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This paper attempts to carry out a thermodynamic analysis of a system composed of a turbocharged HCCI
engine, a mixer, a regenerator and a catalytic converter within the meaning of the first and the second
law of thermodynamics. For this purpose, a thermodynamic model has been developed taking into
account the gas composition resulting from the combustion process and the specific heat temperature
dependency of the working fluid. The analysis aims in particular to examine the influence of the compres-
sor pressure ratio, ambient temperature, equivalence ratio, engine speed and the compressor isentropic
efficiency on the performance of the HCCI engine. Results show that thermal and exergetic efficiencies
increase with increasing the compressor pressure ratio. However, the increase of the ambient tempera-
ture involves a decrease of the engine efficiencies. Furthermore, the variation of the equivalence ratio
improves considerably both thermal and exergetic efficiencies. As expected, the increase of the engine
speed enhances the engine performances. Finally, an exergy losses mapping of the system show that
the maximum exergy losses occurs in the HCCI engine.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Compared to gasoline engines, Diesel engines have many
advantages, such as simplicity, high performance, ease mainte-
nance, low fuel costs, low consumption, high compression ratio,
high power/weight ratio and durability. However, emissions from
these engines are considered one of the main sources of air pollu-
tion that seriously threaten our environment. Efforts to reduce
these emissions, especially particulate matter and nitrogen oxides,
are necessary for the preservation of the environment, human
health, welfare and prosperity.

Consequently, the dual requirements of better thermal effi-
ciency and increasingly rigorous emissions restrictions have been
driven, in recent years, Diesel engines manufacturers to forward a
number of technological solutions, such as water addition, internal
engine modification, aftertreatment and alternative fuels [1].
Another promising solution has been focused on combustion mode
that benefits from advantages of conventional Diesel and spark
ignition engines in order to reduce pollutant emissions. This
objective can be achieved using homogeneous charge compression
ignition (HCCI) technology.
HCCI engines combine characteristics of both spark-ignited
engines and diesel engines. Similar to sparkignited engines, HCCI
uses a pre-mixed fuel-in-air charge, and similar to diesel engines,
the mixture is compression ignited. The diluted premixed charge
facilitates a relatively uniform auto-ignition event rather than a
non-premixed flame found in diesel engines, and thus HCCI
engines can achieve fewer emissions of particulate matter. Homo-
geneous charge compression ignition, when applied to a gasoline
engine, offers the potential for a noticeable improvement in fuel
economy and dramatic reductions in NOx emissions as compared
to the spark ignition operation. Indeed, it has been demonstrated
that it can achieve fuel economy levels comparable to those of a
diesel engine with low NOx emissions [2]. HCCI engines run on
lean air–fuel mixtures which are auto-ignited by compression.
Using lean air–fuel mixtures, the combustion produces less nitric
oxides (NOx) and particulate matter (PM) emissions, while
simultaneously achieving high thermal efficiency as compared to
conventional Diesel and spark ignition [3]. Further, HCCI combus-
tion is mainly governed by chemical kinetics. It excludes the
rescues to external means of direct ignition control which make
it difficult to control engine operation over a wide load-speed
range. Adjusting inlet temperature or pressure of the mixture
and variation of compression ratio can help to control ignition
and combustion intensity [4].
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Nomenclature

cp specific heat at constant pressure (kJ/kg)
_Ex exergy rate (kW)
ex specific exergy (kJ/kg)
f residual gas fraction
H enthalpy (kJ)
h specific enthalpy (kJ/kg)
_m mass flow rate (kg/s)

N engine speed (rpm)
p pressure (bar)
rc engine compression ratio
rp compressor pressure ratio
_Q rate of heat (kW)

R molar gas constant (J/mol K)
s specific entropy (kJ/kg)
T temperature (K)
_W power rate (kW)

w specific work (kJ/kg)

Greek symbols
D _Ex exergy losses rate (kW)

e effectiveness
g efficiency

Subscripts
a air
ch chemical
comb combustion
comp compressor/compression
ex exergetic
f fuel
in supplied
l losses
out rejected
ph physical
t total
th thermal
0 environment state
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As Diesel costs increase, ship owners are seeking alternative and
cleaner fuels to move their ships. Among the most promising
source of energy, natural gas is probably the most serious option
at present and the near future for marine applications as the other
fuels such as biofuels and hydrogen are too expensive at present.
Natural gas is an abundant source of energy which is currently
priced significantly lower than distillate and residual petroleum
fuels. It has the potential to provide similar performance to diesel
with low emissions. Natural gas has a wide flammability range
(5.3–15) against 0.6–5.5 for Diesel fuel and 1–7.6 for gasoline fuel
allowing a lean mixture in the engines. It burns slowly with a low
flame temperature of 1790 �C against 1977 �C for gasoline [5]. The
natural gas combustion in the diesel engines produces very low
levels of CO and particulate emissions. It does not have an effect
on the level of HC emissions [6]. Further, natural gas requires min-
imum mixture preparation, and is chemically stable, both of which
make it suitable for the HCCI concept. However, natural gas is hard
to auto-ignite and therefore requires a higher compression ratio,
some amount of intake heating, or some type of pre-ignition [7].

