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Abstract— This paper reviews the various publications available concerning the application of exergy analysis to internal 
combustion engines. Over the last 40 years researchers have made findings considering all types of internal combustion 
engines: spark-ignition engines, compression-ignition engines, turbocharged engines etc.  
Special attention has been given to the explanation of the concept of exergy and its prominence in the analysis of spark-
ignition engines. Analytical analysis has been done on the combustion process that accounts for most of the exergy 
destruction or irreversibilities, an adiabatic, closed system, single-zone combustion model has been considered for the 
analysis. Reasons other than combustion for exergy destruction have also been accounted for in the paper. The analytical 
analysis has not been followed up by experimental results, but the data has been verified by the works of various authors 
whom have been cited in the paper. Also, the main differences between the first-law and second-law analysis are also 
highlighted.  
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I. INTRODUCTION  
 
The best way to understand the performance and 
sensitivity of various operating parameters of internal 
combustion engine is by constructing a 
thermodynamic model of the engine cycle. For long 
there is a notion that first-law analysis is sufficient to 
model the engine cycle, but the analysis fails to give 
the best possible insight into the operation of the 
engine cycle. Hence, second-law analysis is adopted 
that accounts for the inefficiencies of the various 
processes that occur during the engine cycle 
operation. The key concept during a second-law 
analysis is ‘exergy’ or ‘availability’. Unlike energy, 
exergy can be destroyed. Exergy represents the 
potential of a system to do useful work.  
Exergy destruction is termed as irreversibility. In a 
spark-ignition engine, the losses in energy during 
combustion, work transfer and heat transfer are due to 
this phenomenon. The reduction of irreversibilities in 
the engine can better the engine performance.  
The main objectives of the application of exergy 
analysis to spark-ignition engines are:  
 To identify the processes that leads to exergy 

destruction.  
 To understand the exergy losses during 

combustion.  
 To analyze the effect of various thermodynamic 

parameters and engine design parameters on 
exergy destruction.  

 
The next subsections will review the concept of 
exergy and briefly discuss the results of the stated 
objectives of the paper.  
 

II. BASIC CONCEPTS AND DEFINITIONS 
OF EXERGY  

 
A. Exergy: Work Potential of Energy  
Work potential of a source- it is the amount of energy 
that one can extract as useful work, the remaining 
energy is declared as waste energy and is something 
that we are not interested in considering. Hence, a 
desirable property has to be defined that would help 
us determine the useful work potential of a given 
amount of energy at some specified state; this 
property is termed as exergy.  
 
B. Dead State  
A system is in dead state when the system and the 
environment are in thermodynamic equilibrium. 
When a system is said to be in dead state, then the 
temperature and pressure of the system is the same as 
that of the surroundings and the kinetic and potential 
energy are zero relative to the environment. The 
properties of a system when in dead state are denoted 
by a subscript zero, P0, T0, etc. A system is said to 
have zero exergy at dead state.  
 
C. Reversible Work and Irrversibility  
Useful work is defined as the difference between the 
actual work and the surroundings work:  
Wu = W - Wsurr (1)  
Reversible work is defined as the maximum amount 
of useful work that can be produced as a system 
undergoes process between two specified states.  
Any difference between the reversible work and 
useful work is due to the irreversibilities in the 
system, this difference is termed as irreversibility I.  
I = Wrev,out – Wu,out or I = Wrev,in – Wu,in (2)  
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The irreversibility is equal to the exergy destroyed. 
Irreversibility is a positive quantity for all 
irreversible/actual processes. For work-producing 
devices, Wsurr Wu  
 
D. Decrease of Exergy Principle and Exergy 
Destruction  
By definition, in an isolated system, no heat, no work, 
or mass can cross the boundaries, this gives us the 
equation:  
-T0Sgen = X2 – X1 0 (3)  
Then we conclude that  
ΔXisolated = (X2 – X1)isolated 0 (4)  
The above equation represents that, the exergy of an 
isolated system will continue to decrease, and in the 
case of a reversible process it will remain constant. 
This is known as decrease of exergy principle.  
Processes such as friction, nonquasi-equilibrium 
compression or expansion, heat transfer always 
generate entropy, and anything that generates entropy 
is always going to destroy exergy. Exergy destroyed 
is always a positive quantity for any real process and 
zero for a reversible process. Exergy destroyed is 
nothing but the loss in work potential of a system, it 
is also termed as irreversibility or lost work.  
 
