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Executive Summary 

This report presents a detailed exergy analysis of  homogeneous charge compression ignition (HCCI) engines, 
including a crank-angle resolved breakdown of  mixture exergy and exergy destruction. Exergy analysis is 
applied to a multi-zone HCCI simulation including detailed chemical kinetics. The HCCI simulation is 
validated against engine experiments for ethanol-fueled operation. The exergy analysis quantifies the relative 
importance of  different loss mechanisms within HCCI engines over a range of  engine operating conditions. 
Specifically, four loss mechanisms are studied for their relative impact on exergy losses, including 1) the 
irreversible combustion process (16.4-21.5%), 2) physical exergy lost to exhaust gases (12.0-18.7%), 3) heat 
losses (3.9-17.1%), and 4) chemical exergy lost to incomplete combustion (4.7-37.8%). The trends in each loss 
mechanism are studied in relation to changes in intake pressure, equivalence ratio, and engine speed as these 
parameters are directly used to vary engine power output. This exergy analysis methodology is proposed as a 
tool to inform research and design processes for energy storage, transport and conversion technologies, 
particularly by identifying the relative importance of  each loss mechanism in determining system efficiency. 

Objective and Scope 

This study applies exergy analysis to a multi-zone HCCI engine model which captures detailed chemical 
kinetics with the following objectives: 

1. Quantify exergy loss mechanisms in HCCI engines through detailed chemical kinetic engine cycle 
simulations. 

2. Explore how the loss mechanisms change when different engine operating conditions are used, 
particularly by changing operating parameters that govern power output for an HCCI engine (intake 
pressure, equivalence ratio and engine speed in this paper). 

3. Develop HCCI engine exergy analysis to provide information that is useful in prioritizing HCCI 
engine research directions. 
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1 Introduction 

1.1 HCCI Engines 

HCCI engines combine characteristics of  both spark-ignited engines and diesel engines. Similar to spark-
ignited 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 autoignition event rather 
than a non-premixed flame found in diesel engines, and thus HCCI engines can achieve fewer emissions of  
particulate matter. The diluted mixtures characteristic of  HCCI engines cause lower post combustion 
temperatures resulting in significantly reduced emissions of  nitrogen oxides (NOx). Significant improvements 
in efficiency can be gained in HCCI engines as compared with spark-ignited because of  the elimination of  
the intake throttle, and the relatively high compression ratios that are required in achieving autoignition. 

1.2 Exergy Analysis 

Exergy is a thermodynamic property that is used to measure the theoretical maximum useful work that a 
system can produce, and exergy analysis can be used in understanding a) the relative contribution of  different 
loss mechanisms that result in performance below the maximum work output, and b) the theoretical 
maximum work output. Exergy analysis is applied to an ethanol fueled HCCI engine in this study to provide 
an understanding of  the fraction of  overall exergy efficiency that is lost to four different loss mechanisms. A 
procedure for coupling exergy analysis with engine simulations is developed which enables visualization of  
exergy losses on a crank-angle resolved basis, and then this procedure is used across a wide range of  engine 
operating conditions to provide an understanding of  how the different loss mechanisms change with varying 
engine operating parameters. The change in the contribution from each loss mechanism over different engine 
operating points dictates the maximum exergy efficiency operating points. This information can then be used 
throughout the engine research and design process, for instance: 1) to guide investment decisions that weigh 
which research efforts will produce the greatest efficiency gains, i.e. which loss mechanisms are the most 
worthwhile to address from an efficiency standpoint, and 2) by overlaying the loss mechanisms with engine 
operating and design constraints (like excessive ringing), exergy analysis can be used in the engine mapping 
process to provide a picture of  where and why local maxima in efficiency will occur. 

Exergy analysis has been applied to spark ignited and diesel engines in several prior studies [1-3] to explore 
the interaction of  loss mechanisms with different engine design and operating parameters. In an HCCI 
context, exergy analysis has been applied in prior studies [3-5] as well, however many of  these prior studies 
significantly simplify the in-cylinder processes and approximate them as ideal thermodynamic cycles. This 
simplification ignores the complex dynamics that govern combustion timing in HCCI engines, and thus the 
present study uses detailed chemical kinetics in HCCI engine simulations to provide a more accurate account 
of  the loss mechanisms and how they are influenced by different engine operating parameters. One study [6] 
used a more detailed single-zone model with detailed chemical kinetics to perform exergy analysis of  a dual-
fueled (natural gas and n-heptane) HCCI engine. Although this study [6] used similar analysis techniques to 
the present study, the focus was on the influence of  varying fuel composition (natural gas and n-heptane 
fractions) and EGR fractions. Nine operating conditions were simulated, however a detailed breakdown of  
loss mechanisms was not given. The present study provides a more thorough understanding of  losses in an 
HCCI engine by exploring 252 operating points that focus on high power output conditions, while also 
providing a detailed breakdown of  the loss mechanisms and how they change with varying operating 
conditions.  
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2 Description of Numerical Methodology and Validation with 
Experimental Results 

