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Abstract

The effects of Variable Valve Timing (VVT) on 
Homogeneous Charge Compression Ignition (HCCI) 
engine energy distribution and waste heat recovery 

are investigated using a fully f lexible Electromagnetic 
Variable Valve Timing (EVVT) system. The experiment is 
carried out in a single cylinder, 657 cc, port fuel injection 
engine fueled with n-heptane. Exergy analysis is performed 
to understand the relative contribution of different loss 
mechanisms in HCCI engines and how VVT changes these 
contributions. It is found that HCCI engine brake thermal 

efficiency, the Combined Heat and Power (CHP) power to 
heat ratio, the first and the second law efficiencies are 
improved with proper valve timing. Further analysis is 
performed by applying the first and second law of thermo-
dynamics to compare HCCI energy and exergy distribution 
to Spark Ignition (SI) combustion using Primary Reference 
Fuel (PRF). HCCI demonstrates higher fuel efficiency and 
power to heat and energy loss ratios compared to SI. The 
results are applicable for the development of micro-CHP 
systems using an HCCI engine operating at a constant engine 
speed with varying loads.

Introduction

Micro CHP is an effective technology for generating 
heat and electricity in residential buildings [1]. This 
technology can replace the conventional heating 

boilers to provide heat and hot water and the majority of the 
building electricity [2]. Micro CHP plants are mainly used in 
countries that have high electricity prices and where CO2 
emission reduction is of concern [1, 2]. HCCI engines present 
a new opportunity for the micro CHP market since these 
engines are fuel efficient and can work with wide variety of 
fuels including natural gas and bio-fuels [3]. HCCI engine 
design can be optimized for fuel efficiency at specific loads 
and speeds for micro CHP application. HCCI exhaust emis-
sions are another factor that must be considered for a micro 
CHP system integrated with HCCI engines. The major HCCI 
engine emissions are CO and unburned HC [4] and these 
emissions can be controlled using different actuators and 
strategies, such as: VVT [5], oxidation catalyst [6], EGR and 
fuel Octane number [7].

Existing internal combustion engines micro CHP units 
generate power in a range of 1-100 kW and are used mainly 
for residential and commercial buildings [1]. Micro CHP 
systems can also be integrated with turbines and fuel cells for 
the power source [1, 8]. Compared to internal combustion 
engines, fuel cells have a higher efficiency and they do not 
produce NOX and particulate matter emissions. CHP units 
with fuel cells are being tested, mainly in Japan and Germany, 
but have high capital costs [1]. Turbines are typically used for 
micro CHP systems with 30-200 kW output which is suitable 

for commercial buildings [1]. The turbine micro CHP units 
are slower to start and ramp to full load compared to internal 
combustion engines [1, 2, 9]. Although the internal combus-
tion engines maintenance costs are higher than comparable 
gas turbines, the maintenance can be handled by in-house 
staff or local service organizations [10]. Micro CHP systems 
with internal combustion engine are currently the most 
economical due to their lower capital costs [10].

There are relatively few studies on HCCI engine energy 
distribution and exergy analysis. A summary of these studies 
is provided next. A crank angle based exergy analysis was 
performed for a HCCI engine using a multi-zone thermo-
kinetic model [11]. Four loss mechanisms for HCCI engines 
were introduced including combustion irreversibility 
(16.4%-21.5%), heat loss to exhaust (12.0%-18.7%), heat transfer 
to the cylinder walls (3.9%-17.1%) and chemical exergy lost 
due to incomplete combustion (4.7%-37.8%). The model devel-
oped in [11] was used to define optimal operating points for 
a gasoline fueled HCCI engine in [12]. The results showed that 
exergy losses to the exhaust gas are reduced with delayed 
combustion timing, however, the exergy losses to the unburned 
species then increase. The optimal combustion timing was 
determined using the balance of the exergy losses to the 
unburned species and the exergy losses to the coolant and 
exhaust gas. Exergy efficiency sensitivity to the intake pressure 
and equivalence ratio were also detailed over a wide engine 
operating range. It was found that late combustion timing 
with higher fuel equivalence ratios and higher boosted intake 
pressures are preferred at high loads. For low loads, it was 
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recommended to keep the fuel equivalence ratio high and 
gradually reduce the boosted intake manifold pressure to the 
ambient pressure.

A crank angle based single zone model was developed for 
the second law analysis of a HCCI engine burning natural 
gas/DME fuel [13]. The exergy efficiency was improved by an 
increase in excess air ratios of the DME and the irreversibility 
decreases with increasing intake temperature. A crank angle 
based single zone model was developed for HCCI engine 
second law analysis [14]. It was found that an increase in the 
inlet charge temperature reduces the maximum pressure, 
indicated work and entropy generation per cycle. The results 
also showed that fuel exergy destruction is reduced with 
increasing engine speed and heat loss to the cylinder walls is 
reduced. An Ammonia-Water Cogeneration Cycle (AWCC) 
was used to recover heat from the exhaust gas and cooling 
water of a HCCI engine in [15]. A crank angle based single 
zone thermodynamic model was used to show that fuel energy 
saving ratio can be improved up to 28% using the proposed 
trigeneration system. A natural gas HCCI engine was turbo-
charged [16] to improve engine performance characteristics 
and the engine power generating efficiency was investigated 
for CHP application. The results indicated that the HCCI 
engine improves the CHP power generating efficiency and 
reduces the NOX emission.

