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A B S T R A C T   

Homogeneous Charge compression ignition (HCCI) combustion mode is a very interesting new 
combustion model with high efficiency, low nitrogen oxide (NOx), and soot emissions. In the 
present investigation, the performance of an HCCI engine operated with three fuel ratios, i.e., 
40% diethyl ether and 60% fusel oil (D40F60), 60% diethyl ether and 40% fusel oil (D60F40), and 
80% diethyl ether and 20% fusel oil (D80F20), at different lambda values and engine speeds was 
assessed from exergy indicators. The results indicate that the lambda variation allows observing 
the best performance zones when operating with fuel blends. From the comparison of the exergy 
indicators, it is concluded that the highest engine efficiency is obtained when operating with 
D40F60 at a lambda between 2.1 and 2.2. However, it was determined that the increase of diethyl 
ether in the blend decreases the HCCI engine performance. Also, greater stability of performance 
was recorded when operating with D80F20. A higher exergy destruction rate is observed between 
lambda 3.4 and 3.9 when operating with D80F20. The exergetic efficiency values varied from 
5.34% to 23.85%. According to the results obtained, the lowest and highest value of exergy ef-
ficiency was recorded for the D80F20 and D40F60, respectively.  

Nomenclature 

D40F60 40% diethyl ether and 60% fusel oil 
D60F40 60% diethyl ether and 40% fusel oil 
D80F20 80% diethyl ether and 20% fusel oil 
λ relative air-fuel ratio [− ] 
Ėxin input exergy rates [kW] 
Ėxout output exergy rates [kW] 
ĖxD exergy destroyed rate[kW] 
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Ėin input energy rates [kW] 
Ėout output energy rates [kW] 
ṁair mass of the air, [kg/s] 
cp,air heat capacity of the input air, [kJ/kg-K] 
Tair air temperature, [K] 
Tamb ambient temperature, [K] 
ṁfuel mass of the fuel, [kg/s] 
LHV lower heating value of the fuel, [kJ/kg] 
φ chemical exergy factor [− ] 
N engine speed, [rpm] 
T engine torque, [Nm] 
exexh,ph physical exergy rate [kW] 
exexh,che chemical exergy rate [kW] 
cp,i heat capacity, [kJ/kg-K] 
Ru universal gas constant 
yi molar fraction [− ] 
xi mass fraction [− ] 
Mi molar mass [kg/kmol] 
Tvc control volume temperature, [K] 
Q̇loss heat loss rate [kW]  

1. Introduction 

The world is rapidly polluted with the increasing population and developing industrialization. The main liable of this is petroleum- 
based energy resources. Since petroleum based fuels are used in internal combustion engines, they cause high exhaust emission and 
rapidly pollute the atmosphere. Therefore, researchers continue to work on alternative fuels with cleaner combustion products and 
new combustion models to be used in the automotive industry [1–6]. 

