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Abstract

A specific case of HCCI is gasoline fuelled HCCI. It is attractive due to the simplicity of implementing such 
a technology into existing SI engines as well as the existing fuelling infrastructure. Lean and highly diluted 
homogeneous charge compression ignition HCCI engines offer great potential in improving vehicle fuel economy 
and contribute in reducing CO2 emissions. Gasoline is a complicated mixture of many different hydrocarbons which 
results in rather poor auto-ignition properties. Hydrocarbons and CO emissions from HCCI engines can be higher 
than those from spark ignition (SI) engines, especially at low engine load when the EGR rate or the residual gas 
required to control NOx emission are elevated. Toxic chemicals emitted by SI engines, Carbonyl compounds and poly 
aromatic hydrocarbons PAH generated by V6 (SI/HCCI) gasoline engine especially in HCCI mode. A qualitative and 
quantitative analysis of hydrocarbon compounds, alkenes. Alkanes, aromatics and aldehydes was analysed before 
and after catalyst, alkanes, alkenes and aromatic were conducted using Gas Chromatography-Mass Spectrometry 
(GC-MS) apparatuses. Aldehydes were conducted using High Performance liquid chromatography (HPLC) on 
reversed phase. HPLC system, although, bi-functional after treatment, the device will be required to control the 
regulated and unregulated hydrocarbon, CO, and NOx emissions under lean and stoichiometric (oxygen free) engine 
operating conditions. This paper describes studies on the regulated and unregulated hydrocarbons, NOx, and CO 
emissions coming out of HCC/SI gasoline engine. Comparative study of catalyst performance will be analysed under 
HCCI stoichiometric and SI operation under different engine loads, analysis indicate that, the HC and CO emissions 
reduction over the prototype catalyst was in the range of 90-95% while the maximum NOx emissions reduction under 
lean engine operating conditions was in the range of 35-55%. The catalytic converter showed an excellent efficiency 
of eliminating unregulated hydrocarbons (alkenes, alkanes, and aromatics) and aldehydes compounds; achieved 
reduction efficiency was up to 92%. 
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Introduction 
Homogeneous Charge Compression Ignition (HCCI) engine is an 

alternative piston-engine combustion process which can deliver high 
engine efficiency comparable with those of compression ignition (CI) 
engines. It has been proposed that the engine technology employing 
HCCI will have dual mode combustion systems, where SI or CI 
combustion is in use together with HCCI. One of the future directions 
for HCCI engine development is to widen the operating range i.e. load/
speed map [1-6]. Even if HCCI operation at high loads is obtained, the 
NOx reduction benefit is small compared with conventional SI engine 
with (TWC). Meanwhile, the fuel consumption advantage of gasoline 
HCCI over SI combustion is reduced at high load due to the reduced 
level of throttling. For high-load operation, it may require to again 
switch to traditional SI or CI operation. In HCCI engines the ignition 
timing is subject to chemical kinetics of the reactants and dependent on 
the fuel [7-9].

Hydrocarbon and carbon monoxide levels of HCCI engines 
vary between experimental conditions (e.g. engine technology and 
combustion modes. Though they are found to be similar or higher 
than those of SI engines and both CO and HC emissions are increase 
at light loads. Although, TWC technology has been perfected over the 
years for use in SI stoichiometric combustion engines, under HCCI 
operation or lean operation those catalysts are not effective in reducing 
NOx emissions. In addition switching engine operation to lean, 
stoichiometric or even rich is making the application of conventional 
oxidation catalysts challenging especially at low exhaust temperatures 
associated with HCCI engines [10-12]. Total hydrocarbon covered a 
wide range of unregulated compounds such as alkynes; alkenes; alkanes; 
and aromatics. Alkanes (paraffins) molecules contain single hydrogen-