In order to use efficiently and effectively the energy resources,
recent analyses join quality to quantity of the energy used to rea-
lise a given purpose. In other words, associate the second law of
thermodynamics which deals with the quality to the first law of
thermodynamics dealing with the quantity of energy. The exergy,
defined as the amount of energy which can be extracted as useful
work, can be used to assess the quality of energy resource. A ther-
modynamic analysis based on both the first and the second laws of
thermodynamics can be used in order to evaluate the theoretical
performance of the system. Using this thermodynamic modelling,
it is easy to predict the thermal efficiency, the exergy losses and
the exergy efficiency of the system. Although that this analysis is
theoretic, it can reduce considerably the number of experimental
tests to be realised, which are usually costly and time consuming.

Several experimental, numerical and analytical studies have
been devoted to investigate and understand HCCI engines [8–22].
However, the literature seems to contain few investigations on
thermodynamic analysis of these engines. Among the few studies
published recently, Soylu [23] has used a zero dimensional ther-
modynamic model that contains a simple heat release sub-model
and an autoignition model in a predictive fashion to better
understand the in-cylinder processes and the efficiency potential
of a natural gas engine in the HCCI mode. The model has been also
used for parametric studies to evaluate HCCI control strategies that
can be tested on the research engine. The results indicated that if
the initial conditions of the mixture are known precisely at intake
valve closing, the autoignition timing is controllable. Khaliq et al.
[24] have applied a combined first and second law of thermody-
namic approach for a HCCI engine operating on wet ethanol. They
investigated the effects of turbocharger compressor ratio, ambient
temperature, and compressor adiabatic efficiency on first law
efficiency, second law efficiency, and exergy destruction in each
component. They showed that the effect of turbocharger pressure
ratio on exergy destruction is more significant than compressor
efficiency and ambient temperature. In addition, most of exergy
losses (90.09%) occur in HCCI engine. Khaliq and Trivedi [25] have
presented first and second law analyses of a new combined power
cycle based on wet ethanol fuelled HCCI engine and an organic
Rankine cycle. The authors found that first law efficiency and sec-
ond law efficiency of the combined power cycle significantly vary
with the change in the turbocharger pressure ratio, but the change
in pinch point temperature, turbocharger efficiency, and ambient
temperature shows small variations in these efficiencies. They
showed also that the biggest exergy loss occurs in the HCCI engine
(68.7%). In order to understand how the exergy losses change with
different HCCI engine operating conditions, Saxena et al. [26] have
coupled a crank-angle resolved exergy analysis methodology with
a multi-zone chemical kinetic model of a gasoline-fuelled HCCI
engine.

Although there are several studies on HCCI engines as cited
above, thermodynamic analyses of these devices are scarce. There-
fore, thermodynamic modelling and analysis of HCCI engines based
systems are highly needed for calculating their overall perfor-
mance. This analysis is useful for optimal design purposes. It can,
in some cases, minimise and direct tests on real models by guiding
experimental research and engine development.

The purpose of this study is to conduct a thermodynamic
analysis of a HCCI engine using simultaneously the first and
second law of thermodynamics. The latter, through the concept
of exergy, quantifies exergy losses and their location in the
system.
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2. Working fluid thermodynamic properties

Thermodynamic cycle calculations, an important phase in the
design and development of internal combustion engines, require
the knowledge of combustion products composition and their ther-
modynamic properties. These properties are necessary to investi-
gate both design-point and off-design performances, and to
determine optimum design parameters. Generally, the in-cylinder
working fluid is considered as simply air. However, more rigorous
thermodynamic studies require taking into account changes in
the gas composition by tracking several chemical species.

In real processes, the specific heat of gases varies with temper-
ature. However, for engine applications, its variation is negligible
with pressure. The latter is moderate. In the present model, it is
assumed that the specific heat of gases varies with temperature
according to the following polynomials form:
cp ¼
X11

i¼1

aiT
i ð1Þ

The numerical coefficients ai, for each species, have been deter-
mined by a regression analysis method using literature data for
temperature ranging from 300 to 3000 K [27].

Enthalpy and entropy can be derived from the specific heat
capacity using the following relations:
h ¼ h00 þ
R

cpðTÞdT

s ¼ s00 þ
R cpðTÞ

T dT � r lnðpÞ

(
ð2Þ
where h00 and s00 are the integration constants calculated according
to an arbitrary reference state. For each gas, the enthalpy constant
of integration is the sum of two parts: a part calculated by adjusting
h = 0 at 298 K and a part representing the enthalpy of formation of
the gas. For entropy, the integration constant is calculated by
adjusting s = 0 at 298 K and 1.01325 bar.