E. Exergy Balance: Closed Systems  
We know that a system that undergoes a real 
process exergy is destroyed, therefore, the exergy 
change of a system is always lesser than the exergy 
transfer in and out of the system by an amount that is 
equal to the exergy destruction within the system. 

 
It is important to maintain a clear distinction between 
energy and exergy. The energy change of a system is 
equal to the energy transfer that takes place during 
any process, on the other hand the exergy change of a 
system equals the exergy transfer only for a reversible 
process. The energy of a system is always based on 
first-law of thermodynamics, but the quality of the 
energy always decreases based on the second-law of 
thermodynamics. This decrease in quality is always 
attributed to the increase in entropy of the system.  
 
F. Single-Zone Combustion Model  
In order to carry out overall engine simulation, 
different models have been developed. A simple zero-
dimensional model treats the cylinder mixture as a 
uniform/homogenous mixture and is usually termed 
as, single-zone model. The single-zone model has 
been used extensively due to its simplicity and 

reasonable accuracy. The reason such models are 
termed as single-zone model is because the flow field 
dimensions are neglected. There are much more 
complicated models such as, two-zone, four-zone and 
even multi-zone models.  
The working fluid in a single-zone model is assumed 
to be a thermodynamic system that undergoes energy 
and mass exchange with the surroundings.  
 
III. ANALYSIS OF EXERGY 

DESTRUCTION DURING 
COMBUSTION  

 
Any system undergoing a chemical reaction 
experiences exergy destruction due to combustion, 
viscous dissipation, turbulence, air-fuel mixture 
mixing with cylinder residuals, etc. 
The contribution of combustion to irreversibilities has 
proven to be dominant, contributing a staggering 90% 
of the exergy destruction. The works done by Primus 
and Flynn , Alkidas and Rakopoulos and Giakoumis  
have found the contribution of non-combustion to 
irreversibility to be, 4.96%, 3% and 5%(maximum) 
respectively. 

 
Fig. 1 Development of ratio of combustion to total in-cylinder 

irreversibilities 
 
A. System Description  
An actual fuel-air cycle is considered for the exergy 
destruction analysis for a spark-ignition engine. The 
constant volume combustion process is assumed to be 
adiabatic; there is no exergy transfer due to heat 
transfer. As the volume is closed there is no exergy 
transfer due to mass flows, therefore, no exergy 
transfer due to work transfer. Hence any change in 
exergy is solely attributed to the combustion process. 
The figure below represents the type of system in 
consideration. 

 
Fig. 2 Schematic of the adiabatic, constant volume system 
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B. Assumptions and approximations  
The major assumptions and approximations used in 
the development include the following:  
 The thermodynamic system is the chamber 

contents.  
 The cylinder contents are assumed to be 

spatially homogeneous and to occupy one zone.  
 The fuel is assumed to be completely vaporized 

and mixed with the reactant air.  
 The thermodynamic properties are spatially 

uniform.  
 Variation of specific heat with temperature at 

different process points has been incorporated.  
 Combustion takes place instantaneously.  

 
C. Mechanism of exergy destruction  
Some of the fundamental aspects that lead to 
exergy/availability destruction due to combustion in a 
spark-ignition engine are summarized as follows:  
 
 About 80% of the combustion irrversibilities 

occur during the heat transfer process between 
the air-fuel mixture and the reacting gas and the 
yet unburned mixture. The process is explained 
in-depth thanks to the work done by Dunbar and 
Lior. The processes are as follows:  

 First, as the oxygen and fuel enter the reactor, 
they are drawn together in a diffusion process 
that uses useful power to separate them from the 
reactant gas stream.  

 Second, after approaching the fuel, the oxygen 
reacts with the fuel and a chemical reaction 
takes place, this process increases the entropy, 
destroying the potential useful work.  

 Third, following the exothermic reaction, the 
product molecules possess a much higher 
energy state, due to momentum and radioactive 
transfer to the neighboring particles useful 
power is consumed.  

 At the end, the product molecules further mix 
with the system constituents in turn causing 
further exergy destruction.  

 An increase in the combustion temperature 
decreases the combustion irreversibilities. This 
conclusion is related to the previous point; by 
increasing the temperature the relative amount 
of heat transfer from the reactant gas to the yet 
unburned mixture is decreased.  

 The effects of the changes in pressure during 
the combustion process have a very modest 
effect on the availability destruction.  