carbon bonds (e.g. ethane) and are referred as ‘saturated’. Alkene 
(olefins) molecules contain double bonds (e.g. ethylene) ‘unsaturated’, 
and alkynes (i.e., acetylene), triple bonds unstable and reactive. 
Aromatic molecules typically display enhanced chemical stability 
(e.g. benzene, toluene) are building blocks for Poly (cyclic)-Aromatic 
Hydrocarbons (PAH) and are molecules containing two or more simple 
aromatic rings. Most of hydrocarbons in fuel are burnet completely 
during the combustion process. Small amounts of HCs, however, gets 
partial combustion, this produces different lower molecular HCs (in 
range of C1-C5) and some oxidized compounds such as aldehydes 
[13]. Aromatics in a fuel may survive the combustion process and 
could be more emitted through the exhaust as unburned HCs. At poor 
combustion, and engine misfiring, large amounts of hydrocarbons 
are emitted from the combustion chamber. The mass distribution of 
these species in the exhaust is a function of the engine design, fuel 
composition, and the engine operation conditions. Another cause of 
excessive HC emissions is related to combustion chamber deposits. 
Because these carbon deposits are porous, HC is forced into these pores 
as the air/fuel mixture is compressed. When combustion takes place, 
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this fuel does not burn; however, as the piston begins its exhaust stroke, 
these HCs are released into the exhaust stream [14-17]. 

Wall quenching occurs as the combustion flame front burns up 
to the relatively cool walls of the combustion chamber. This cooling 
extinguishes the flame before all of the fuel is fully burned, leaving a 
small amount of HC to be pushed out the exhaust valve. This is the 
major source of HC emissions from four-stroke engines. 

This manuscripts presents study on a new catalytic converter 
design, aiming to control regulated and unregulated hydrocarbons, CO 
and NOx emissions under stoichiometric, HCCI/SI engine operation 
and different engine loads. The experiments were conducted on a V6 
gasoline engine equipped with the prototype catalyst at the one bank. 
The effects of engine loads and modes were analysed.

Experimental Procedure
Engine - The experimental work was performed on a V6 HCCI/

SI mode gasoline direct injection (GDI) engine image 1. The engine 
intake and exhaust camshafts were built with variable cam timing 
(VCT) and cam profile switching (CPS) system. Fuel direct injection 
pulse width is adjusted by the engine management system to maintain 
the required value of λ. The engine was coupled to an eddy-current 
dynamometer for speed and load control, twelve thermocouples type K 
were installed to monitor the exhaust and inlet temperature. Intake and 
exhaust cam timing for minimum residuals were chosen to start the 
engine with spark ignition combustion. When engine block achieved 
steady condition of temp level in SI mode, the HCCI combustion mode 
was started.

Catalyst - The prototype three zones monolith catalyst, with 
optimized order of the zones, was connected to the actual engine exhaust 
manifold. The ceramic monolith dimensions and hence volume were 
the same as the production TWC, the engine was originally equipped. 
The first catalyst zone contains base metal catalyst and was designed 
to control part of the exhaust hydrocarbons and CO. The second zone 
again contains base metal catalyst was designed to reduce NOx with 
HC under lean engine operation while the third zone which contain 
precious metals (e.g. Pt) was designed to reduce HC, CO and NOx 
under lean and stoichiometric engine conditions.

Emissions analysis - Horiba MEXA 7100 DEGR (HC, CO, NOx, 
and CO2) was connected to measure the exhaust emissions upstream 
and downstream the catalyst.

Hydrocarbon speciation of C5-C11 compounds was carried out 
using an on-line GC-MS. An 8000 series GC equipped with direct 
injector was connected to a Fisons MD 800 mass spectrometer, used as 
a detector. The gas samples were introduced via a heated line into a six 
port Valco valve outfitted with a 0.1 ml sample loop. The gas sampling 
apparatus was kept at a constant temperature of 200°C. A 30 meter long 
x 0.53 mm i.d. DB-1 capillary column with a 3 µm film thickness was 
used, this type of column allows for separation of both the polar and 
non-polar compounds. 