Thermodynamic properties of the combustion products have
different dependencies on temperature. Therefore, it is more
appropriate to calculate the thermodynamic properties of their
mixture as a sum of the properties of individual species:
Um ¼
Xn

i¼1

Uixi ð3Þ

Under ideal conditions, the combustion of fuels produces only
water (H2O) and carbon dioxide (CO2), in addition to the nitrogen
(N2) from the air. However, in a real combustion, in addition to
these main combustion products, the engine exhaust gases also
contain many others compounds. In the present work, the follow-
ing species are considered as combustion products: CO2, CO, H2O,
N2, O2 and H2. The equation for combustion of natural gas is
simplified by considering a single reaction of methane, the main
component of natural gas, with air:
Fig. 1. Scheme of the system studied.
CH4 þ
2
/

� �
ðO2 þ 3:76N2Þ ! n1CO2 þ n2H2Oþ n3N2 þ n4O2

þ n5COþ n6H2 ð4Þ

The mole fractions, ni, of the combustion products have been
determined under equilibrium conditions by solving a nonlinear
system of seven equations (six molar fractions and the total num-
ber of moles of products). The equilibrium constants are calculated
as function of the temperature at the end of the combustion
process.
3. Thermodynamic analysis

Habitually, thermal systems are analysed using the energy anal-
ysis method which is based on the first law of thermodynamics, i.e.
the energy conservation concept. Unfortunately, this method can-
not locate the degradation of the quality of energy. Instead, exergy
analysis which is based on both the first and second laws of ther-
modynamics can overcome easily the limitations of the energy
analysis. It permits to quantify the magnitude and the location of
exergy losses within the system. Furthermore, the total exergy
losses can be considered as an optimisation criteria which, by min-
imisation, provides optimum processes configuration. The concept
and the methodology of exergy analysis are well-documented in
the literature.

For both energy and exergy analysis, the thermodynamic model
is based on the following assumptions:

– All processes are marked by steady state and steady flow,
– Kinetic and potential energy have negligible effects,
– The temperature and pressure of the environment are 25 �C and

1 atm, respectively.

3.1. System description

The system considered in the present study is depicted in Fig. 1.
Methane is used as the fuel, since it is the main constituent of nat-
ural gas. The system consists of a compressor, a regenerator, a
mixer, an HCCI engine, a catalytic converter and a turbine. Ambient
air enters the compressor where its pressure and temperature rise
to reach p2 and T2. The compressed air passes through a generator
where it is heated to T3 at constant pressure. The inlet air must be
heated significantly to ensure fuel autoignition. The variation of
inlet air temperature can be achieved by controlling the amount
of exhaust gases that enter the regenerator using controllable
valve. The hot air exiting the regenerator is mixed with natural
gas injected into a mixer to form homogeneous mixture. Thus,
the homogeneous gas mixture formed enters the combustion
chamber where conditions of temperature and pressure reached
during the compression process ensure an auto-ignition of the
charge by approaching the top dead centre. Then, the exhaust
gases flow through a catalytic converter where the temperature
increases from T6 to by T7 due to the conversion of unburned par-
ticles. The gas leaving the catalytic converter enters a turbine to
generate the power needed to drive the compressor. Finally, the
exhaust gases leave the turbine at atmospheric pressure and tem-
perature T9 after having exchanged heat with compressed air in the
regenerator.
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3.2. Energy analysis

Mass and energy balances for any control volume at steady
state with negligible kinetic and potential energy changes can be
expressed respectively by the following expressions:P

_mi �
P

_mo ¼ 0
Q �W ¼

P
_moho �

P
_mihi

�
ð5Þ

To carry out an energy analysis, the above balance equations
should be applied to each component of the system.

The compressor is required to provide a compressed air supply
for the engine in order to improve the power and efficiency. The
compressor inlet properties (state 1) are calculated knowing T1

and p1. For a given pressure ratio, rp, the compressor outlet proper-
ties (state 2) are calculated in two steps:

– First, the temperature at the end of the isentropic compression
is determined by the numerical solution of the following
equation:
s2s ¼ s1 ð6Þ

– Then, the properties at state 2 are calculated using the compres-
sion efficiency definition:
gcomp ¼ ðh2i � h1Þ=ðh2 � h1Þ ð7Þ

Here again, temperature T2 is obtained by a numerical inversion
method.