 
IV. ANALYZE THE EFFECT OF VARIOUS 

DESIGN AND THERMODYNAMIC 
PARAMETERS ON EXERGY 
DESTRUCTION  

 
A. Design Parameters  
 Aftercooler- In the aftercooler the 

irreversibilities are accounted due to the loss of 

availability, due to heat transfer to a cooler 
medium. These losses can be quite large based 
on the temperature level of the medium to be 
cooled.  

 Inlet manifold- The irreversibilities that usually 
occur in the inlet manifold are due to the mixing 
of the incoming air with the inlet manifold 
contents. These losses usually account for less 
than 1%of the fuel’s chemical availability.  

 Exhaust manifold- The irreversibilities arises 
from the throttling across the exhaust valve, 
mixing of cylinder exhaust gas with manifold 
contents and gas friction along the length of the 
manifold.  

 
B. Thermodynamic Parameters  
 Compression ratio- It is an important engine 

parameter that seriously affects the efficiency of 
the engine. Lior and Rudy concluded that the 
second-law efficiency increased with increase in 
compression ratio.  

 Equivalence ratio- It is of great importance 
since it defined the level of in-cylinder gas 
temperature after combustion, thereby affecting 
the amount of combustion irreversibilities 
generated. As the fuel-air mixture is made 
richer, the larger the chemical availability 
contribution to the exergy of the engine. This 
effect was verified by Rakopoulos.  

 
The following figure depicts the effect of equivalence 
ratio and compression ratio on efficiency. 

 

 
Fig. 3 Second-law efficiency vs. fuel-air equivalence ratio for 

300 CA for two compression ratio 
 
 Spark timing- It is another influential engine 

parameter on the exergy balance. Essentially the 
total irreversibility due to combustion remains 
unaltered, but the heat transfer to the walls 
increases as the spark is advanced, this occurs 
because the time period during which the walls 
are exposed increases. The following figure 
shows the variation of the availability to 
different ignition advances.  
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Fig. 4 Control volume availability vs. crank angle for various 

spark timings 
 
 Speed- The effect of engine speed was studied 

by Caton for a spark-ignition engine. His work 
suggested that the effect of speed was shown to 
be modest. The biggest effect of engine speed is 
on the heat transfer availability, it decreases 
with increase in engine speed. The following 
figure shows the effects of engine speed on 
availability.  

 
Fig. 5 Availability terms over an engine cycle as a function of 

engine speed 
 
V. EXERGY OR EXERGETIC 

EFFICIENCIES 
  
Efficiency is primarily defined to compare different 
engine parameters, either from the first-law or 
second-law perspective. The exergetic efficiency is 
usually in the form: 

 

Unlike the first-law, the second-law weighs the 
variable energy terms based on their capability for 
work production. Moreover, the second-law includes 
the exergy losses, as well as, exergy destruction.  
 
VI. DIFFERENCES BETWEEN FIRST- AND 

SECOND-LAW OF THERMODYNAMICS  
 
 First-law is based on the fact that energy is 

conserved, does not account for inefficiencies.  
 Second-law accounts for the losses that are not 

to be found in the first-law.  
 The first-law does not penalize the system for 

irreversibilities.  
 The second-law analysis can spot specific 

processes and parameters which can enhance 
the performance of the engine.  

 
The following table clearly illustrates the differences 
between the first-law and second-law analysis. The 
comparative analysis was done on a V8, 5.7 lt spark-
ignition engine, operating at 2800rpm and 3.25 bar 
bmep. 
 

Table 1 Comparison of results from first- and second-law 
analysis 

 
 
VII. SUMMARY  
 
A detailed survey was performed pertaining to the 
committed work towards the exergy analysis of 
spark-ignition engines. Concepts and definitions that 
would lead to a clear comprehension of exergy was 
dealt with. Moreover, diagrams showing the effect of 
some important thermodynamic and design 
parameters were given. Most of the analysis was 
focused on the exergy analysis during the combustion 
process.  
Parameters such as fuel-air equivalence ratio and 
compression ratio that lead to increase in pressure and 
temperature assist in the reduction of combustion 
irreversibilities. Unfortunately this decrease in 
irreversibilities cannot be realized as an increase in 
brake power, because these reductions are generally 
transformed into an increase in the heat transfer to the 
cylinder walls and/or increase in exhaust gas 
irreversibility.  
Engine operation and optimization based on exergy 
analysis can serve as a potent tool for engine 
researchers.  
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