Major parameters affecting first and second law efficien-
cies of internal combustion engines including HCCI were 
detailed in [17] and different methods were introduced for 
improving engine efficiency. The effects of intake pressure 
boosting and variable valve timing on exergy flows of a HCCI 
engine were detailed using a physical model [18]. It was found 
that combustion irreversibility is increased at low loads with 
positive valve overlap and the combustion irreversibility is 
decreased by changing from the positive valve overlap to 
negative valve overlap. Cycle temperature was reduced with 
positive valve overlap and the energy lost to the cylinder walls 
and exhaust was reduced. The pumping work was lower with 
positive valve overlap and the brake thermal efficiency was 
increased with positive valve overlap at boosted intake 
pressure. Energy distribution analysis was performed for a 
HCCI engine and the engine efficiency was compared to a 
port fuel injection SI and a lean burn SI engine [19]. The 
analysis indicated that combustion irreversibility increases 
for lean combustion and the HCCI engine offers only modest 
efficiency improvements compared to the lean burn SI engine 
due to reduced burn duration.

Combined first and second law analysis were performed 
for a HCCI engine working with ethanol and the effects of the 
intake manifold pressure, ambient temperature, and 
compressor efficiency on engine exergy efficiency were 
examined [20]. The results indicated that the first and second 
law efficiencies are improved by increasing the turbocharger 
pressure ratio and the efficiencies are reduced when the 
ambient temperature increases. The exergy analysis indicated 
that the first and second law efficiencies are more sensitive to 
the turbocharger pressure ratio compared to the turbocharger 
compressor efficiency and ambient temperature.

A second law analysis was performed for a HCCI engine 
based on a single-zone model [21]. Blends of n-heptane and 
natural gas fuel were used and the exergy analysis indicated 

that exergy destruction is decreased when the natural gas 
fraction increases in the fuel blend. The effects of EGR on 
HCCI combustion were investigated and the results indi-
cated that the chemical exergy of the in-cylinder charge is 
reduced by increasing the EGR rate. The optimum EGR rate 
was defined based on exergy analysis for a specific engine 
operating conditions. First and second law analysis were 
performed for a system consisting of a turbocharged natural 
gas HCCI engine, a regenerator and a catalyst in [22]. The 
effects of intake manifold pressure, ambient temperature, 
fuel equivalence ratio, engine speed and turbocharger 
compressor efficiency on system exergy efficiency were 
investigated. The results indicated that thermal and exergy 
efficiencies are improved at higher intake pressure, fuel 
equivalence ratios and engine speeds. Increased ambient 
temperature had adverse effects on both thermal and 
exergy efficiencies.

Energy and exergy distributions of HCCI engine were 
compared to Reactivity Controlled Compression Ignition 
(RCCI) and conventional diesel combustion in [23] using 
CFD models coupled with detailed kinetic mechanism. 
The results indicate that the combustion timing affects the 
energy distribution of the HCCI and diesel engines. The utili-
zation efficiency of heat transfer and exhaust in RCCI was 
less affected by the variation of combustion timing. It was 
found that the heat transfer losses in diesel engine is a strong 
function of the in-cylinder temperature gradient while for the 
HCCI and RCCI engines it is mainly related to heat transfer 
area. HCCI and RCCI combustions demonstrate lower exergy 
destruction compared to diesel at same load. HCCI shows the 
highest energy and exergy efficiencies and diesel demonstrates 
the worst. In [24], a model predictive control strategy was 
developed based on HCCI exergy distribution. The sources 
of exergy destruction were determined for a HCCI engine 
and an optimization algorithm was proposed to find the 
optimum combustion timing in order to maximize the second 
law efficiency. Average fuel efficiency improvement of 6.7% 
was obtained using exergy-based optimal control strategy 
in simulation.

A CFD model was developed and used to compare 
Gasoline Compression Ignition (GCI) combustion perfor-
mance to RCCI in [25]. The comparison was made for 20 bar 
gross indicated mean effective pressure at 1300 RPM. The 
results indicate that both combustion strategies have high 
gross indicated efficiency (∼47%) with near zero NOx emis-
sions. Both combustion strategies were sensitive to fluctua-
tions in EGR, with the GCI being more sensitive than the 
RCCI strategy. In [26], a full-cycle energy analysis was 
performed for a single-cylinder research engine undergoing 
low temperature gasoline combustion with varying NVO 
auxiliary fueling rate and injection timing. Experiments 
were performed using a 5-component gasoline surrogate 
(iso-octane, n-heptane, ethanol, 1-hexene, and toluene). The 
highest total cycle thermodynamic efficiencies were observed 
when auxiliary injection timings were early enough to allow 
sufficient residence time for slow reforming reactions to take 
place, but late enough to prevent significant fuel spray crevice 
quench. Thermal efficiency was improved by increasing the 
fraction of total fuel energy injected during NVO, due to 
endothermic fuel decomposition by pyrolysis. In [27], effects 
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of engine speed, intake temperature and fueling rate were 
investigated experimentally on energy distribution of a one-
liter displacement single-cylinder boosted low-temperature 
HCCI-like GCI engine. The results show that combustion 
timing affects the engine energy distribution and the 
ringing intensity.