An energy balance on the compressor yields

wc ¼ h2 � h1 ð8Þ

The regenerative heat exchanger (regenerator) is used to heat
the compressed air using the exhaust gases. The effectiveness of
this heat exchanger is given by:

e ¼ ½ð _m � cpÞ2ðT3 � T2Þ�=½ð _m � cpÞminðT8 � T2Þ� ð9Þ

Temperature at the exit of the regenerative heat exchanger, T3, is
calculated assuming ð _m � cpÞ2 ¼ ð _m � cpÞmin by the following relation:

T3 ¼ T8eþ T2ð1� eÞ ð10Þ

The application of energy balance on the regenerator yields

H3 �H2 ¼ H8 �H9 ! H9 ¼ H8 �H3 þH2 ð11Þ

Temperature at the exit of the mixer is calculated using energy
balance equation:

H5 ¼ H3 þH4 ð12Þ

The gaseous mixture exiting the mixer enters the HCCI engine
whose thermodynamic cycle is modelled by a turbocharged Otto
cycle as shown in Fig. 2.
Fig. 2. Otto turbocharged cycle.
Temperature at the end of the intake process (i � 1
0
) is calcu-

lated using the following expression [12] :

T10 ¼
Tið1� f Þ

1� 1=½ðn � rcÞpe=pi þ ðn� 1Þ� ð13Þ

where, pi/pe = 1.4 and f is the residual gases fraction fixed to 0.03
according to the reference cited. n is the average specific heat capac-
ity ratio fixed to 1.35 for lean air–fuel mixtures [12].

The pressure remains unchanged:

p10 ¼ pi ð14Þ

During the compression process (1
0 � 2

0
), the gaseous mixture is

heated up to ignition and combustion. For a fixed pressure ratio
(rc = 16), properties at state 2

0
can be calculated in a similar manner

to state 2 using compression isentropic efficiency.
Properties at the end of the heat supply process (2

0 � 3
0
) are

determined using an inversion numerical method of the following
equation:

_Qin ¼ _Q fuel � _Q l ð15Þ

where _Qfuel is the heat supplied to the cycle given by:

_Qfuel ¼ gcomb _mfuelQ LHV ð16Þ

The losses inside the combustor are taken into account by intro-
ducing combustion efficiency [28]:

gcomb ¼ 100� V%c � 1:26þ 0:25Ce2 þ 0:4C2
e2

� �
þ ð/� 0:2486Þ8:1 ð17Þ

where Ce2 = Ln(V%c)/Ln(2)
The heat losses from the in-cylinder gas to the surrounding

walls, _Q l, are calculated using:

_Ql ¼ hc � 10�3ðAch þ AcylÞðTavr � TwÞ=ð2 � _maÞ ð18Þ

where, Ach is the surface of cylinder head, Acyl is the surface of the
cylinder and hc is the heat transfer coefficient calculated using the
following expression [29]:

hc ¼ ð3:26L�0:2p0:8T�0:73
avr x0:8Þ ð19Þ

where L is the engine stroke. The gas average temperature, Tavr, is
considered here in absence of information about the instanta-
neous temperature, and x is the mean gas velocity within the
cylinder:

x ¼ 2:28Sp þ ð3:24e�3=6ÞðVdTref ðp� pmotÞ=ðpref Vref ÞÞ ð20Þ

where pmot is the pressure at motored conditions [30]:

p6 ¼ prðVr=VÞn ð21Þ

pr and Vr are the pressure and the volume at a reference state.
The parameters of the working fluid at the end of the expansion

process (3
0 � 4

0
) can be calculated also in similar manner to the

compression process (1
0 � 2

0
).

For a turbocharged engine, the exhaust process (4
0 � 1

0
) is

substituted by an expansion process (4
0 � 5

0
). The final state

parameters (the end of the blow down phase) are calculated using:

p50 ¼ pe ð22Þ

T50 ¼ T40 ðp40=peÞ
ð1�nÞ=n ð23Þ

v50 ¼
R

Mmix

T50

p50
ð24Þ

Finally, temperature and pressure at the end of the exhaust process
(5
0 � 6) are:
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Te ¼ T50 ð25Þ

p6 ¼ p50 ¼ pe ð26Þ

The heat released by friction is evaluated using the relation of
Wu and Ross [31]:

_Q f ¼ _mt 183þ 2:3
N
60

� �
� N0

� �
VD

� �
ð27Þ

with,

N0 ¼ 30
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3=ð1000VdÞ

p
ð28Þ

The heat rejected in exhaust gases is calculated using:

_Q out ¼ _mt ½ðh4 � r � T4Þ � ðh5 � r � T5Þ� ð29Þ

The net power produced by the cycle can be calculated using
the following equation:

_Wnet ¼ _Q in � _Q out � _Qf ð30Þ

The thermal efficiency of the engine, gth, is defined as the ratio of
the power produced by the cycle to total energy supplied to the cycle:

gth ¼ _Wnet= _Q in ð31Þ
3.3. Exergy analysis

Traditionally, thermodynamic cycles are analysed using the
energy analysis method which is based on the first law of thermo-
dynamics, i.e. the energy conservation concept. Unfortunately, this
method cannot locate the degradation of the quality of energy.
Instead, exergy analysis which is based on both the first and second
laws of thermodynamics can overcome easily the limitations of the
energy analysis. Exergy analysis is considered by several research-
ers as powerful tool for thermodynamic cycles because it helps to
determine the true magnitudes of losses and their causes and loca-
tions, showing thus where efforts should concentrated to improve
the overall system and its components. Furthermore, the total
exergy losses can be considered as an optimisation criteria which,
by minimisation, provides optimum processes configuration. The
concept and the methodology of exergy analysis are well-docu-
mented in the literature [32–34].