2.1 HCCI Engine Modeling Methodology 

The HCCI simulations are run using a multi-zone model [7], where each zone is treated as a homogeneous 
reactor. Mass interactions between zones are not considered, while heat transfer to the walls is modeled with 
the Woschni correlation [8,9], and an external heat transfer area fraction for each zone. Core zones are 
assigned a small heat transfer area fraction, while boundary zones are given a larger heat transfer area 
fraction1. Only the closed portion of  the cycle is considered. A chemical kinetic mechanism, updated in 2004, 
for Ethanol is used from Lawrence Livermore National Laboratory [10]. The model was used to simulate 
engine conditions representing the HCCI experimental setup used in previous studies by the authors [11-14]. 

2.2 Validation of  Model Results Against Experiments 

The HCCI simulation methodology described in section 2.1 provides a good estimate of  in-cylinder variables 
such as the combustion timing, peak pressure, IMEPg, indicated efficiency, and NOx emissions; however, it 
tends to overpredict the maximum pressure rise rate and underpredict HC and CO emissions compared with 
experimental engine measurements [14]. Greater accuracy of  pressure rise rates and HC emissions can be 
obtained using a larger number of  zones (40 and above) along with simulation methods that define zone 
average temperature and mass fraction for each zone using CFD analysis prior to the multi-zone chemical 
kinetic simulations2. The accurate prediction of  CO emissions requires even further computational burden by 
taking mass transfer between zones into account [7,15,16,17]. These more advanced simulation methods are 
more computationally expensive and make it difficult to run the large number of  simulation conditions that 
were explored in this study (252 operating points in total) while not adding significantly more insight for the 
purposes of  exergy analysis. 

Figure 1 through Figure 5 compare simulated results against experimental measurements. Although the 
simulated and experimental results are not in perfect agreement, these plots and their associated discussions 
are presented to convey that the model and experiments are in general agreement and to help the reader 
understand the magnitude and cause of  any discrepancies. 

Figure 1 shows a comparison of  experimental and simulated in-cylinder pressure for two different intake 
manifold pressures, each at three different combustion timings, to demonstrate that the 10-zone HCCI model 
is capable of  generating accurate results, despite the known over predictions in maximum pressure rise rate. 

                                                      

1 A table of  mass fraction and external heat transfer area fraction for each zone is presented in the Appendix. 
2 A parametric study of  the influence of  number of  simulated zones upon exergy analysis results is 
presented in the Appendix. The results show that the number of  simulated zones do not significantly 
impact the exergy analysis results, thus 10 zones are used throughout the paper. 
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Figure 1 - Comparison of  experimental and simulated in-cylinder pressure traces 

Figure 2 through Figure 5 compare data that is calculated through post-processing of  simulated and 
experimental data. In each plot, a wide range of  combustion timings are plotted for two different intake 
pressures and two different equivalence ratios. Lines of  best fit are presented for each data set, with 
experimental fits displayed as a solid lines and simulated fits as dashed lines. Experimental data points are 
plotted as the average from 300 consecutive engine cycles, and the error bars for each point represent one 
standard deviation among 300 cycles of  data. 

Figure 2 shows the power output, calculated as gross indicated mean effective pressure, for several engine 
operating points. In all cases plotted, the power output results agree at a combustion timing of  6 CAD ATDC, 
however the model tends to overpredict power output at early combustion timings and underpredict power 
output at late combustion timings. It is important to note that the experimental data was collected on a 4-
cylinder engine with only one cylinder firing. As a result, the engine block temperature was colder than 
normal engine operation and thus the heat losses for the experimental cases may be artificially high, thereby 
causing lower power output – particularly for early combustion timings which allow more time for heat loss.  
Experimental data was not collected for late combustion timings because it was difficult to maintain stable 
combustion long enough to collect a complete data set, thus the downward slope for experimental data at late 
combustion timings is not apparent. 
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Figure 2 - Comparison of  gross indicated power output for experimental and simulated cases for 
several intake pressures, equivalence ratios and combustion timings. 1800 RPM, ethanol fueled 

Figure 3 compares the combustion efficiency for several simulated and experimental engine operating points. 
The modeled and experimental combustion efficiencies agree at early combustion timings, while the model 
tends to underpredict combustion efficiency at later combustion timings. One important consideration is that 
the experimental combustion efficiencies are calculated from CO and unburned HC emissions, however it is 
assumed that all HCs are unburned ethanol. The simulations, however, give more specific information about 
the types of  HCs, thereby allowing a more detailed calculation of  combustion efficiency using the enthalpies 
of  specific exhaust hydrocarbon components. Additionally, it is important to note that experimental exhaust 
hydrocarbon measurements are taken using a flame ionization detector (FID) which introduces some 
uncertainty when measuring unburned alcohol exhaust components. FIDs are known to have a response 
factor of  between 1.5-1.7 for ethanol [18], meaning that an FID detects between 1.5-1.7 carbon atoms when 
there are actually two carbon atoms in ethanol. 
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Figure 3 - Comparison of  combustion efficiency for experimental and simulated cases for several 
intake pressures, equivalence ratios, and combustion timings. 1800 RPM, ethanol fueled 