Homogeneous Charge Compression Ignition (HCCI) combustion mode is an interesting, and new combustion model with high 
efficiency, low nitrogen oxide (NOx), and soot emissions. In the HCCI engines, the lean and homogeneous air/fuel mixture is com-
pressed in a high compression ratio engine. As a result, a spontaneous combustion occurs in the combustion chamber [7–9]. Theo-
retically, in HCCI engines, compared to conventional diesel combustion, regional rich mixture and high temperature flame zones do 
not occur. Thus, while maintaining high thermal efficiency, NOx and soot emissions are low at the same time [10–13]. Since com-
bustion occurs spontaneously in HCCI engines, the chemical kinetics of the air/fuel mixture plays an active role in the combustion 
processes. Control of chemical kinetics are affected on parameters such as engine operating range, combustion start, burning time, 
thermal efficiency [14,15]. Therefore, the physical and chemical properties of the fuel or fuel blends to be used in HCCI engines can 
enable the ignition timing to be controlled [16,17]. However, the ringing problem should be overcome by slowing down the fast 
oxidation reactions. In addition, the problem of misfire occurs at low engine loads [18,19]. HCCI combustion duration and start of 
combustion can be controlled by variables such as low reactivity fuel usage [20,21], exhaust gas recirculation (EGR) [22,23], negative 
valve overlap [24,25]. Solving the misfire problem at low loads depends on parameters such as high reactivity fuel use [26,27], 
variable compression ratio [28,29], control of intake air inlet temperature [30,31]. The researchers stated that it would be beneficial to 
change two of the above-mentioned parameters together in order to solve these problems simultaneously [32–34]. Maurya and 
Agarwal [35] studied the effects of low reactivity alternative fuels (ethanol and methanol) on HCCI combustion at different intake air 
inlet temperatures. They revealed that alcohols with the high latent heat of vaporization must be heated to at least 160 oC in order for 
the oxidation reactions to occur spontaneously in the cylinder. Solmaz [21] examined the effects on HCCl combustion at different 
compression ratios by mixing low reactivity fusel oil with high reactivity n-heptane. It was revealed that the compression ratio has a 
significant effect on the combustion of HCCI, and also it can be used to control the combustion phase of low and high reactivity blended 
fuels. Calam [20] studied the effects of low and high reactivity (fusel oil + n-heptane) fuels with different mixing ratios on HCCI 
combustion at different intake air inlet temperatures. He stated that the combustion phase could be controlled by low reactivity fuels at 
high intake air inlet temperature. Wang et al. [36] examined the effects of polyoxymethylene dimethyl ether fuels with different cetane 
numbers on HCCI combustion at different engine loads and EGR rates. While the increase in the engine load allowed the start of the 
combustion to be advanced, the increase in the EGR rate delayed the start of the combustion. The composition of the homogeneous 
mixture and the EGR rate are two important parameters for controlling the start of combustion. Uyumaz [37] studied the effects of 
mixtures of isopropanol and n-butanol with various volumes of n-heptane fuel on HCCl combustion. This study was conducted at five 
different intake air inlet temperatures. The increase in isopropanol and n-butanol in blending fuels enabled the low-temperature 
oxidation phase (LTO) to be controlled. This extended the combustion duration, and no HCCI knock occurred. Also, the change in 
the intake air temperature significantly controlled the start of combustion. 

Exergy analysis of thermal systems such as internal combustion engines has become an increasingly interesting topic as possible 
causes of waste energy reduction can be identified [38]. It was stated above that combustion can be controlled in HCCI engines using 
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dual fuel. Therefore, in the use of dual fuels in HCCI engines, heat losses should be analyzed as well as controlling the combustion 
processes [39]. Taghavifar et al. [40], strived to examine the effect of different DME fuel mixtures (i.e., D80M20, D70M20DME10, 
D60M10DME30, and D50M30DME20) in an HCCI engine. In terms of exergy performance, they claimed that the D50M30DME20 fuel 
was the optimal fuel ratio. In a different study, Zhang et al. [41], compared the exergy losses of the auto-ignition process for MeOH and 
EtOH blended with DME based on the second-law thermodynamic. They concluded that the addition of DME/methanol could increase 
the exergy losses by the H2O2 loop reactions. Khaliq et al. [19] employed the combined first law and the second law of thermodynamic 
method for an HCCI engine fueled with wet ethanol. Their findings revealed maximum exergy of ~ 90.09% of the total exergy 
destruction was destroyed in the HCCI engine. They also highlighted a reduction in the exergy losses and the irreversibility when the 
initial charge temperature increased. In an interesting study, the impact of EGR on the work exergy of an HCCI engine operated with 
the blend of biodiesel and diesel was taken into account by Jafarmadar et al. [42]. They reported that the accumulative work exergy 
decreased by 2.9% with increasing EGR mass fraction up to 30%. They argued that blending biodiesel into net diesel led to a decrease 
in accumulative heat loss exergy, while irreversibility increased. In a different study comparing the exergetic efficiencies and fuel 
consumption of an HCCI engine, an exergetic efficiency of up to 80% were recorded, which this high efficiency resulted in a reduction 
of 40% in the fuel consumption compared to the separately produced hydrogen/heat/power [43]. Addition of a mixture of CO and 
hydrogen as a reformer gas on the exergy analysis of an HCCI engine operated with n-heptan and iso-octane as a fuel additive has been 
investigated by Neshat et al. [44]. They used different percentages of reformer gas ranging from 0% to 30%. They stated that the 
chemical effects had a higher effect in comparison with dilution and thermodynamic effects. They showed that the optimal value of the 
first law and second law efficiencies were obtained when 5%–10% of the reformer gas was utilized. Also, Eyal and Tartakovsky [45] 
conducted a study on the effects of reformer intercooling and bypassing a portion of the exhaust stream leaving the reformer in a 
compression ignition engine which they call RefCCI. In the work, they perform a second law analysis, focused on the calculation of the 
exergy destruction of the different components involved in the system and propose strategies to optimize the process. 