In absence of nuclear, magnetic, electric and superficiel effects,
the exergy of a system is composed of four components: physical,
chemical, potential and kinetic.

ex ¼ exk þ exp þ exph þ exch ð32Þ

For engines applications, kinetic and potential contributions are
assumed to be negligible compared to physical and chemical
exergies. Physical exergy results from temperature and pressure
differences from the dead state:
Table 1
Individual exergy losses and efficiencies of the system components.

Component Exergy loss

Compressor _Wcomp þ _ma exph
1 � exph

2

� �
Regenerator _maðexph

2 � exph
3 Þ þ _mt exph

8 � exph
9

� �
Mixer _maexph

3 þ _mf exph
4 � _mtexph

5

HCCI engine _mt Dexc þ Dexcc þ Dexexp þ Dexe þ
�

Turbine _mt exph
7 � exph

8

� �
� _Wtur

Catalytic converter _mt exph
6 � exph

7 þ exch
cat

� �
exph ¼ ðh� h0Þ � T0ðs� s0Þ ð33Þ

On the other hand, chemical exergy takes into account devia-
tions in chemical composition from reference substances present
in the environment:

exch ¼
X

xi l�i � li;0

� �
¼ �Dg0

i þ
X

RT0xi ln
p

pref

 !
ð34Þ

where, l i and gi are the chemical potential and the Gibbs function
of species i evaluated at a temperature T and pressure p.

Exergy is always evaluated with respect to a reference environ-
ment (dead state).

The exergy destroyed in a system originate from the internal
irreversibilities. It can be calculated using the global exergy bal-
ance in steady state [35]:

D _Ex ¼
X

_Exi �
X

_Exo

¼
X

1� T0

Tj

� �
_Q k � _WCV þ

X
_miexi �

X
_moexo ð35Þ

where
P _Exi and

P _Exo are the destroyed, input and output exergy
rates, respectively, _m is the mass flow rate of a stream of matter,
and _Qk and _WCV the energy rates transfer by heat and work. The
subscripts i and o denote inlet and outlet and the subscript k the
boundary of the component of interest.

Instead, the exergy destruction rate can be determined using
the Gouy–Stodola formula:

D _Ex ¼ T0
_Sgen ð36Þ

where _Sgen is the entropy generation rate.
From a second law point of view, it is important to quantify the

exergy losses in each component in order to assess the overall per-
formance of the system. To assess the contribution of each compo-
nent of the system in the total exergy losses, exergy balance
equation is applied to each component. The expressions allowing
the calculation of individual exergy losses of each component of
the system and their exergy efficiencies are summarised in Table 1.

Exergy losses are generated in all the components of the system,
namely the compressor, the regenerator, the mixer, the HCCI
engine, the turbine and the catalytic converter. Thus, the total
exergy losses D _Extot may be written as the sum of individual losses
occurring in these components, i.e.,

D _Extot ¼ D _Excomp þ D _Exreg þ D _Exmix þ D _ExHCCI þ D _Extur

þ D _Excat ð37Þ

The exergy loss in the HCCI engine is the sum of exergy losses
occurring in the compression process, D _Exc , the exergy loss of the
combustion process, D _Excc , the exergy loss during the expansion,
D _Exexp, the exergy loss during the exhaust gas phase, D _Exe, and
the exergy of the gas, D _Exgas.
Exergy efficiency

_ma exph
2 � exph

1

� �.
� _Wcomp

� �
_ma exph

3 � exph
2

� �h i.
_mt exph

8 � exph
9

� �h i
_maexph

3

� �.
_mf exph

4 � _mtexph
5

� �
Dech

gas

�
_Wnet= _Exfuel

_Wtur

.
_mt exph

7 � exph
8

� �h i
_mtexph

7

� �.
_mt exph

6 þ exch
cat

� �h i
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The exergy efficiency is a criterion for thermodynamic perfec-
tion of a process and can be defined as the ratio of the product of
a process to the required input of fuel, both of which are expressed
in exergy units:

gex ¼
_Exproduct

_Exfuel

ð38Þ

The term ‘‘product’’ represents the desired output of a process
and ‘‘fuel’’ refers to the resource that is used to generate this out-
put, which only in some cases is an actual fuel. The exergy effi-
ciency shows the percentage of the fuel exergy that is transferred
to product exergy.