Figure 4 shows the unburned CO emissions for several experimental and simulated engine operating points. 
As expected for the 10-zone model approach, CO emissions are underpredicted with the model.  More 
accurate predictions of  CO emissions can be generated using more complex modeling techniques, which 
couple CFD and chemical kinetics to model the mass transfer between zones, however as mentioned above, 
this would cause computation times to be too large for the 252 operating points that are explored in this study. 
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Figure 4 - Comparison of  carbon monoxide emissions for experimental and simulated cases for 
several intake pressures, equivalence ratios, and combustion timings. 1800 RPM, ethanol fueled 

Figure 5 shows the exhaust temperature for experimental operating conditions, and the in-cylinder EVO 
temperature for simulated operating conditions. It is difficult to directly compare the two quantities because 
the simulated EVO temperatures do not account for temperature decreases from heat loss and expansion that 
would occur as the burned gases leave the cylinder and proceed to where exhaust gas temperature is 
measured in the experiments. It is, however, still useful to note that the equivalence ratio and pressure 
dependence of  the EVO and exhaust temperatures agree. 
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Figure 5 - Comparison of  exhaust (experimental) and EVO (simulated) temperatures for several 
intake pressures, equivalence ratios, and combustion timings. 1800 RPM, ethanol fueled 

In the results section of  this paper several exergy loss mechanisms are discussed, including exergy losses from 
combustion, heat loss, unburned species, and exhaust. By comparing experimental and simulated data in 
Figure 1 through Figure 5, the authors aim to give the reader awareness of  some differences between the 
experimental and simulated results to develop an understanding of  how simulated exergy destruction 
mechanisms may differ from actual engine conditions. Broadly speaking, the simulated and experimental 
comparisons suggest that exergy losses to unburned species may be underpredicted in the simulations 
because of  lower simulated CO emissions, and exergy losses to heat loss may be underpredicted (although 
heat losses in the experiments are artificially high because of  single-cylinder operation). 

2.3 Crank-Angle Resolved Exergy Analysis 

The 10-zone model results are post-processed taking into account only species that are present with mole 
fractions above 0.01% at any time during the closed cycle simulations. Enthalpy and entropy of  the mixture 
are calculated using NASA polynomials with coefficients for each species specified in the thermodynamics 
property file of  the ethanol mechanism [10]. 

Total exergy of  the in-cylinder mixture is calculated using Eq. 1 [1]: 

 
( ) ( ) ( )0 0 0 0 0total
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a subscript 0 are the respective properties for the dead state defined in Table 1: 

Temperature, T0 298.15 K 
Pressure, P0 1.01325 bar 

Composition 
(mole 
fractions) 

N2 0.7565 
O2 0.2029 
H2O 0.0313 
Ar 0.0090 
CO2 0.0003 

Table 1 - Properties of  the dead state 

The physical and chemical components of  exergy are calculated with Eq. 2 and Eq. 3 respectively [19]: 

 
( ) ( ) ( )0 0phys

a u u P v v T s s∗ ∗ ∗= − + − − −  (Eq. 2) 

 0chema µ µ∗= −  (Eq. 3) 

In Eq. 2 and 3, subscript * represents the restricted dead state for the in-cylinder mixture, which is defined 
as the in-cylinder mixture taken to the dead state temperature and pressure (T0 and P0), but not necessarily 
having the dead state composition. In Eq.3, µ* and µ0 are the chemical potential for the restricted dead state 
and the actual dead state, calculated with Eq. 4: 

 0h T sµ = −  (Eq. 4) 

Exergy destruction from the combustion process is calculated using the Gouy-Stodola law, Eq. 5, applied 
between the times when heat release from combustion starts and ends (i.e. from CA0.005 and CA0.995): 

 dest,combustion 0 genx T s=  (Eq. 5) 

Exergy loss from heat loss is calculated using Eq. 6 [19,20], where the heat losses (Qout) are calculated using 
the Woschni heat transfer coefficient [8] (within the 10-zone HCCI model). In this analysis, the term T in eqn. 
6 is the mass averaged in-cylinder temperature: 

 
HL 0

walls

out

walls

T T
x Q T

T T

 −
=  

⋅ 
 (Eq. 6) 

Overall exergy efficiency is calculated using Eq. 7, where the numerator represents the total indicated work 
against the surroundings, and the denominator is the total exergy in the fuel. 

 

( )
540

0

180
ex

fuel fuel

P P dV

a m

θη =

−

=
⋅

∑
o

o

 (Eq. 7) 

The fuel exergy, afuel, is calculated using Eq. 8 with Gibb’s free energies, g [1]: 

 
( )products reactantsfuel rxna g g g= − = − −  (Eq. 8) 

Eq. 8 is applied assuming complete combustion for ethanol fuel at the simulated equivalence ratios (i.e. the 
only products are CO2, H2O, O2 and N2). 