Carbonyls: The samples were carried out by passing the engine 
exhaust gas with flow rate of 1.0 L/min in to 25 ml midget impinger 
and the exhaust gas bubbled inside the DNPH solution reagent for 20 
minutes, during the test the sample must be surrounding by bath of ice 
to prevent any vaporising of the compound species during the sampling. 
When the exhaust gas bubbles in the DNPH solution the carbonyl 
compounds react with the reagent to produce DNPH- carbonyl 
derivatives. Each sample was kept in the fridge below 4ºC until HPLC 
analysis takes place. Carbonyl species analysis, were performed by 

High Performance liquid chromatography (HPLC) on reversed phase. 
HPLC system was used Dionex Acclaim 120, separation of the sample 
components was achieved on a 250 mm x 4.6 mm ID. Column backed 
with 5 µm C18 Acclaim 120. UV detector was used and the wavelength 
was set to 365 nm. a mobile phase solvent gradient of acetonitrile and 
deionised water was (10:90 v/v) used as an eluent, the flow rate of the 
eluent was adjusted to 1.0 ml/min and the mixing ratio was changed 
linearly to reach 75:25 v/v acetonitrile to deionised water at 60 min, 
and then kept constant to the end of the run, the analysing time for the 
a single measurement was 70 minutes (Figure 1). 

Results and Discussion 
Hydrocarbon and CO emissions are influenced by the in-cylinder 

conditions (i.e., temperature) and the homogeneity of the fuel with air. 
Increasing engine load from 3-4 bar improves HC and CO oxidation 
which leads to significant reduction of HC and CO emissions, on the 
other hand the opposite trend seen in the case of NOx emission when 
the engine load was increased. In case of HC this was presumably 
because crevice loading of HC with lower load has a bigger effect on HC 
emissions than that with a higher load. The burned gas temperature at 
low load seems to be too low for the crevice hydrocarbons to be oxidized 
during the expansion stroke, comparing to the higher gas temperature. 
The lower gas temperature is not favourable for HC oxidation in the 
exhaust ports. Furthermore, the low combustion gas temperature 
presented at low load can result in incompletion of the combustion 
process and cause higher HC [18]. Similarly when load is decreased CO 
emissions increased. This rapid increase resulted from the quenching 
of the CO oxidation process in the lower load as the gas temperature 
dropped. Dec [19] predicted that for low loads, incomplete bulk-gas 
reactions should play a significant and perhaps dominant role in CO 
emissions and this contributes to HC emissions. NOx reduction has 
been a result of lower combustion temperature in the homogeneous 
combustion associated with dilution and an increased heat capacity 
as an exhaust gas is used to dilute the cylinder mixture. Under most 
engine operation the prototype catalyst covered a wide range of engine 
conditions, HCCI stoichiometric and SI mode, this led to approval 
consistency of HC and CO conversions above 90% over the catalyst 
independently from in-cylinder conditions (Figure 2).

Figure 3 shows that the HCCI combustion with residual gas 
trapping produced much less CO emissions than SI engine mode which 
was confirmed by other studies using the residual gas trapping method 
[20]. The reduction in CO emission is likely caused by the recycling 
of burned gases and their subsequent conversion in to CO2 in the 

 

Figure 1: Schematic diagram of a V6 engine system and the prototype 
catalytic converter.
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next cycle. It should be noted that HCCI combustion in the 4-stroke 
gasoline engine had been always associated with higher CO emissions 
than the SI combustion until the residual gas trapping method was 
employed [21].

Minimal catalytic conversion of NOx emissions up to 55% 
efficiency occurred at HCCI mode this is correlated with CO and 
HC emissions. When CO and HC emissions are relatively low (and 
exhaust temperature is low) the CO oxidation deteriorates and allows 
higher efficiency of NOx reduction (more CO available for reduction 
reaction). Despite the catalyst lower NOx conversion efficiencies under 
HCCI mode, NOx emissions after the catalyst were kept at lower values 
compared to SI (Figure 4). Further discussion is in (Figures 5-7). 

Alkenes

Unsaturated hydrocarbon compounds (olefins ) presented in the 
engine tails in a great concentration, with HCCI mode at engine load 
of 3 bar, alkenes showed a high concentration just over 600 ppm and 
was reduced about 50% when shifting to higher load of 4 bar. Changing 
engine mode from HCCI to SI engine mode did not influence much the 
alkene concentration, the proto type convertor showed high conversion 
efficiency at high load 4 bar for both engine modes. Catalyst efficiency 
reached over 90%. 