4. Results and discussions

This section includes a comprehensive performance analysis of
a homogeneous charge compression ignition engine based system
using natural gas as fuel. The system has been simulated under
steady-state conditions. The second law of thermodynamics has
been mainly used in order to evaluate the exergy losses and effi-
ciencies. For both energy and exergy analyses, the engine has been
considered to be a control volume and a steady-state open system.
Furthermore, air and combustion products are considered as ideal
gases.

A Fortran program for calculating the system performance has
been developed using analytical equations and empirical correla-
tions presented in the above section. As mentioned, the model con-
siders real compression and expansion processes and heat transfer
losses. After the determination of the working fluid properties at
each point of the system represented in Fig. 1, the calculation of
the engine performance can be carried out. Using appropriate oper-
ating data typical for HCCI engines and chosen according to the lit-
erature, exergy losses in each device of the system and the overall
exergy efficiency of the system at a reference temperature of 25 �C
have been determined. Results have been obtained based on
engine compression ratio equal to 16. Table 2 shows the operating
conditions of the system shown in Fig. 1.
Table 2
Operating conditions.

Ambient temperature, K 290–310
Ambient pressure, kPa 101.325
Compressor efficiency 0.7–0.9
Turbine efficiency 0.7–0.9
Engine compression ratio 16
Residual gases fraction 0.03
Equivalence ratio 0.3–0.9
Compressor compression ratio 2.5–3.5
Wall temperature, K 400

0.34

0.35

0.36

0.37

0.38
φ = 0.5
r

c
 = 16

p
i
/p

e
 = 1.4

T
he

rm
al

 E
ff

ic
ie

nc
y

Compressor pressure ratio

 T
1
  = 290 K

      = 300 K
      = 310 K

2.4 2.6 2.8 3.0 3.2 3.4 3.6

(a) (

Fig. 3. Combined effects of compressor pressure ratio and ambient temperature
Fig. 3 represents the variation of thermal and exergetic effi-
ciency values of the HCCI engine with respect to compressor com-
pression ratio for three ambient temperatures: 290, 300 and 310 K.
Both thermal and exergetic efficiencies are found increasing with
increasing compression ratio. This increase is due to the improve-
ment the mixing of fuel and air, which raises the temperature of
the mixture and enhances the combustion reaction. Qualitatively,
exergetic efficiencies behave similarly to thermal efficiencies, but
exhibit much lower magnitudes due to higher fuel exergy com-
pared to fuel energy. It is evident that exergy efficiency provides
an indication of the potential for improvement that is more funda-
mental than that shown by thermal efficiency. On the other hand,
the increase of the ambient temperature involves a decrease of the
system efficiencies. This decrease is due to a reduction in the vol-
umetric efficiency. The increase of ambient temperature requires
more fuel consumption in the combustion chamber. Hence, from
both energy and exergy points of view, it is more suitable to oper-
ate the system at lower ambient temperature. The variation of inlet
air temperature can be achieved by controlling the amount of
exhaust gases that enter the regenerator using controllable valve.

In Fig. 4, the effects of changing fuel–air equivalence ratio are
examined for three different engine speeds: 1200, 1800 and
2400 rpm. The equivalence ratio is the primary parameter that
determines the supplied energy. Higher equivalence ratios allow
more energy release resulting in an increase of in-cylinder temper-
ature and pressure. Higher in-cylinder pressures and temperatures
lead to increased power produced by the engine, thereby improve
both thermal and exergetic efficiencies. A higher engine speed
increases the charge-flow intensity and improves the mixing of
fuel and air. In addition to its effect on in-cylinder temperature
and pressure, the engine speed affects the wall temperature of
the combustion chamber. The increase of the engine speed reduces
the duration of cycle evolution and causes a reduction of the heat
loss to the cylinder wall. Moreover, heat losses in exhaust gases
decrease with increasing engine speeds. Finally, friction effects at
low speeds are lower than that at higher speeds. In conclusion,
the thermal and exergetic efficiencies increase as engine load
increases due largely to the decreasing of heat losses. The effect
of engine speed is lower.

A mapping of exergy losses in the whole system is performed
for various operating conditions. Individual exergy losses are
expressed as percentages of the total exergy losses. The results in
Table 3–6 show how the more important parameters, such as the
compressor compression ratio, the equivalence ratio, the ambient
temperature and the engine speed affect the exergy losses and
the exergetic efficiencies of the components of the system.

First, exergy losses of the components of the system for various
values of the compressor pressure ratio at an ambient temperature
of 300 K, an equivalence ratio of 0.5 and an engine speed of
1800 rev/min have been calculated (Table 3). The results show that
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Fig. 4. Combined effects of equivalence ratio and engine speed on the system performance: (a). Thermal efficiency; (b). Exergetic efficiency.