In the results section of  this paper, two further quantities are reported, 1) the physical exergy lost to exhaust 
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gases, and 2) the inaccessible chemical exergy due to incomplete combustion. The first quantity is determined 
by simply using the physical exergy (Eq. 2) at exhaust valve open timing. The second quantity is determined 
as the difference between the Gibb’s free energy of  the actual reaction occurring in the engine simulations 
and the fuel exergy calculated in Eq. 8. 

2.4 Simulated Engine Conditions 

One objective of  this study is to understand how exergy loss mechanisms change as operating parameters are 
changed to vary engine power output. Specifically, changes in three operating parameters are explored, 1) 
intake pressure, 2) equivalence ratio, and 3) engine speed. For each of  the three parameter sweeps, 12 
combustion timings are simulated with combustion occurring from slightly before TDC to the point where 
misfire occurs. Combustion timing is adjusted by changing the intake temperature. Table 2 shows the input 
parameters that were used to define the engine for this study, and Table 3 shows the operating points that 
were explored. 

Compression ratio 16.15 
Displacement volume 475 cc 

Bore diameter 79.55 cm 
Connecting rod/crank 

radius 
3.0157 

Woschni Heat transfer 
coefficients 

a 0.035 
b 0.80 
c 0.00 

Number of  zones 10 
Table 2 - Input parameters to specify engine in simulations 

Sweep 
name 

PBDC 
(bar abs) ϕ 

Engine 
speed (RPM) 

CA50 

Intake 
Pressure 

1 
1.2 
1.4 

1.6 
1.8 
2.0 

0.40 1800 
~TDC 
to 

Misfire 

Equivalence 
ratio #1 

1.0 
0.25 
0.30 
0.35 

0.40 
0.45 

1800 
~TDC 
to 

Misfire 

Equivalence 
ratio #2 

1.8 
0.25 
0.30 
0.35 

0.40 
0.45 

1800 
~TDC 
to 

Misfire 

Engine 
speed 

1.8 0.40 
1000 
1200 
1400 

1600 
1800 
2000 

~TDC 
to 

Misfire 
Table 3 - Operating conditions explored for exergy analysis 
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3 Results 

In this section, sample results from the crank-angle resolved exergy analysis methodology (discussed in 
section 2.3) are first reviewed. The insights provided by the crank-angle resolved methodology are then 
applied over the entire range of  operating conditions listed in Table 3 to show the relative impact of  several 
exergy loss mechanisms and how these loss mechanisms change over different engine operating conditions. 
Finally, the applicability of  these results for engine research and design are discussed. 

3.1 Crank-Angle Resolved Exergy Analysis 

The exergy analysis methodology discussed in section 2.3 is used to compute crank-angle resolved exergy 
quantities to provide insight into the causes of  exergy loss. Figure 6 and Figure 7 show a sample of  the results 
from crank-angle resolved exergy analysis for a single operating point. In Figure 6, the total exergy, physical 
exergy and chemical exergy are overlaid with the in-cylinder pressure. Total exergy represents the maximum 
theoretical work that can be extracted from the in-cylinder gases if  they are brought to physical and chemical 
equilibrium with the environment. Given that an engine directly extracts physical exergy through piston 
expansion, it is useful to separate the total exergy into physical and chemical components as seen in Figure 6. 

 

Figure 6 - Crank-angle resolved exergy (total, physical and chemical) 

for a single operating point with PBDC=1.8 bar, ϕ=0.40, 1800 RPM, Ethanol fuel 

By separating the physical and chemical components of  exergy of  the in-cylinder gas mixture, as in Figure 6, 
it is easy to see the amount of  unused exergy that is lost to exhaust gases. Additionally, it can be seen in 
Figure 6 that the change in chemical exergy during the combustion process is larger than the change in 
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physical exergy, and this difference is largely caused by the irreversibilities that occur during combustion. 
Figure 7 shows a crank-angle resolved plot of  exergy destruction, including the losses from the combustion 
process. 

 

Figure 7 - Crank-angle resolved cumulative exergy destruction 

for a single operating point with PBDC=1.8 bar, ϕ=0.40, 1800 RPM, Ethanol fuel 

Figure 7 shows the cumulative exergy destruction from irreversible combustion, heat loss, and also the exergy 
added or subtracted from the in-cylinder gases due to the compression and expansion processes (PdV Work). 
In Figure 7, negative values represent exergy added to the in-cylinder gases and positive values represent 
exergy removed from the in-cylinder gases (through exergy destruction or exergy transfer out of  the system). 
For the results in Figure 6 and Figure 7 (and their equivalent plots for all other operating conditions), the 
following exergy balance holds true: 
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where Atotal is the total exergy, Aphys and Achem are the physical and chemical components of  total exergy, 
Adest,comb is the exergy destroyed from irreversible combustion, AHL is the exergy loss from heat loss, and Awork 
is the exergy loss from useful work (i.e. the compression and expansion processes). 