HCCI combined with VVT actuation is flexible enough 
to examine the potential of HCCI-CHP systems. VVT has 
been used for combustion timing control extensively [28, 
29, 30] but literature on the effects of VVT on port-fuel 
injection HCCI engine energy distribution is lacking. The 
potential for HCCI-CHP has not been well-established in 
the literature while CI and SI have been [31, 32, 33, 34, 35, 
36, 37, 38, 39]. In this study, the effects of VVT on engine 
energy and exergy distribution are detailed experimentally 
first. Next, HCCI benefit in fuel efficiency and the poten-
tial of maximum work extraction from HCCI is revealed by 
comparing the HCCI energy and exergy distribution to SI at 
same injected fuel energies. The important factors that affect 
energy and exergy distribution are detailed and the CHP first 
and second law efficiencies for these two different combus-
tion modes are examined. To the authors’ knowledge, this is 
the first time that the effects of SNVO duration on port-fuel 
injection HCCI engine energy and exergy distribution are 
detailed experimentally.

Experimental Setup
HCCI experiments with VVT are conducted on a single 
cylinder Ricardo Hydra Mark III engine equipped with 
EVVT system [5, 40]. Symmetric Negative Valve Overlap 
(SNVO) is used as valve timing strategy. In SNVO, the 
Exhaust Valves Close (EVC) timing is set to a crank angle 
before the piston reaches Top Dead Center (TDC) in the 
exhaust stroke and the Intake Valves Open (IVO) timing is 
set to the same amount, or symmetric, after TDC [30]. With 
symmetric changes of EVC and IVO timings around TDC, 
recompression work can be regained as expansion work and 
the pumping work is minimized. The engine has two port 
fuel injectors but only one of them is used in this study. Fuel 
flow rate is measured only on the n-heptane side using a 
coriolis meter (Pierburg PLU4000). Only n-heptane is used 
as fuel for this experiment and is injected at 80°C intake 
temperature which avoids fuel impingement on the intake 
manifold wall. In-cylinder pressure is measured using a 
Kistler water-cooled ThermoCOMP (model 6043A60) piezo-
electric pressure sensor that is flush mounted in the cylinder 
head. The engine specifications are listed in Table 1. Extra 
experiments are performed in Waukesha variable compres-
sion ratio Cooperative Fuels Research (CFR) engine [41] 
with the engine specifications listed in Table 1 to compare 
SI engine energy and exergy distributions to HCCI. The 
CFR engine can operate in both HCCI and SI modes and 
the CFR experiments are performed to reduce the effects of 
engine and combustion chamber geometry on energy distri-
bution analysis. The CFR engine compression ratio is set to 
11.2:1 and experiments were performed at same injected fuel 
energies and low speed (800 RPM).

The experimental conditions of the 35 HCCI steady-state 
points measured in Ricardo engine with VVT are summarized 
in Table 2. The measurements are done by varying the SNVO 
duration at several fueling rates while the other engine variables 
including intake manifold temperature and pressure, engine 
speed, oil temperature, IVC and EVO timings were kept 
constant. The CFR engine experimental conditions for 
comparing SI to HCCI are summarized in Table 3. The CFR 
engine was run with the throttle partially open for SI experi-
ments to keep the fuel equivalence ratio at stoichiometric condi-
tions (λ = 1.0), while the HCCI experiments performed at wide 
open throttle with an intake manifold temperature of 112°C 
(λ = 2.4). The ratio of iso-octane to n-heptane (fuel octane 
number) was changed to control combustion timing and to 
obtain maximum brake thermal efficiency in HCCI as the CFR 
engine is not equipped with a EVVT system. The fuel octane 
number was reduced to 38.7 at constant injected fuel energy in 
HCCI to advance the combustion timing, however, engine 
knocking was observed for octane values less than 38.7. For SI 
combustion, spark timing was varied to control combustion 
timing control and improve brake thermal efficiency. All SI 
experiments were performed with iso-octane. For energy and 
exergy distribution analysis, pressure traces from 200 consecu-
tive engine cycles were recorded every 0.1 CAD for each test 
and the cycle averaged pressure trace was used for energy distri-
bution analysis. More information can be found in [5, 40, 41] 
regarding the experiment setups.