Table 3
Effect of the compressor pressure ratio on exergy losses and efficiencies of the system components.

rp Compressor Regenerator Mixer HCCI Catalytic Turbine

2.5 Exergy loss, % 2.35 0.88 0.18 86.10 8.92 1.56
Exergy efficiency, % 82.83 73.28 96.22 29.97 69.59 85.11

3 Exergy loss, % 2.75 0.49 0.19 86.10 8.49 1.98
Exergy efficiency, % 83.33 80.28 96.29 30.02 72.65 85.21

3.5 Exergy loss, % 3.07 0.25 0.20 86.04 8.12 2.31
Exergy efficiency, % 83.72 85.96 96.34 30.00 74.94 85.30

Table 4
Effect of the engine speed on exergy losses and efficiencies of the system components.

N Compressor Regenerator Mixer HCCI Catalytic Turbine

1200 Exergy loss, % 1.05 1.30 0.37 89.43 7.24 0.60
Exergy efficiency, % 82.83 66.18 32.77 47.86 48.41 90.02

1800 Exergy loss, % 1.04 1.34 0.37 89.45 7.21 0.59
Exergy efficiency, % 82.83 66.33 33.34 48.82 49.15 90.13

2400 Exergy loss, % 1.03 1.36 0.37 89.47 7.18 0.58
Exergy efficiency, % 82.83 66.21 33.38 49.59 49.72 90.30

Table 5
Effect of the equivalence ratio on exergy losses and efficiencies of the system components.

/ Compressor Regenerator Mixer HCCI Engine Catalytic converter Turbine

0.5 Exergy loss, % 1.04 1.34 0.37 89.45 7.21 0.59
Exergy efficiency, % 82.83 66.32 33.34 30.02 49.15 90.21

0.7 Exergy loss, % 0.82 1.86 0.52 89.51 6.91 0.37
Exergy efficiency, % 82.83 64.41 43.53 30.00 59.45 93.6

0.9 Exergy loss, % 0.61 2.69 0.74 84.74 11.31 0.18
Exergy efficiency, % 82.83 64.37 61.96 30.00 39.16 97.13
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over the range of pressure ratios explored, the greatest exergy
losses occur in the HCCI engine. Irreversible processes occurring
in the HCCI engine causes between 86.04% and 86.10% of total
exergy losses in the system. Exergy losses in the HCCI engine orig-
inate mainly from the irreversible combustion process. During this
process, an increased internal heat exchange occurs to raise the
temperature of increased amounts of non-reactive species. Losses
in the others components of the system are minimums, indicating
that there is no potential for improvement under the operating
parameters considered. For example, for a pressure ratio of 2.5,
the amount of exergy losses in the catalytic converter, the com-
pressor, the turbine, the regenerator and the mixer represent
8.9%, 2.35%, 1.56%, 0.88% and 0.17% respectively.
Finally, it is interesting to mention that within the range of
operating parameters considered, exergy losses and exergy
efficiencies of the compressor, the mixer and the turbine exhibit
a special behavior. Both increases with increasing the compressor
pressure ratio.

Similarly, individual exergy losses, expressed as a percentage of
the total exergy loss, have been evaluated as a function of the
engine speed. It can be observed from Table 4 that with the
increase of the engine speed, percentages of exergy losses of the
regenerator and the HCCI engine increase. However, percentages
of exergy losses of the catalytic converter and the turbine decrease
with the increase of the engine speed, while percentages of exergy
losses occurring in the compressor and the mixer are slightly



Table 6
Effect of ambient temperature on exergy losses and efficiencies of the system components.

T1 Compressor Regenerator Mixer HCCI Engine Catalytic converter Turbine

290 Exergy loss, % 1.47 0.63 0.20 89.07 7.64 0.98
Exergy efficiency, % 82.29 70.31 18.15 41.77 25.78 84.40

300 Exergy loss, % 1.43 0.55 0.22 89.15 7.67 0.97
Exergy efficiency, % 82.83 73.22 20.60 40.93 27.19 84.68

3100 Exergy loss, % 1.43 0.49 0.23 89.21 7.69 0.96
Exergy efficiency, % 83.34 75.82 22.99 40.10 28.54 84.94
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affected by the variation of the engine speed. Again, the exergy loss
in the HCCI engine is considerably larger than exergy losses in the
others components. For example, for an engine speed of 1800 rpm,
it counts alone for 89.45% of total exergy losses in the system,
while the exergy loss rate of the compressor, the regenerator, the
mixer, the catalytic converter and the turbine are only 1.04%,
1.34%, 0.37%, 7.21% and 0.59%, respectively. The exergy losses in
the system are mainly due to the irreversible nature of the
combustion process, heat transfer through a finite temperature
difference, friction and mixing process.

