1 was used for the experiment.
Approximately, standard valve timings were used, except
the inlet valve closing, 10 crank angle degrees (CAD) earlier.
NOx emission level was between 0.3 and 0.65 g/kgg.e (48

Table 4 Emission values for LPG

Emission parameters NOx HC CO CO,
Author
Kannan et al. (2020) 5-10 g/lkWh 15-135 g/kWh 0.0443-0.4 g/kWh 5-11 g/lkWh
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Table 5 Emission values for different fuels
Emission  NOx HC CcO CO, O, H,0
parameter
Fuel
Natural gas  0-800 ppm 10-1100 ppm 0.04-2.2% 4.76-6.3% Tsolakis et al. (2007) 12.6-10.8% 5.02-6.4%
Yao et al. He et al. (2013) Yao et al. (2006) Tsolakis Tsolakis
(2006) Polat (2015) Mack Ying et al. (2009) et al. et al.
Olsson et al. et al. (2009) Yap et al. (2005) (2007) (2007)
(2003)
Maurya and
Agarwal
(2014)
0-0.45 g/kWh  0.8-18.4 g/kWh 1-90 g/kWh
Olsson et al. Olsson et al. (2001) Olsson et al. (2001)
(2001) Maurya and Agarwal  Gharehghani (2018)
Gharehghani (2014)
(2018)
Diesel 10-1100 ppm  20-140 ppm 0.01-0.4% - - -
Shi et al. (2005) Gowthaman and Shi et al. (2005)
Patel and Yadav ~ Sathiyagnanam Patel and Yadav (2017)
(2017) (2016)
0.15-33 g/lkWh  0.75-30 g/lkWh 3-135 g/lkWh
Singh and Singh et al. (2014) Singh and Agarwal (2012)
Agarwal Singh and Agarwal Singh and Agarwal (2016)
(2012) (2016)
Singh and
Agarwal
(2016)
Petrol 0.2-0.65 g’lkg 70150 g/kg 20-700 g/kg - - -
Hyvénen etal.  Hyvonen et al. Hyvénen et al. (2003a, b)
(2003a, b) (2003a, b) Hyvonen et al. (2005)
Hyvonen etal.  Hyvonen et al. (2005)
(2005)
Liquefied 5-10 g/kWh 15-135 g/kWh 0.0443-0.4 g/kWh 5-11g/kWh Kannan et al. (2020) - -
petro- Kannan et al. Kannan et al. (2020)  Kannan et al. (2020)
leum (2020)
gas

ppm) in this test. NOx emission level is almost 0.1 g/kgg.e1 (1—
2 ppm) higher in spark-assisted HCCI combustion than nor-
mal HCCI emission at all air-fuel ratios. Engine out NOx
emission increased as the air-fuel decreases. Unburned HC
increased from 50 to 60 g/kgg, to a maximum of about
130-140 g/kgg,e at around 60% initial slow heat release frac-
tion and later decreased to stoichiometric 14—18 g/kgg,. level.
CO emissions are between 20 and 40 g/kgg,e level.
Hyvonen et al. (2003a, 2003b) experimented on a
supercharged HCCI engine to extend its operational range.
A 5 cylinder 1.6-L engine with a variable compression ratio
ranging between 9:1 and 21:1 was used for the experimenta-
tions. HC and CO emission decreased when throttle was pro-
vided. HC emission ranges between 100 and 150 g/kg at
1000 rpm and 80-100 g/kg at 2000 rpm. If catalyst is added,
specific HC emission was reduced to less than 5 g/lkWh. CO
emission ranges between 100 and 450 g/kg at 1000 rpm and
80-550 g/kg at 2000 rpm. If the catalyst was added, specific
CO emission was observed to be even less than 2 g/kWh.

However, NOx emission increases on providing throttle. It
increases from 0.2 to 0.37 g/kg at 2000 rpm. At 1000 rpm,
NOx emission decreases from 0.25 to 0.2 g/kg. Emissions for
Petrol fuel are compiled in Table 3.

Liquefied petroleum gas (LPG)

Kannan et al. (2020) performed a study to analyze LPG-
fuelled diesel engines using HCCI combustion technique.
Effect of preheating of intake air on emission of LPG-
fuelled HCCI engine was analyzed under varying load con-
ditions. Tests were conducted in an HCCI engine modified
from single-cylinder diesel engine. Port fuel induction meth-
od was used to prepare a homogeneous charge. For the same
load, HC and CO emissions were higher in the LPG-fuelled
HCCI engine, whereas NOx and CO, emissions were lower
than the conventional diesel engine. HC emission for diesel
engine remained below 10 g/kWh, whereas for LPG, it re-
duced from 135 to 15 g/kWh on increasing the load. CO
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emission for diesel engine was below 0.1 g/lkWh, whereas
for LPG, it reduced from 0.4 to 0.0443 g/kWh on increasing
the load. NOx emission for diesel engine increased from 13
to 35.14 g/kWh for diesel engines, and for LPG, it ranged
between 5 and 10 g/kWh. CO, emission of diesel engine was
between 14 and 16 g/kWh, and for LPG-fuelled HCCI en-
gine, it reduced from 11 to 5 g/kWh on increasing the load.
Emissions from HCCI engines for LPG are summarized in
Table 4.

Conclusion

Finally, emissions from HCCI engines for different fuels are
summarized in Table 5.

Following are concluding remarks based on a critical re-
view of emissions from HCCI using different fuels:

*  NOx emission in HCCI engine is less than a conventional
diesel engine, almost 1:10th the emission.

» Different fuels can be used in HCCI engines, and NOx
emission is the least of HCCI engines worked on natural
gas than diesel, petrol, or LPG.

*  NOx emission is 90-95% lesser for natural gas-fuelled
HCCI engine than diesel, petrol, or LPG, which will sig-
nificantly help in reducing the environmental pollution.

*  NOx emission increases by almost 0.17 g/kgg,.; as inlet
pressure decreases by 0.4 bar. Also, NOx emission in-
creases by 0.1 g/kgg,; on an increment of speed by 1000
rpm.

* HC emission for natural gas-fuelled HCCI engine is 50—
60% less than diesel or LPG, whereas CO emission is 90—
95% less for LPG—fuelled HCCI engine.

» Exhaust gas recirculation also helps in reducing the NOx
emission by around 300400 ppm; however, HC and CO
emission increases by 100-200 ppm.

* Advancing the combustion timing reduces the HC emis-
sion. If load increases in HCCI engine, HC emission gets
reduced.

This review will be helpful for the researchers doing further
studies on HCCI engine. Research can be done to solve var-
ious challenges involved in the implementation of HCCI en-
gine in real life. Various performance parameters can also be
analyzed.
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