TABLE 1 Ricardo and CFR engines specifications [5, 41]

Ricardo Engine
Parameters Values

Bore × Stroke [mm] 97 × 88.9

Compression Ratio [−] 13.9

Displacement [cm3] 653

Connecting Rod Length [mm] 159

CFR engine
Parameters Values

Bore × Stroke [mm] 83 × 114

Compression Ratio [−] variable from 4 to 18

Displacement [cm3] 612

Connecting Rod Length [mm] 254

TABLE 2 HCCI Operating Conditions

Parameter Values
Engine Speed [rpm] 725-825

TIntake [°C] 80

PIntake [kPa] 88-90

Injected Fuel Energy, Em
kJ

Cycle
finj

é

ë
ê

ù

û
ú 0.356-0.495

Tcool [°C] 85-90

Octane Number (ON) [−] 0

EVC [bTDC] −350° - −300°

IVO [bTDC] 300° - 350°

EVO [bTDC] −180°

IVC [bTDC] 180°©
 S

A
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Energy and Exergy 
Analysis

HCCI Energy Distribution 
Analysis
The injected fuel energy is assumed to follow six different 
energy pathways in internal combustion engines as shown in 
Figure 1 and only part of injected fuel energy is turned into 
the useful work. The first energy pathway is part of the injected 
fuel energy lost due to incomplete combustion. To calculate 
how much energy is lost due to incomplete combustion, 
combustion efficiency is calculated first. Combustion effi-
ciency, ηComb is defined [42] as

	 hComb
HR

f f

c Q

m LHV
c= +1

2 	 (1)

where QHR is the net energy released during combustion, 
mf and LHVf are the injected fuel mass and fuel low heating 
value respectively. c1 = 55.271 and c2 = 44.176 are defined using 
MATLAB Model Based Calibration Toolbox. These constants 
are parameterized based on the combustion efficiency values 
calculated in [42] based on measured emissions. The method 
detailed in [43] is used to calculate combustion efficiency 
based on measured emissions. The net heat release is then 
calculated as

	 Q
dQ

d
dHR

HR= æ
è
ç

ö
ø
÷òq

q

q
q

1

99

	 (2)

where θ1 and θ99 are defined as the crank angle for 1% and 
99% mass fraction burned respectively. The apparent heat 

release rate, dQ

d
HR

q
 is calculated using a single zone model

 
[43] as

	 dQ

d k
V

dP

d

k

k
P

dV

d
HR

q q q
=

-
+

-
1

1 1
	 (3)

where k, P and V are the specific heat ratio, measured 
in-cylinder pressure and the in-cylinder volume respectively. 
The specific heat ratio is calculated analytically using NASA 
polynomials [44]. A graphical approach [45] is used to define 
the window limits used to calculate apparent heat release rate. 
The cylinder volume is calculated at each crank angle from 
slider crank mechanism equation [43]. The fuel energy lost 
due to incomplete combustion, QIC is calculated as

	 Q m LHVIC Comb f f= -( )1 h 	 (4)

where ηComb is from eqn. 1. Referring to Figure 1, part of 
injected fuel energy is lost due to pumping work. Pumping 
work, WPumping is calculated from the measured cylinder 
pressure trace as

	 W PdV PdVPumping
TDC Int

BDC Int

BDC Exh

TDC Exh

= +
-

-

-

-

ò ò 	 (5)

Next, part of injected fuel energy lost due to friction (see 
Figure 1) is calculated as

	 W W Wfriction ind brake= - 	 (6)

where Wfriction, Wind and Wbrake are the friction, indicated 
and brake work respectively. Brake work, Wbrake is

	 W
P

brake
brake=120
w

	 (7)

TABLE 3 CFR Engine Operating Conditions

CFR Engine - HCCI
Parameters Values

Engine Speed [rpm] 790-810

PIntake [kPa] 92-96

TIntake [°C] 110-113

Injected Fuel Energy 
kJ

Cycle

é

ë
ê

ù

û
ú 0.65

Tcool°C 87-93

Octane Number (ON) [−] 38.5-50.5

CFR Engine - SI
Parameters Values

Engine Speed [rpm] 790-810

PIntake [kPa] 61-64

TIntake [°C] 18-20

Injected Fuel Energy 
kJ

Cycle

é

ë
ê

ù

û
ú 0.65

Tcool [°C]] 90-95

Octane Number (ON) [−] 100

Spark Angle [bTDC] 10-20

 FIGURE 1  Energy balance of internal combustion engines
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where Pbrake and ω are brake power and engine speed 
respectively. Brake power is calculated from the measured 
engine torque and speed as

	 Pbrake =
2

60

p tw 	 (8)

where τ is the measured torque. Brake thermal efficiency, 
ηth, brake represents the fraction of injected fuel energy turned 
into useful work and is calculated as

	 hth brake
brake

f f

W

m LHV
, = 	 (9)

The net indicated work, Wind is calculated from the 
measured pressure traces as

	 W PdVind
cycle

= ò� 	 (10)

The amount of injected fuel energy lost due to heat 
transfer to the coolant, Qcool is calculated as