For the above mentioned, this study presents the results of an exergy analysis on an HCCI engine operating with fusel oil and diethyl 
ether blends. Tests were performed on a single-cylinder HCCI engine operated with three fuel ratios (D40F60, D60F40 and D80F20) at 
different lambda values and engine speeds. The results were evaluated from exegetic indicators, from which engine exergy maps were 
built. The results obtained indicated that the lambda variation allows observing the best performance zones when operating with fuel 
blends. Likewise, greater engine performance stability was observed when operating with D80F20. However, when the engine was 
operated with lambda between 3.4 and 3.9, the highest exergy destruction rate was observed for the D80F20 fuel. Also, according to 
the results, the lowest and highest exergy efficiency values were recorded for D80F20 and D40F60, respectively. 

Table 1 
Engine specifications.  

Test Engine 

Number of cylinders 1 
Intake valve O/C timing 12◦ bTDC 56◦ aBDC 
Exhaust valve O/C timing 56◦ bBDC 12◦ aTDC 
Swept volume [cm3] 540 
Compression ratio 13 
Bore [mm] × Stroke [mm] 80.26 x 88.90 
Maximum power output (kW) 15 
Valve lift Intake-Exhaust [mm] 5.5–3.5 
Combustion mode HCCI  

Fig. 1. Schematic view of the testbed.  
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2. Methodology 

2.1. Experimental setup 

In this study, an HCCI–SI test engine with a single-cylinder, four-stroke, port injection system was used. The test engine was 
connected to a DC dynamometer capable of absorbing 30 kW of power. The features of the test engine are shown in Table 1, and the 
schematic view of the test setup is shown in Fig. 1. 

Fusel oil and diethyl ether were blended volumetrically in various proportions and used in HCCI engine. The mixture of test fuels 
was prepared with an ultrasonic mixer. At the end of 48 h, no phase separation was observed in the test fuels, and the experiments were 
carried out. Blend fuels were injected from the port injection system using a single injector. The content of the fuels and the abbre-
viations used are shown in Table 2. 

Fusel oil as a by-product in the ethyl alcohol production process is very attractive to use in spark-ignition and HCCI engines mainly 
due to its high octane number. Main chemical/physical charactristics of the studied fuels are tabulated in Table 3. 

The experiments were conducted using fusel oil/diethyl ether blends at a constant intake air inlet temperature of 353 K, varying the 
engine speed and air-fuel ratio as shown in Table 4. Some modifications were made to the test engine and it was converted to HCCI 
mode. During the tests, the HCCI mode throttle was placed in the full open position and the engine load was controlled by the air-fuel 
ratio. 

It should be noted that when the engine was running on D40F60, the lambda value could not be stabilized for some engine speeds. 
Since, when the engine operates with lower dietileter content, the mixture fails to stabilize easily in combustion, due to the high 
volatility of the fuel which creates vapor bubbles and causes vapor lock in the fuel lines, this phenomenon occurs mainly when 
operating at high engine speeds and loads [48]. Therefore, lower operating points are observed with the D40F60 fuel. 

2.2. Exergy model 

To calculate the associated exergy rates and derive the charactristics of the combustion products, it is essential to determine the 
composition of the combustion products from Eq. (1) [49]. 

αCxHyOz + βCpHqOr + λa(O2 + 3, 773N2)→ bCO2 + cCO+ eNO+ fH2O+ gN2 + hO2 (1)  

where, α and β (α+ β = 1) stand for the fuel ratio in the blends. Also, z, y, x, r, q, and p refer to the fraction of each chemical term in the 
base fuels. λa are the relative air-fuel ratio and stoichiometric air coefficient, respectively. The remain parameters are considered as 
coefficients of combustion products. The value of b, c and e were derived from gas analyser. The following formulas was utilized to 
determine the coefficients. 