The crank-angle resolved exergy analysis demonstrated in Figure 6 and Figure 7 provide insight into the 
timing and relative quantity of  different loss mechanisms. The physical exergy plotted in Figure 6 can be used 
to quantify the amount of  unused exergy that is lost to exhaust gases at exhaust valve open. Additionally, by 
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comparing the minimum of  the chemical exergy plot (Figure 6) against the chemical exergy that would occur 
if  complete combustion occurred (i.e. to produce only CO2, H2O, N2, and excess O2), the exergy loss due to 
incomplete combustion is quantified. Using these insights from the crank-angle resolved exergy analysis over 
a large number of  operating conditions, we can understand the relative impact of  different loss mechanisms 
and how they change with varying engine operating conditions. Additionally, by comparing the physical 
exergy of  exhaust gases against the physical exergy of  intake gases, we can understand the practicality and 
design requirements for turbocharging. 

3.2 Understanding the Influence of  Engine Operating Parameters on Exergy 
Destruction 

The crank-angle resolved exergy analysis is post-processed to generate summary data that shows the relative 
influence of  four specific exergy loss mechanisms: 1) irreversible combustion, 2) heat loss from the in-
cylinder gases through the cylinder walls, head and piston, 3) physical exergy lost to the exhaust gases, and 4) 
chemical exergy that cannot be used because of  incomplete combustion.  

The impact of  these different loss mechanisms on overall exergy efficiency is explored in the three 
subsections below. Each sub-section explores the impact of  different parameters for changing the engine 
power output, including 1) an intake pressure sweep, 2) an equivalence ratio sweep, and 3) an engine speed 
sweep. 

Within each subsection, two types of  plots are presented which show the impact of  exergy loss mechanisms 
on the y-axis. The first set of  plots in each section has combustion timing on the x-axis and shows a complete 
sweep of  combustion timings, with CA50 starting slightly before TDC and sweeping through combustion 
timings until misfire occurs. Different colors are used to identify the different loss mechanisms, while 
different line styles and symbols identify a sweep through the parameter of  interest (intake pressure, 
equivalence ratio, or engine speed). This first style of  plot makes it very easy to identify the relative 
contribution of  each loss mechanism over a wide range of  operating conditions. 

The second style of  plot in each section shows specific parameters of  interest on the x-axis (i.e. intake 
pressure, equivalence ratio, or engine speed). This plot style takes a small subset of  the data from the first plot 
style by only showing data at combustion timings of  CA50=365° and 370°. This plot style makes it easier to 
identify how changes in intake pressure, equivalence ratio, and engine speed influence the different loss 
mechanisms. 

3.2.1 Intake Pressure Sweep 
Figure 8 shows the exergy loss mechanisms for a range of  intake pressures and for combustion timings from 
slightly before TDC (360°) to misfire. The figure is generated from crank-angle resolved exergy analysis of  72 
different cycle simulations, each representing a different intake pressure and combustion timing, with ϕ=0.40, 
1800 RPM and ethanol fueling maintained for all operating points. The results show that over the range of  
intake pressures and combustion timings explored, irreversible combustion causes between 18.3-20.5% of  
exergy loss, unused physical exergy in the exhaust causes between 14.8-18.2% of  exergy loss, heat loss causes 
between 4.4-13.3% of  exergy loss, and inaccessible chemical exergy from incomplete combustion causes 
between 4.7-29.1% exergy loss. 
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Figure 8 - BDC pressure and combustion timing sweep of 

exergy loss mechanisms for ϕ=0.40, 1800 RPM, Ethanol fuel 

Figure 8 shows that the mechanisms of  irreversible combustion and unused physical exergy in the exhaust are 
only mildly sensitive to changes in combustion timing, and thus the maximum exergy efficiency point for the 
different intake pressures (for ϕ=0.40, 1800 RPM, ethanol fuel) is governed predominantly by the balance 
between exergy loss from heat losses and exergy loss from incomplete combustion. Consistent with prior 
knowledge [11,21], exergy losses from heat loss decrease (roughly linearly) with delayed combustion timing, 
and exergy losses from incomplete combustion increase sharply with delayed combustion timing. It is 
particularly important to note that the combustion timing delay which acts as the threshold for sharp 
increases in exergy loss from incomplete combustion is further delayed with increasing intake pressures. The 
influence of  intake pressure upon combustion parameters is seen more clearly in Figure 9, which plots data 
points for fixed combustion timings (CA50=365° and 370°) along an x-axis of  intake pressure. 
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Figure 9 - BDC pressure sweep of  exergy loss mechanisms 