	 Q
dQ

d
dcool

cool

Cycle
= ò q

q� 	 (11)

where dQ

d
cool

q
 is the rate of heat transfer to the coolant 

and is calculated as

	 dQ

d

Ah
T Tcool c

cyl wallq w
= -( ) 	 (12)

where the parameters A, ω, Tcyl and Twall are the in-cylinder 
area exposed to the gas, engine speed, in-cylinder gas tempera-
ture and cylinder wall temperature respectively. The wall 
temperature is assumed to be constant (Twall = 400°K) [46, 47]. 
The parameter hc is the heat transfer coefficient and is calcu-
lated from the modified Woschni’s correlation [48] as

	 h L P Tc s cyl cyl= - -a J0 2 0 8 0 73 0 8. . . . 	 (13)

where L is the instantaneous chamber height. The scaling 
factor, αs is used for tuning of the coefficient to match specific 
engine geometry (αs = 1.2 [46]). The instantaneous character-
istic velocity, ϑ is

	 J = dSP 	 (14)

where SP  is the mean piston speed, d = 6.18 during gas 
exchange period and d = 2.28 for the closed part of the cycle 
[46]. Modified Woschni’s correlation with constants listed in 
[49, 50] is used to calculate heat transfer coefficient for SI 
operating points. The in-cylinder gas temperature is calculated 
by solving energy equation using ideal gas law [43, 51] as

	 dT

d

dm

d
h u

dQ

d

dQ

d
P

dV

d
m C

cyl

i
i i

cool HR

cyl vq
q q q q=

å -( ) + - -
	 (15)

where dm

d
i

q
, hi, and ui are the mass flow rate, enthalpy 

and internal energy of the gas entering or leaving the cylinder 
respectively. The in-cylinder mass, mcyl is obtained by solving 
conservation of mass [43, 51]. A one dimensional quasi steady 
compressible flow model is used to calculate mass flow rates 

through the intake and exhaust valves during induction and 
exhaust strokes [51]. Finally, the amount of injected fuel 
energy lost to the exhaust, Qexh is calculated from an energy 
balance (see Figure 1) as

	
Q m Q Q W

W Q W

exh f LHV cool friction

brake IC Pumping

= - -
- - -

	 (16)

The exhaust heat loss amount can be calculated based on 
the measured exhaust gas temperature [52], however, the 
sensor measurements are slow for cycle by cycle energy distri-
bution analysis [53].

HCCI-CHP Exergy Analysis
A schematic of a CHP unit with HCCI engine is shown in 
Figure 2. The air/fuel mixture is burned in combustion 
chamber in HCCI mode and exhaust gas flow is used for the 
intake charge heating. Since only part of the fuel energy 
released during combustion is converted to the mechanical 
work, there is potential to recover the rest of the released heat. 
The HCCI energy balance including heat loss to the exhaust 
gas and cooling water was detailed in previous section. The 
heat from the lube oil, cooling water and exhaust gas can be 
recovered using intermediate heat exchangers as shown in 
Figure 2.

The brake thermal efficiency is the engine first law effi-
ciency and indicates the fraction of the injected fuel energy 
turned into useful work. The second law efficiency however 
is a comparison of the system’s thermal efficiency to the 
maximum possible efficiency [54]. From this point of view, 
exergy analysis is more useful for engine heat lost recovery 
analysis to understand the relative contribution of different 
loss mechanisms that result in performance reduction of 
engine. The theoretical maximum useful work that a system 
can produce is called exergy [54] and is calculated as

	 X Q
T

T
= -æ

è
ç

ö
ø
÷1 0 	 (17)

 FIGURE 2  HCCI engine flow diagram for a micro CHP unit
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where Q, T0 and T are the waste heat, ambient tempera-
ture and the waste heat temperature respectively (T0 = 25°C). 
The exergy efficiency is the ratio of the exergy content of an 
energy source to the exergy content of the fuel [52] and is 
calculated as

	 h = X

m xf f

	 (18)

where xf is the fuel exergy [55].
The exergy efficiency of the exhaust gas, ηexh is calculated as

	 hexh

exh CHP
exh

f f

Q
T

T

m x
=

-æ

è
ç

ö

ø
÷, 1 0

	 (19)

where Texh is the measured exhaust gas temperature, and 
Qexh, CHP is calculated as

	 Q Q m C T Texh CHP exh air p air Intake Amb, ,= - -( )1

Î
	 (20)

where Qexh is calculated from eqn. 16. The mair , Cp, air , 
TAmb, and TIntake are the air mass per cycle heated by the intake 
heater (see Figure 2), specific heat ratio at constant pressure 

( Cp air, .
.

=1 006
kJ

kg K
), ambient temperature and intake 

manifold temperature after heating respectively. The effective-
ness of the heat exchanger, ϵ is assumed to be constant (ϵ = 0.6) 
[56].The second term in the right hand side of eqn. 20 is zero 
for SI engine exergy analysis as no intake heating is required. 
Next, the coolant exergy efficiency, ηcool is calculated as

	 hcool

cool
cool

f f

Q
T

T

m x
=

-æ

è
ç

ö

ø
÷1 0

	 (21)

where Qcool is calculated from eqn. 11 and Tcool is the 
coolant temperature.