Hydrogen:  αy+ βq = 2f (2)  

Nitrogen:  6, 773λ
[
α
(

x+
y
4
−

z
2

)
+ β

(
p+

q
4
−

r
2

)]
= e + 2g (3)  

Oxygen:  αz+ βr + 2λ
[
α
(

x+
y
4
−

z
2

)
+ β

(
p+

q
4
−

r
2

)]
= 2b+ c+ e+ f + 2h (4) 

In order to evaluate the energy input/output in the combustion process, an external exergy analysis was performed [50,51]. The 
external exergy analysis model considers multiple physical variables such as temperature, rotational speed, fuel consumption, among 
others, to facilitate the calculation of performance indicators. For the analysis was considered a control volume in steady state. 
Moreover, for developing the exergy model, the exhaust gases and combustion air were considered as a ideal gas mixtures and change 

Table 2 
Volumetric content of blend fuels.   

Diethyl ether (%) Fusel oil (%) 

D40F60 40 60 
D60F40 60 40 
D80F20 80 20  

Table 3 
Specifications of test fuels [46,47].  

Fuel Fusel Oil Diethyl ether 

Water content [%] 10.3 1.46 
Cetane number – >125 
LHV [MJ/kg] 29.5 33.8 
Density [kg/m3] 849 713.4 
Heat of vaporization [kJ/kg] 501 376 
Research octane number 106.8 – 
Chemical formula C5H12O C4H10O 
Self-ignition temperature [◦C] 416 160  
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in kinetic/potential exergy disregared [52–54]. The thermodynamic reference state for pressure and temperature are selected: P0 =

101,325 kPa and T0 = 298,15 K. Eqs. (5)–(7) present the mass, exergy and energy balance respectively. The schematic of the exergy 
balance of an internal comustion engine is depicted in Fig. 2. 

∑
ṁin =

∑
ṁout (5)  

∑
Ėxin =

∑
Ėxout + ĖxD (6)  

∑
Ėin =

∑
Ėout (7) 

In addition, in terms of the air inputs into the system and the fuel, the exergy rate could be expressed by Eqs. (8)–(10). 

Ėxair = ṁair

[

cp,air

(

(Tair − T0) − T0lnln
(

Tair

T0

) )]

(8)  

Ėxfuel = ṁfuelLHVφ (9)  

Table 4 
Operating conditions evaluated on the engine.  

D40F60 D60F40 D80F20 

N Lambda N Lambda N Lambda 

[rpm] [− ] [rpm] [− ] [rpm] [− ] 

800 2.3 800 3.15 800 3.15 
800 2.1 800 2.9 800 2.9 
800 2 800 2.65 800 2.7 
800 1.8 800 2.45 800 2.5 
800 1.65 800 2.25 800 2.3 
800 1.55 800 2.1 800 2.15 
800 1.4 800 2 800 2 
800 2.2 800 1.8 800 1.9 
1000 1.8 800 1.4 800 1.8 
1000 1.55 1000 3.4 1000 3 
1000 1.4 1000 3.1 1000 2.8 
1100 1.8 1000 2.85 1000 2.6 
1100 1.8 1000 2.6 1000 2.4 
1100 1.8 1000 2.4 1000 2.2 
1100 1.8 1000 2.25 1000 2.05 
1100 1.8 1000 2.1 1000 1.95 
1100 1.4 1000 1.8 1000 1.8 
1100 1.35 1000 1.4 1100 3.05 
1200 1.5 1100 1.4 1100 2.8 
1200 1.4 1100 2.2 1200 2.6 
1400 2.2 1100 3 1200 2.4 
1400 1.4 1100 2.75 1200 2.2 
1400 2.2 1100 2.5 1200 2.05 
1400 1.8 1100 2.3 1200 1.9 
– – 1100 2.15 1200 1.8 
– – 1200 2 1200 3.4 
– – 1200 1.8 1200 3.1 
– – 1200 2.95 1400 2.8 
– – 1200 2.7 1400 2.6 
– – 1200 2.5 1400 2.45 
– – 1200 2.3 1400 2.3 
– – 1200 2.1 1400 2.1 
– – 1400 1.8 1400 2 
– – 1400 3.2 1400 1.9 
– – 1400 3 1400 1.8 
– – 1400 2.8 1400 4 
– – 1400 2.55 1400 3.7 
– – 1400 1.8 1600 3.5 
– – 1400 1.8 1600 3.3 
– – 1400 1.8 1600 3.1 
– – 1600 1.8 1600 3.35 
– – 1600 1.8 1600 3.1 
– – 1600 2.2 1800 2.2 
– – 1800 1.4 1800 1.4  
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φ= 1.0401+ 0.1728
(