for ϕ=0.40, 1800 RPM, CA50=365° and 370°, Ethanol fuel 

Figure 9 shows only minor changes in exergy loss from irreversible combustion and unused physical exergy in 
exhaust gases as intake pressures are increased. At a combustion timing of  365°, exergy loss from heat loss is 
not very sensitive to changes in intake pressure, however, at further delayed combustion timings, 370°, exergy 
losses from heat loss decrease slightly with increasing intake pressure. Referring back to heat loss contours in 
Figure 8, it is important to observe that at TDC (360°), exergy loss from heat loss appears more sensitive to 
intake pressure. From Figure 8 it is apparent that changes in losses from incomplete combustion due to 
varying intake pressure are only apparent at intermediate combustion timings. Thus in Figure 9, exergy loss 
from incomplete combustion decreases with increasing intake pressure at CA50=365° while at CA50=370°, 
the exergy losses from incomplete combustion no longer have a significant intake pressure dependence. In 
terms of  applicability to engine design, Figure 8 shows that as intake pressures are increased, more delayed 
combustion timing can be used before losses from incomplete combustion increase substantially. 

3.2.2 Equivalence Ratio Sweep 
In this section, the impacts of  changing fuel-air equivalence ratio are explored for two different intake 
pressures (PBDC=1.0 bar in Figure 10 and Figure 11, then PBDC=1.8 bar in Figure 12 and Figure 13). Figure 10 
and Figure 12 show the exergy loss mechanisms for a range of  equivalence ratios and for combustion timings 
from slightly before TDC (360°) to misfire. Each figure is generated from crank-angle resolved exergy 
analysis of  60 different cycle simulations, each representing a different equivalence ratio and combustion 
timing, with an engine speed of  1800 RPM and ethanol fueling for all operating points. 

The results in Figure 10 show that over the range of  equivalence ratios and combustion timings explored (for 
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PBDC=1.0 bar), irreversible combustion causes between 16.4-20.8% of  exergy loss, unused physical exergy in 
the exhaust causes between 13.0-18.7% of  exergy loss, heat loss causes between 4.6-13.9% of  exergy loss, 
and inaccessible chemical exergy from incomplete combustion causes between 5.0-36.9% exergy loss. 

 

Figure 10 - Equivalence ratio and combustion timing sweep of  exergy 
loss mechanisms for PBDC=1.0 bar, 1800 RPM, Ethanol fuel 

Figure 10 shows that the mechanisms of  irreversible combustion and unused physical exergy in the exhaust 
are only mildly sensitive to changes in combustion timing (consistent with Figure 8), however there is a 
greater sensitivity to changes in equivalence ratio (explored further in Figure 11). Also consistent with Figure 
8, exergy losses from heat loss decrease with delayed combustion timing. Exergy losses from incomplete 
combustion increase with delayed combustion timing beyond a certain threshold of  sufficiently delayed 
combustion timing. The threshold for the occurrence of  exergy losses from incomplete combustion occurs 
with further delayed combustion timing as higher equivalence ratios are used. Figure 11 directly shows the 
equivalence ratio influence on loss mechanisms for two combustion timings, CA50=365° and 370°. 
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Figure 11 - Equivalence ratio sweep of  exergy loss mechanisms 
for PBDC=1.0 bar abs, 1800 RPM, CA50=365° and 370°, Ethanol fuel 

Figure 11 shows that the contribution of  exergy losses from irreversible combustion decreases with 
increasing equivalence ratio, particularly for earlier combustion timings. This trend is probably the result of  
increased internal heat exchange to raise the temperature of  increased amounts of  non-reactive species (i.e. 
more excess N2 and O2) [23].  The contribution of  unused physical exergy lost to exhaust gases also 
increases with higher equivalence ratios, and the amount of  this increase is slightly higher for delayed 
combustion timing. The fraction of  exergy losses to heat loss remains relatively insensitive to changes in 
equivalence ratio. Finally, the contribution of  exergy loss from incomplete combustion decreases with 
increasing equivalence ratios, particularly for further delays in combustion timing. 

Figure 12 and Figure 13 show similar plots illustrating the influence of  equivalence ratio on loss mechanisms, 
but for a higher pressure of  PBDC=1.8 bar abs. The results from Figure 12 show that irreversible combustion 
causes between 18.3-21.5% of  exergy loss, unused physical exergy in the exhaust causes between 13.7-18.7% 
of  exergy loss, exergy losses from heat loss cause between 4.4-12.5% of  exergy loss, and inaccessible 
chemical exergy from incomplete combustion causes between 4.9-29.1% of  exergy loss. 
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Figure 12 - Equivalence ratio and combustion timing sweep of 
exergy loss mechanisms for PBDC=1.8 bar, 1800 RPM, Ethanol fuel 