For CHP system analysis, the first and second law efficien-
cies are needed. The first law efficiency of a CHP system is 
calculated [52] as

	 hI
el cool exh CHP

f f

W Q Q

m LHV
= + + , 	 (22)

where Wel is electric work that is obtained by coupling 
the engine to a generator. The electric generator efficiency is 
assumed to be 0.9 [1, 52] and the electric work is calculated as 
Wel = 0.9Wbrake.

The second law efficiency of a CHP system, ηII is defined 
[52] as

	 hII
el cool exh

f f

W X X

m x
= + + 	 (23)

where Xcool and Xexh are the coolant and exhaust exergies 
respectively and are calculated from eqn. 17. Finally, the power 
to heat ratio of a CHP system is calculated [1] as

	 a =
+
W

Q Q
el

cool exh CHP,

	 (24)

The power to heat ratio gives information about the quality 
of the CHP unit and the CHP potential for specific application 
is determined with this factor. Power to heat ratio values 
between 0.5 and 1.2 for existing micro CHP units integrated 
with internal combustion engines are recommended [1]. The 
cogeneration potential for each application depends on the 
heat load and power to heat ratio values. More low cost elec-
tricity can be produced at high power to heat ratios [1, 57, 58].

Combustion efficiency in HCCI engines is lower than 
other prime movers including turbines, SI and Diesel engines 
and incomplete combustion is one major source of energy 
losses in HCCI engines [27, 59, 60, 61, 62]. A new parameter 
is then defined for HCCI energy distribution analysis as

	 b =
+ +

W

Q Q Q
el

cool exh CHP IC,

	 (25)

where β is the power to energy loss ratio.

Experimental Results and 
Analysis

HCCI Energy and Exergy 
Distribution
Measured pressure traces of HCCI engine for different SNVOs 
at constant fueling rate are shown in Figure 3. As shown in this 
figure, SNVO duration affects HCCI combustion, rate of 
pressure rise and maximum in-cylinder pressure. Energy 
distribution of the single cylinder HCCI engine with VVT is 
performed based on 35 steady state measured points listed in 
Table 2. The operating points are far from misfire as Indicated 
Mean Effective Pressure (IMEP) is positive [43] (see Figure 4(a)) 
and the combustion is stable as Coefficient of Variation (COV) 
of IMEP is below 3% [46, 63] for all operating points shown in 
Figure 4(b). The engine energy distribution is mainly detailed 

 FIGURE 3  Measured HCCI engine cylinder pressure traces 
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at low loads as efficient engine performance is necessary for 
fuel saving [26].

Only part of injected fuel energy is converted into the 
brake work (see Figure 1) and brake thermal efficiency is used 
to define the fraction of the injected fuel energy turned into 
the useful work. Brake thermal efficiency as a function of 
SNVO for several injected fuel energies is shown in Figure 5(a). 
Brake thermal efficiency increases at low injected fuel energies 
with increasing SNVO duration. Combustion timing advances 
with increase in SNVO duration as shown in Figure 5(b). 
Combustion timing is the crank angle of fifty percent fuel mass 
fraction burned in this work. The expansion ratio increases 
with the advanced combustion timing and the brake thermal 
efficiency is improved (see Figure 6 for Em

kJ

Cycle
finj = 0 395. ).  

At high injected fuel energies, brake thermal efficiency is 
almost constant. For these operating points, combustion 
timing is advanced to before Top Dead Center (TDC) which 
increases the compression work. The increased compression 
work cancels the increased expansion work and the brake 
thermal efficiency remains almost constant (see Figure 5(a)).

The effects of SNVO duration on the fraction of the 
injected fuel energy lost to the exhaust due to incomplete 
combustion is shown in Figure 7(a). At low injected fuel 
energies, combustion efficiency is improved with increase in 
SNVO duration. Combustion timing is advanced with 
increase in SNVO duration and mixture has enough time to 
completely burn and reactions are quenched later. At higher 
SNVO durations, more residual gas is trapped and it gives the 
unburned HC and CO remaining from the previous cycle a 
second chance to react. The peak cycle temperature increases 
with advanced combustion timing and improved combustion 
efficiency as shown in Figure 7(b). Combustion efficiency at 
high injected fuel energies is high and effects of SNVO 
duration on combustion efficiency is negligible. Figure 7(b) 
confirms this as the peak cycle temperature increases at lower 
rates with increased SNVO.