H
C

)

+ 0.0432
(

O
C

)

+ 0.2169
(

S
C

)(

1 − 2.2068
H
C

)

(10)  

where, O, S , H, and, C stand for mass fractions of the oxygen, sulfur contents, hydrogen, and carbon of the fuel, respectively, and the 
accuracy of this equation is estimated as ±0.38% (see Table 5) [50,51]. 

The exergy rate of useful power output could be determined with Eq. (11). 

ĖxW = Ẇ =
2πN
60

T (11) 

In terms of the exhaust gases, in order to calculate the exergy rate, the sumision of physical/chemical exergy was used as illustrated 
in Eqs. (12)–(14). 

Ėxexh =
(
ṁfuel + ṁair

)(
exexh,ph + exexh,che

)
(12)  

exexh,ph = cp,i

[

(Texh − T0) − T0ln
(

Texh

T0

) ]

(13)  

exexh,che =RuT0

∑

i

xi

Mi
ln

yi

yi,0
(14) 

Fig. 2. Exergy balance scheme.  

Table 5 
Mass fractions of fuels evaluated.   

D40F60 D60F40 D80F20 

Carbon content [− ] 0.6686 0.6619 0.6553 
Hydrogen content [− ] 0.1359 0.1356 0.1354 
Oxygen content [− ] 0.1956 0.2025 0.2093 
Sulfur content [− ] 0.0001 0.0001 0.0001 
φ [− ] 1.088 1.089 1.090  

Table 6 
Definition of the environment [55].  

Reference component Molar fraction [%] 

CO2 0.03450 
O2 20.35000 
N2 75.67000 
CO 0.00070 
H2O 3.03000 
NO 0.00001 
Others 0.91479  
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The definition of the environment is shown in Table 6. 
The following Eqs. (15)–(17) were employed to compute the exergy loss rate, destruction exergy, second law efficiency, and waste 

exergy of the engine respectively. 

Ėxloss = Q̇loss

(

1 −
T0

Tvc

)

(15)  

where, Tvc corresponds to the control volume temperature which is an average of the block temperature and oil temperature. 

ĖxD = Ėxair + Ėxfuel − ĖxW − Ėxexh − Ėxloss (16)  

ψ =
ĖxW

Ėxfuel + Ėxair
(17) 

Fig. 3. Exergy balance average of all conditions.  

Fig. 4. Power output in relation to lambda and rotational speed.  
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3. Results and discussions 

Fig. 3 presents the average results of the exergy balance of all operating conditions evaluated in this work. The exergy fraction of 
each test fuel was calculated by dividing the amount of particular exergy into the entry fuel exergy [56]. The total losses represent the 
heat, cooling, and exhaust gas losses of the engine. It is observed that the destruction exergy has the highest percentage of the balance 
sheet; this indicates that more than 70% of the exergy supplied by the fuel is wasted in the exergy conversion process, being useful 
between 8 and 15% of the exergy. On the other hand, when comparing fuel blends, it is observed that as the percentage of fusel in the 
blend increases, the exergy destroyed decreases. This generates an increase in the oxygen content in the mixture, improving the 
temperature of the combustion chamber, which causes an increase in cylinder pressure, which finally translates into higher useful 
power output. Moreover, a higher percentage of fusel in the blends provides an increase in the density and viscosity of the fuel, which 
reduces the effects of friction and the process of converting chemical energy into heat energy of flue gas and decreases the irrevers-
ibilities of the system. 