Consistent with the Figure 10 (PBDC=1.0 bar), Figure 12 (PBDC=1.8 bar) shows that irreversible combustion 
and unused physical exergy in the exhaust are only mildly sensitive to changes in combustion timing, however 
there is a greater sensitivity to changes in equivalence ratio. For this case too, heat loss decreases with delayed 
combustion timing. In further agreement with earlier cases, exergy losses from incomplete combustion 
increase with delayed combustion timing beyond a certain threshold of  sufficiently delayed combustion 
timing. By comparing Figure 10 and Figure 12 it is apparent that higher equivalence ratios and higher intake 
pressures cause this threshold of  increased exergy loss from incomplete combustion to occur with later 
combustion timings. Figure 13 directly shows the equivalence ratio influence on loss mechanisms for two 
combustion timings, 365° and 370°, for a pressure of  PBDC=1.8 bar abs. 
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Figure 13 - Equivalence ratio sweep of  exergy loss mechanisms 
for PBDC=1.8 bar abs, 1800 RPM, CA50=365° and 370°, Ethanol fuel 

Figure 13 shows that the contribution of  exergy loss from irreversible combustion decreases slightly with 
increasing equivalence ratio, although by comparing Figure 11 (PBDC=1.0 bar) and Figure 13 (PBDC=1.8 bar) it 
is apparent that the rate of  this decrease is lower for higher intake pressure cases. The contribution of  unused 
physical exergy lost to exhaust gases increases with higher equivalence ratios and by comparing the 1.0 and 
1.8 bar cases the rate of  this increase is larger for the higher intake pressure case. The contribution of  exergy 
loss from heat loss slightly increases with (CA50=365°) or is insensitive to (CA50=370°) increased 
equivalence ratio. Consistent with Figure 11, exergy losses due to incomplete combustion decrease with 
higher equivalence ratio. 

3.2.3 Engine Speed Sweep 
Figure 14 shows the exergy loss mechanisms for a range of  engine speeds and for combustion timings from 
slightly before TDC (360°) to misfire. The figure is generated from 72 different cycle simulations, each 
representing a different engine speed and combustion timing, with PBDC=1.8 bar, ϕ=0.40 and ethanol fueling 
maintained for all operating points. Figure 14 shows that over the range of  engine speeds and combustion 
timings explored, irreversible combustion causes 16.7-20.7% of  exergy loss, unused physical exergy in the 
exhaust causes between 12.0-18.3% of  exergy loss, heat loss causes between 3.9-17.1% of  exergy loss, and 
inaccessible chemical exergy from incomplete combustion causes between 4.8-37.8% of  exergy loss. 
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Figure 14 - Engine speed and combustion timing sweep 

of  exergy loss mechanisms for PBDC=1.8 bar, ϕ=0.40, Ethanol fuel 

Consistent with earlier figures, Figure 14 shows that the loss mechanisms of  irreversible combustion and 
unused physical exergy to exhaust gases are insensitive to combustion timing, while exergy loss from heat loss 
decreases with delayed combustion timing. Exergy loss from incomplete combustion increases with delayed 
combustion timing beyond a threshold of  combustion timing delay. Figure 15 shows the engine speed 
influence on loss mechanisms more clearly by presenting data points for two combustion timings, CA50=365° 
and 370°. 
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Figure 15 - Engine speed sweep of  exergy loss mechanisms 

for PBDC=1.8 bar abs, ϕ=0.40, CA50=365° and 370°, Ethanol fuel 

Figure 15 shows that exergy loss from irreversible combustion remains relatively constant across different 
engine speeds, while unused physical exergy lost in exhaust gases increases with increasing engine speed. 
Exergy losses from heat loss decrease with increasing engine speed. For CA50=365° and 370°, exergy loss 
from incomplete combustion is insensitive to changes in engine speed. 
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4 Using Exergy Analysis for Engine Design 

The information provided by exergy analysis can be used during engine research and design processes. 
Section 3.1 demonstrated the insight that can be gained from crank-angle resolved exergy analysis, and 
section 3.2 showed how this technique can be used to understand how loss mechanisms change as different 
engine parameters are varied to influence the power output. This breakdown of  exergy loss mechanisms can 
be used to prioritize research investment decisions by providing insight into the relative importance of  each 
loss mechanism for various operating conditions. By comparing the loss mechanisms for HCCI engines 
against different engine types, or the loss mechanisms of  different HCCI engine designs, structural design 
decisions can also be made. For ethanol fueled HCCI, the exergy loss from irreversible combustion is difficult 
to minimize further, and the results show that the relative impact of  this loss mechanism remains fairly 
constant over the entire range of  operating conditions explored. The other losses can be absorbed or reduced 
through techniques like turbocharging, thermal linings or by using smaller crevice zones. In choosing which 
research and development techniques to use to achieve higher efficiencies, the exergy analysis approach 
presented in this paper allows the researcher aiming to improve efficiency to understand the theoretical 
maximum efficiency gain that could be achieved through any research effort. For instance, the results show 
that more potential exists for trying to recover exergy losses to exhaust gases rather than trying to reduce heat 
losses. In this process, it is also important to consider engine design constraints (like excessive ringing, in-
cylinder pressure limits, etc.). Overlaying constraints will automatically eliminate operating conditions; for 
example, by overlaying ringing intensity on the exergy loss plots, it will become apparent that early 
combustion timings are not desirable and thus the research focus will turn to minimizing losses due to 
incomplete combustion. An immediate research task for the authors is to implement this exergy analysis 
methodology using a more advanced simulation technique [15] so that constraints like ringing can be 
considered simultaneously with the loss mechanisms. 