The waste heat recovery from the coolant and exhaust 
improves the engine fuel efficiency. About one-third of the 
injected fuel energy is lost to the exhaust with additional 
11-12% losses to the coolant. The fraction of the injected fuel 
energy lost to the coolant slightly increases with increase in 
SNVO duration as shown in Figure 8(a). Combustion timing 
is advanced and the cycle temperature is increased when SNVO 
increases at constant injected fuel energies (see Figures 6(b) 
and 7(b)). The effects of SNVO duration on the fraction of the 
injected fuel energy lost to the exhaust is shown in Figure 8(b). 
The fraction of the fuel energy lost to the exhaust increases 
with increase in SNVO duration. Combustion efficiency 
improves and combustion timing advances with an increase 
in SNVO duration. The advanced combustion timing and 
higher combustion efficiencies increase the exhaust gas 
temperature and exhaust loses.

 FIGURE 4  SNVO effects on (a) IMEP and (b) COV of IMEP 
at constant injected fuel energies
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 FIGURE 5  SNVO effects on (a) the brake thermal efficiency 
and (b) combustion timing at constant injected fuel energies

©
 S

A
E 

In
te

rn
at

io
na

l

 FIGURE 6  SNVO effects on (a) in-cylinder pressure, 
(b) cycle temperature, and (c) rate of heat release 
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The quality of the waste heat flows are evaluated with the 
calculation of the exhaust and coolant exergy efficiencies. The 
coolant exergy efficiency is below 1% for all operating points 
as shown in Figure 9(a). The coolant exergy efficiency increases 
with an increase in SNVO duration as the fraction of the 
injected fuel energy lost to the coolant is increased with 
advanced combustion timing and improved combustion effi-
ciency. Effects of SNVO duration on exhaust gas exergy effi-
ciency is shown in Figure 9(b). Exhaust gas exergy efficiency 
increases with increase in SNVO duration as the fraction of 
the injected fuel energy lost to the exhaust increases. The 
coolant exergy efficiency is negligible compared to the exhaust 
exergy efficiency. This is attributed to a much higher exhaust 
gas temperature compared to the coolant water temperature 
so the fraction of the fuel energy lost to the exhaust is higher 
than the fraction of the fuel energy wasted to the coolant.

The effects of SNVO duration on CHP first law efficiency 
is shown in Figure 10(a). The maximum first law efficiency is 

about twice the maximum brake thermal efficiency, indicating 
that engine waste heat recovery is potentially important. At 
low injected fuel energies, CHP first law efficiency increases 
with increase in SNVO duration as combustion efficiency is 
improved. The fraction of the injected fuel energy lost to the 
coolant and exhaust increases with improved combustion 
efficiency while brake work increases with advanced combus-
tion timing. At high injected fuel energies, SNVO duration 
has negligible effects on CHP first law efficiency. The fraction 
of the fuel energy lost to the coolant and exhaust increases 
with increase in SNVO duration, however, the brake work 
slightly reduces as compression work is increased. The effects 
of SNVO duration on the CHP second law efficiency is shown 
in Figure 10(b). The second law efficiency is about 30% lower 
than the first law efficiency because the coolant and exhaust 
exergies are smaller compared to the amount of energy lost 
to the exhaust gas and cylinder walls. At low injected fuel 
energies, the second law efficiency improves with increase in 
SNVO duration. At high injected fuel energies, the brake work 
reduces with increase in SNVO duration, however, the coolant 
and exhaust exergies are increased. The increase in coolant 
and exhaust exergies cannot compensate the brake work 
reduction and the second law efficiency, ηII, deteriorates slightly.

The effects of SNVO duration on the CHP power to heat 
ratio is shown in Figure 11(a). The power to heat ratio improves 
with increase in SNVO duration at low injected fuel energies. 
At low injected fuel energies, brake work and heat losses to 
the coolant and exhaust are increased with increase in SNVO 
duration. The increase in brake work is higher compared to 
the increase in energy losses to the coolant and exhaust and 
the power to heat ratio is increased as a result. At high injected 
fuel energies, the power to heat ratio, α, reduces slightly with 
increase in SNVO duration. Brake work reduces with increase 
in compression work and the fraction of the fuel energy lost 
to the exhaust and coolant increases due to advanced combus-
tion timing and higher combustion efficiencies. The calculated 
power to heat ratio values shown in Figure 11(a) are between 
0.3 and 0.85 that is closed to the values reported for micro-
CHP units integrated with gas turbines [1]. The effects of 
SNVO duration on CHP power to energy loss ratio is shown 

 FIGURE 7  (a) Fraction of the injected fuel energy lost due 
to incomplete combustion and (b) Peak cycle temperature 
versus SNVO duration at constant injected fuel energies
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 FIGURE 8  SNVO effects on the fraction of the injected fuel 
energy lost to the (a) coolant and (b) exhaust at constant 
injected fuel energies
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 FIGURE 9  SNVO effects on the (a) exhaust gas exergy 
efficiency and (b) coolant exergy efficiency at constant 
injected fuel energies
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in Figure 11(b). At low injected fuel energies, power to energy 
loss ratio increases with an increase in SNVO duration, 
however, it is slightly reduced at high injected fuel energies. 
The power to energy loss ratio is about 20% less than power 
to heat ratio at high injected fuel energies. At low injected fuel 
energies, the power to heat ratio is twice the power to energy 
loss ratio. These results indicate that combustion efficiency 
has significant role in HCCI engine energy distribution.