The equivalence ratio defines the level of in-cylinder gas tem-
perature after combustion, thus it affects the amount of combus-
tion exergy losses generated. Richer air–fuel mixtures increase
the chemical exergy supplied to the engine. The exergy losses
and exergetic efficiencies of all components are also calculated four
several values of equivalence ratios and their comparison is
depicted in Table 5. Exergy losses and exergy efficiencies are deter-
mined for equivalence ratios ranging from 0.5 to 0.9. As seen in the
table, the most significant of all the exergy losses remains the HCCI
engine. However, in contrast to the previous results, it is shown
that exergy losses in the HCCI engine increase than decrease for
higher equivalence ratios. A different trend is also observed for
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Fig. 5. HCCI engine exergy losses mapping during a cycle.

0.50

0.52

0.54

0.56

0.58

0.60

0.62

φ = 0.5
r
c
 = 16

r
p
 = 2.5

p
i
/p

e
 = 1.4

T
1
 = 300 KT

he
rm

al
 e

ff
ic

ie
nc

y

Compressor and turbine efficiency

ε = 0.5
    = 0.7
    = 0.9

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

(a)

Fig. 6. Combined effects of compressor and turbine isentropic efficiencies and regener
efficiency.
exergy losses in the catalytic converter. They decrease than they
increase for higher equivalence ratios.

The sensitivity of individual exergy losses and exergy efficien-
cies for the main components of the system to the variation of
the ambient temperature is shown in Table 6. The HCCI engine pro-
duces the largest amount of exergy losses. They represent more
than 89% of the total exergy losses. These losses are mainly due
to the combustion process. The other components, namely the
compressor, the regenerator, the mixer, the catalytic converter
and the turbine contribute with values less than 1.47, 0.63, 0.23,
7.69 and 0.98 of total exergy destruction, respectively.

Since exergy losses of the HCCI engine are dominant over all the
other exergy losses in the system, they have been examined in
more detail. Fig. 5 illustrates an exergy losses mapping of the HCCI
engine at an ambient temperature of 300 K, a compressor pressure
ratio of 2.5, an equivalence ratio of 0.5 and an engine speed of
1800 rev/min. It can be seen that the combustion process creates
the highest contribution to the total exergy losses in the HCCI
engine, which represent in the present case 76%. This can be
explained by the fact that chemical reaction occurring during the
combustion process increases the entropy of the resulted gases.
The exergy loss during the combustion process is the penalty of
converting the fuel exergy to thermal energy for producing work.
Compared to the combustion process, the rate of exergy losses
are smaller during the expansion stroke (14%), the compression
stroke (8%) and the exhaust process (2%). As a result, large poten-
tial can be achieved to improve the system efficiency by reducing
exergy losses during the combustion process.

Generally, the isentropic efficiency of compressors and turbines
ranges from 70% to 90%. Fig. 6 shows the effect of compressor and
turbine isentropic efficiencies on thermal and exergetic efficiencies
of the HCCI engine for different values of the effectiveness of the
regenerator. For simplicity, the turbine and compressor isentropic
efficiencies are considered equal. As expected, the increase of com-
pressor and turbine efficiencies and regenerator effectiveness
increases slightly both the thermal and exergetic efficiencies of
the HCCI engine. This tendency is due to decreased irrevrsibilities
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for higher turbine and compressor efficiencies. Similar trend is
observed for higher values of effectiveness. Higher values of effec-
tiveness also decrease exergy losses in the regenerator.

5. Conclusions

Energy and exergy analysis of a thermal system based on a tur-
bocharged HCCI engine fuelled with natural gas has been carried
out. The working fluid is considered as a mixture of gases with var-
iable specific heats.

The system performance have been determined and analysed
by numerical examples as a function of the compressor pressure
ratio, compressor isentropic efficiency, ambient temperature,
equivalence ratio, engine compression ratio and the engine speed.
The results showed that the operating parameters mentioned
above have a significant impact on the system performance:

– Both thermal and exergetic efficiencies are found increasing
with increasing compressor compression ratio.

– The increase of ambient temperature involves a decrease of the
engine efficiencies.

– Higher equivalence ratios allow more energy release resulting
in an increase of both thermal and exergetic efficiencies.

– The increase of the engine speed improves slightly both thermal
and exergetic efficiencies.

The present study confirmed the advantage of exergy analysis
as compared to energy analysis. The amount of information gained
through the mapping of exergy losses in the system leads to better
understanding of exergy flow in the system in order to improve the
overall efficiency of the system. The effects of compressor pressure
ratio, engine speed, equivalence ratio and ambient temperature
show different tendencies with diverse magnitude. The compari-
son between exergy losses of the individual component showed
that the HCCI engine represents a potential component that can
be improved in order to improve the overall system efficiency.
Most of exergy losses during the cycle accomplishment are due
to the irreversible nature of the combustion process.

It is also shown that within the range of operating parameters
considered, exergy losses and exergy efficiencies for some cases
exhibit a special behavior. Both increases with increasing the com-
pressor pressure ratio, the engine speed, the equivalence ratio or
the ambient temperature.
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