Comparing the physical availability of  the in-cylinder charge at exhaust valve open and intake valve close can 
also provide insight for turbocharger design. Figure 16 presents a sample plot which compares the physical 
availability of  intake and exhaust charges for an equivalence ratio sweep (for the same operating point as 
Figure 12), however it is important to include models of  the intake and exhaust processes, and a turbocharger 
model to provide conclusive information to guide turbocharger design. Implementing detailed exergy analysis 
on in-cylinder processes, as was done in this paper, should be combined with intake and exhaust processes to 
quantify and prioritize all of  the loss mechanisms in a holistic engine design process. 
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Figure 16 - Comparison of  intake and exhaust physical availability to provide 
insight for turbocharger design for PBDC=1.8 bar, 1800 RPM, Ethanol fuel 
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5 Summary and Conclusions 

This research provides an understanding of  the relative importance of  each exergy loss mechanism for an 
ethanol-fueled HCCI engine. Four loss mechanisms were studied, including, 1) exergy loss from irreversible 
combustion, 2) physical exergy lost to the exhaust gases, 3) exergy loss to heat loss, and 4) inaccessible 
chemical exergy due to incomplete combustion. The trends in each loss mechanism were studied over 
different intake pressures, equivalence ratios, engine speeds and combustion timings. The following trends 
and results are identified for ethanol-fueled HCCI engines: 

1. The fraction of  exergy loss from irreversible combustion constitutes 16.4-21.5% of  overall exergy 
loss. It does not change significantly with different intake pressures, equivalence ratios, engine speeds, 
and combustion timings. 

2. The fraction of  exergy loss from physical exergy lost to exhaust gases constitutes 12.0-18.7% of  
overall exergy loss. It is not sensitive to changes in intake pressure, or combustion timing, however it 
increases with increasing equivalence ratio and engine speed. 

3. The fraction of  exergy loss from heat loss constitutes 3.9-17.1% of  overall exergy loss. It is relatively 
insensitive to changes intake pressure, however, for delayed combustion timing, it decreases slightly 
with increasing intake pressure. There is little sensitivity to changes in equivalence ratio. It decreases 
with increasing engine speed and delayed combustion timing. 

4. The fraction of  exergy loss from incomplete combustion constitutes 4.7-37.8% of  overall exergy loss. 
It remains relatively constant at early combustion timings, but rises sharply as combustion timing is 
delayed beyond a certain threshold. The combustion timing where this threshold occurs is earlier 
with lower intake pressures and lower equivalence ratios. The threshold is relatively insensitive to 
changes in engine speed. 

Crank-angle resolved exergy analysis provides useful insights to guide the research and design processes. By 
quantifying the relative contributions and trends in the various loss mechanisms, research targeting efficiency 
improvements (for example, the use of  thermal barriers on the cylinder boundaries, exhaust exergy recovery, 
or better choice of  operating parameters) can be prioritized more effectively. Furthermore, by overlaying 
engine design constraints with these loss mechanisms, engine mapping processes during the design process 
can be performed more effectively.   
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8 Appendix: Impact of Number of Zones in Chemical Kinetics 
Engine Model 

To understand the impact of  the number of  zones used in the multi-zone chemical kinetic model, a 
parametric study of  the number of  zones is presented here. For all 252 operating points simulated as part of  
this research effort, 10 zones were used. A single operating point is chosen to study the impact of  number of  
zones, with PBDC=1.8 bar, TBDC=413.82 K, CA50≈367.8 CAD, φ=0.40. Exergy results are compared for 10, 
20 and 40 zones. For the 10-zone model, the mass fraction and external heat transfer area fraction are set as 
follows: 

Zone # 
Zone mass 
fraction 

External heat transfer 
area fraction 

1 2.0 0.05 
2 1.0 0.05 
3 1.0 0.05 
4 1.0 0.1 
5 2.0 0.1 
6 5.0 0.15 
7 10.0 0.15 
8 18.0 0.15 
9 25.0 0.1 
10 35.0 0.1 

Table 4 - Mass fraction and heat transfer fraction used for 10-zone model 

The zone mass fraction and external heat transfer area fraction for the 20 and 40 zone models are determined 
by splitting each zone in the 10 zone model into two, or four separate zones. Figure 17 through Figure 19 
show the in-cylinder pressure, in-cylinder temperature and the relative contribution from each exergy loss 
mechanism for 10, 20 and 40 simulated zones. The results suggest that the number of  simulated zones does 
not influence the exergy analysis results, thus 10 zones is used throughout the paper to minimize computing 
time for the 252 operating points. 
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Figure 17 - In-cylinder pressure for 10, 20 and 40 zones 
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Figure 18 - In-cylinder temperature for 10, 20 and 40 zones 
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Figure 19 - Contribution of  each exergy loss mechanism for 10, 20 and 40 zones 
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