Comparison with Si 
Combustion
The first and second law of thermodynamics are employed to 
compare the energy and exergy distributions of SI to HCCI 
experimentally. The combustion regime effects on fuel effi-
ciency and the factors affecting exergy efficiencies are detailed. 
The comparison are made based on CFR experiments, with 
same compression ratio, injected fuel energy and engine 

speed. As detailed in Table 3, fuel octane number is varied by 
changing the iso-octane to n-heptane ratio for HCCI experi-
ments. For SI experiments, spark timing is varied when the 
throttle is partially open. The fuel octane number and spark 
timing effects on the measured in-cylinder pressure and rate 
of heat release are shown in Figures 12 and 13. The energy 
distribution of each combustion mode at various fuel octane 
numbers and spark timings is shown in Figure 14.

HCCI can reach higher thermal efficiencies at same 
injected fuel energies compared to SI, although the combus-
tion inefficiency of HCCI is 6.2% more than SI on average. 
This is mainly attributed to the low exhaust and heat transfer 
losses, and short burn duration, hence more fuel energy is 
converted to the output work. Similar to HCCI with VVT 
examined in Ricardo engine, SI and HCCI thermal efficiencies 
are improved by advancing combustion timing to TDC (see 

 FIGURE 10  SNVO effects on the (a) ηI, first law, and (b) ηII, 
second law CHP efficiency, at constant injected fuel energies
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 FIGURE 11  SNVO effects on the (a) α, power to heat ratio, 
and (b) β, power to energy loss ratio, at constant injected 
fuel energies
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 FIGURE 12  HCCI CFR experiments - Fuel ON effects on 
(a) HCCI in-cylinder pressure, and (b) main HCCI rate of 

heat release [ Em
kJ

Cycle
finj = 0 65. , n = 800 RPM]
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 FIGURE 13  SI CFR experiments - spark timing effects on 
(a) SI in-cylinder pressure, and (b) SI rate of heat release 
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Figure 14). The fraction of the injected fuel energy lost to the 
coolant is higher for SI as combustion occurs in stoichiometric 
mixture and combustion temperature is higher compared to 
lean burn HCCI. For both SI and HCCI combustions, the heat 
losses to the coolant and exhaust increase with advanced 
combustion timing, and this is mainly attributed to the higher 
in-cylinder temperature at advanced combustion timings. The 
energy lost due to intake throttling is less than 5% of the 
injected fuel energy and it is calculated based on energy 
content of air mass flux in the intake manifold [54].

Exergy analysis is performed for further understanding 
of the HCCI and SI combustion regimes. The CHP first and 
second law analysis is performed and the power to heat and 
energy loss ratios are calculated (see Figure 15). Both CHP 
first and second law efficiencies are reduced with retarded 
combustion timing similar to HCCI combustion examined 
with VVT in Ricardo engine. The CHP first and second law 

efficiencies are higher for SI. This is mainly attributed to the 
higher SI combustion temperature and efficiency, and the 
fraction of fuel energy lost to the coolant and exhaust is high 
for SI. The HCCI power to heat ratio is higher compared to SI 
since HCCI has higher thermal efficiency and the fraction of 
fuel energy lost to the coolant and exhaust is lower due to low 
HCCI combustion temperature. The higher power to energy 
loss ratio in HCCI is mainly attributed to the higher HCCI 
thermal efficiency, the fraction of fuel energy turns into 
useful work.

Conclusions
HCCI engine energy distribution analysis is performed based 
on 35 measured steady state points to characterize SNVO 
effects on the distribution of supplied fuel energy. Coolant 
and exhaust exergies are calculated for engine waste heat 
recovery analysis. The results indicate that VVT with SNVO 
is an effective actuator for combustion and CHP first and 
second law efficiency improvement, specifically at low injected 
fuel energies. Combustion efficiency has an important role in 
HCCI engine energy distribution and the CHP power to heat 
ratio is improved as combustion efficiency improves. Brake 
thermal efficiency is improved at higher combustion efficien-
cies for appropriate combustion timings. Incomplete combus-
tion is one major source of energy losses in HCCI engines. 
Power to energy loss ratio is defined for energy distribution 
analysis in HCCI engines as it includes fraction of the fuel 
energy lost due to incomplete combustion. Higher power to 
energy loss ratios are obtained at higher combustion efficien-
cies where combustion timings are near TDC. The HCCI 
energy and exergy distribution is compared to SI using CHP 
first and second law efficiencies. The combustion timing 
affects both HCCI and SI energy distribution. The heat losses 
to the coolant and exhaust are higher for SI combustion due 
to its higher cycle temperature and combustion efficiency. SI 
demonstrates higher CHP first and second law efficiencies, 
while HCCI power to heat and energy loss ratios are higher 
due to its higher thermal efficiency. The results presented in 
this paper could provide a basis for the development of an 
HCCI engine based micro-CHP systems working at constant 
engine speed and varying loads with VVT.
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