Fig. 4 presents the variation of power output with respect to rotational speed and lambda for the fuels tested. It is observed that with 
increasing engine rotational speed, the power increases for all the blends tested. In addition, it is observed that the lambda presents 
different points of maximum power, especially when operating at high rotational speeds. However, when operating with D80F20 a 
more dispersed distribution of the power output is observed, obtaining a maximum value of 0.62 kW at 1400 rpm and lambda of 3.9. 
On the other hand, the increase of diethylether in the blend decreases the maximum power output at the operating conditions. This is 
since HCCI engines present considerable amounts of unburned fuel in the exhaust gases, the latter because of the low combustion 
temperatures that prevent the oxidation reactions from being completed and the presence of fuel in the cooler areas of the combustion 
chamber. In addition, the decrease of fusel oil in the mixture decreases the percentage of oxygen in the fuel, obtaining a lower LHV and 
in turn, decreasing combustion efficiency. 

Fig. 5 presents the variation of the exergy destruction rate with respect to rotational speed and lambda for the fuels tested. The 
figure shows that the rate of exergy destroyed is mainly concentrated at the lower lambda values for D40F60 and D60F40 fuels. 
However, when operating with D80F20, a higher exergy destruction rate is observed between lambda 3.4 and 3.9. It should be noted 
that the high values of exergy destruction rate are due to load regulation, which in HCCI engines depends on the amount of fuel injected 
into the cylinder. The points with higher exergy destruction rate show high load levels, therefore, there is a higher fuel consumption 
and in perspective, the disproportionate fuel consumption presents higher irreversibilities in the combustion process. On the other 

Fig. 5. Exergy destruction rate in relation to lambda and rotational speed.  
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hand, the change of fuel blend alters the ignition point, since HCCI engines control the ignition timing and combustion rate from 
chemical ratios, turbulence and air-fuel mixture. Therefore, significant differences in fuel behavior are observed even under the same 
operating conditions. 

Fig. 6 shows the variation of the exergy efficiency with respect to rotational speed and lambda for the fuels tested. It is observed that 
depending on the fuel tested, different points of maximum efficiency are presented. The maximum value of exergy efficiency is 
23.85%, with the D80F20 fuel obtaining the lowest values and the D40F60 fuel obtaining the highest values. Additionally, it is shown 
that the zone with the highest exergy efficiency for all fuels is between lambdas 2.1 to 2.6. As mentioned above, the effect of the fuel 
mixture alters the ignition point due to the physicochemical properties of the fuel, affecting the combustion efficiency. In addition, 
oxygenated biofuels such as fusel and diethylether could theoretically improve ignition control. However, the low oxygen content in 
the blends and the decreased fusel content affect the ignition point. On the other hand, it is observed that there is a more proportional 
distribution of average and maximum efficiency zones operating with D80F20 compared to D40F60 and D60F40 fuels. This leads to the 
conclusion that the fuel with a higher percentage of diethylether operates more uniformly under the operating conditions evaluated. 

4. Conclusion 

In this study, the performance of a HCCI engine powered with D40F60, D60F40, and D80F20 at different engine speeds and lambda 
values was assessed by exergy indicators. The main conclusions based on the derived results and experimental data could be sum-
marized as follows: 

● It is concluded that the lambda variation allows observing the best performance zones when operating with fuel mixtures. How-
ever, for future works it is expected to operate the HCCI engine with variable load and measure the pressure in the chamber. In 
order to identify the areas where the best combustion occurs to obtain a homogeneous mixture and increase engine performance.  

● From the comparison of the exergy indicators, it is concluded that the highest engine 2nd law efficiency is obtained when operating 
with D40F60 at a lambda between 2.1 and 2.2. Likewise, it was determined that the increase of diethyl ether in the blend decreases 
the performance, since, when operating with D60F40 and D80F20 the variation in the results is significant.  

● The fuels tested allowed us to observe that the performance of the HCCI engine shows favorable results, even with fuels that are 
little used in its operation, obtaining high efficiency values when operating with high fusel content in the mixture, mainly because 
of the oxygen content, resulting in an increase in the combustion efficiency in low/high load areas. In addition, according to the 

Fig. 6. Exergy efficiency in relation to lambda and rotational speed.  
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results, the effect on the environment was achieved to be neglectable. However, greater stability of performance was observed 
when operating with D80F20, which indicates that a more uniform combustion temperature was obtained with different lambda 
values, thus leaving open the discussion on the feasibility of the application of these fuels. 
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