Alkanes

Paraffin saturated hydrocarbons with open – chain compound has 
high concentration in HCCI mode with engine load of 3 bar, shifting 

to higher engine load 4 bar has reduced alkane concentration down to 
30%, on the other hand alkanes presented with less concentration in SI 
engine mode with the same load, the best conversion efficiency found 
in SI mode, followed by HCCI mode with engine load of 3 bar.

Aromatics 

 The chemical compound of aromatics contain a conjugated planer 
ring stable ring tends to form easily, and once it is formed tends to be 
difficult to brake in chemical reactions, this compounds was presented 
in a largest concentration among other chemical compounds especially 
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Figure 2: Engine out emissions before and after catalyst HC, CO, and NOx 
(3 bar NMEP), HCCI, lambda 1.
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Figure 3: Engine out emissions before and after catalyst of HC, CO, and 
NOx (4bar NMEP), HCC, lambda 1.
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Figure 4: Engine out emissions before and after catalyst HC, CO and NOx, 
(4bar NMEP), SI, lambda 1.
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Figure 5: Engine out emissions before and after catalyst (4bar NMEP), 
HCCI, lambda 1.
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Figure 6: Engine out emissions before and after catalyst (3bar NMEP), 
HCCI, lambda 1.
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in HCCI engine mode at load of 3 bar, when shifting to higher load of 
4 bar concentration was reduced 20%, in SI engine mode aromatics 
concentration were similar to HCCI mode at the same engine load of 
4 bar, the best conversion efficiency presented with SI engine mode, 
and HCCI mode at the same engine conditions. Conversion efficiency 
reached 92%. 

Aldehydes 

Aldehydes are hydrocarbons with additional embedded oxygen 
atoms. These O-H-C compounds are produced mainly during the 
combustion of fuels with high oxygen content, (e.g. aldehydes, ketones 
and alcohols). Aldehydes are formed from incomplete combustion in 
the cylinder, and by thermal decomposition in the exhaust system, the 
highest concentration of aldehydes presented in HCCI mode at engine 
load of 3 bar, and reduced about 55% when engine shifted to higher 
load of 4 bar, the minimum concentration existed in SI mode at 4 bar, 
high conversion efficiency presented at all engine modes and different 
loads, it ranged from 86% - 90%.

Conclusions 
(i) Engine-out emissions: Hydrocarbon, CO and NOx are 

influenced by engine operation and combustion mode (i.e. HCCI or 
SI). HC and CO emissions were higher in HCCI mode while NOx 
emission is found to be more in SI. Analysis shows HC, CO in HCCI 
mode are heavily dependent on engine load.

(ii) Unregulated compounds: in HCCI mode, aromatic 
concentration were the highest followed by alkanes, alkenes and 
aldehydes. At lower load all compounds have increased regardless of 
engine conditions. Alkenes were influenced by changing engine load 
more than engine modes. Alkane’s compound influenced more by 
engine mode than engine load. Aromatic compound presented with 
high concentration in all engine modes and operation. Aldehydes 
species found to be in a low concentration in all engine conditions. 

(iii) Post-catalyst emissions: High consistency of HC and CO 
conversion was approximately 90% over the prototype catalyst 
independent from in-cylinder conditions which has been designed 
to combine the catalytic functions required to oxidise CO and 
hydrocarbons, while simultaneously reducing NOx over the expected 
range of exhaust-gas temperatures and stoichiometries, during 
operation of an engine in both HCCI and SI modes. During HCCI 
higher load, this catalyst shows more efficient conversion of alkenes 
and aldehydes up to 95%, on the other hand only 70% was achieved in 
reducing alkanes. Catalyst was more efficient in reducing the chemical 
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Figure 7:  Engine out emissions before and after catalyst (4bar NMEP), SI, 
lambda 1.

compounds in higher load than lower engine load. Excellent catalyst 
efficiency was achieved in SI mode, all chemical compounds were 
eliminated. 
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