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Abstract: In internal combustion engines, a significant share of the fuel energy is wasted via the
heat losses. This study aims to understand the heat losses and analyze the potential of the waste
heat recovery when biofuels are used in SI engines. A numerical model is developed for a single-
cylinder, four-stroke and air-cooled SI engine to carry out the waste heat recovery analysis. To
verify the numerical solution, experiments are first conducted for the gasoline engine. Biofuels
including pure ethanol (E100), E15 (15% ethanol) and E85 (85% ethanol) are then studied using
the validated numerical model. Furthermore, the exhaust power to heat loss ratio (

.
Qex/

.
Qht) is

investigated for different compression ratios, ethanol fuel content and engine speed to understand
the exhaust losses potential in terms of the heat recovery. The results indicate that heat loss to brake
power ratio (

.
Qht/

.
Wb) increases by the increment in the compression ratio. In addition, increasing

the compression ratio leads to decreasing the
.

Qex/
.

Qht ratio for all studied fuels. According to the
results, there is a direct relationship between the ethanol in fuel content and

.
Qex/

.
Qht ratio. As the

percentage of ethanol in fuel increases, the
.

Qex/
.

Qht ratio rises. Thus, the more the ethanol in the fuel
and the less the compression ratio, the more the potential for the waste heat recovery of the IC engine.
Considering both power and waste heat recovery, the most efficient fuel is E100 due to the highest
brake thermal efficiency and

.
Qex/

.
Qht ratio and E85, E15 and E00 (pure gasoline) come next in the

consecutive orders. At the engine speeds and compression ratios examined in this study (3000 to
5000 rpm and a CR of 8 to 11), the maximum efficiency is about 35% at 5000 rpm and the compression
ratio of 11 for E100. The minimum percentage of heat loss is 21.62 happening at 5000 rpm and the
compression ratio of 8 by E100. The minimum percentage of exhaust loss is 35.8% happening at
3000 rpm and the compression ratio of 11 for E00. The most

.
Qex/

.
Qht is 2.13 which is related to E100

at the minimum compression ratio of 8.

Keywords: internal combustion engine; energy balance; compression ratio; ethanol biofuel; waste
heat recovery

1. Introduction

The demand for fossil fuels has increased overwhelmingly in the transportation
industry in the last decades. This has worsened environmental issues such as air quality
degradation and global warming [1,2]. During recent years, different solutions such as
using alternative fuels including biofuels have been considered for conventional vehicles
in order to reduce the emissions of fossil fuels [3–6]. For using alternative fuels, researchers
applied different methods to ameliorate the performance of engines consuming biofuels.
These methods included making various mixtures of the main fuel with ethanol, methanol
and butanol [7–11], changing the geometry of the engine for using biofuels [12–14] and
using different strategies for biofuels injections [15–17].
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Feng et al. [18] evaluated the combustion performance of a dual injection SI engine by
using an n-butanol direct injection and gasoline port fuel injection in a single-cylinder SI
engine. Their results indicated that the dual injection strategy with n-butanol had benefits
in improving various engine outputs including fuel efficiency compared with gasoline PFI.
It was shown that at maximum brake torque spark timings, the engine produced 5% and
2.2% higher indicated mean effective pressure (IMEP) in comparison to gasoline port fuel
injection (PFI) and gasoline direct injection (GDI), respectively. In another work, Turner
et al. [19] carried out an experimental analysis on a direct injection, spark ignition engine
at a part load and speed condition. The benefits of adding ethanol into gasoline were
demonstrated in terms of reducing the engine-out emissions and increasing the efficiency.
Tornatore et al. [20] examined the effect of E85 injection mode on performance, gaseous
and particle emissions of a turbocharged port fuel SI engine at 3000 rpm and high engine
load for different air–fuel ratios. In their research, ethanol and gasoline were supplied
into the intake manifold by two different ways: through two separated low-pressure fuel
injection systems and in a blend. The ratio between ethanol and gasoline was fixed at 0.85
by volume (E85). Results showed that adding ethanol can resolve over-fueling with an
increase in thermal efficiency without engine load penalties.

Compression ratio (CR) is an important parameter for the performance and effi-
ciency of internal combustion engines. Different researchers have studied the role of CR in
combustion characteristics, emissions and the thermal efficiency of spark ignition [21–24].
Wittek et al. [25] investigated experimentally the potential of variable compression ratio
(VCR) technology in a 3-cylinder, direct injection turbocharged SI engine fueled with regu-
lar road octane number (RON) 95 gasoline. They applied a 2-stage variable compression
ratio system to a series engine. Results showed that a higher compression ratio would
result in a lower fuel consumption in both low and high load. Balki and Sayin [26] studied
experimentally the effect of the compression ratio on an SI engine using pure methanol,
ethanol and unleaded gasoline. They concluded that brake mean effective pressure, cylin-
der gas pressure, brake thermal efficiency and brake specific fuel consumption increase
by using ethanol and methanol at all compression ratios. Celik et al. [27] used methanol
at a high compression ratio to increase performance and decrease emissions of a single-
cylinder gasoline engine. Their results showed that by increasing the compression ratio
with methanol, the engine power and brake thermal efficiency increased by up to 14%
and 36%, respectively. Furthermore, Costa and Sodre [28] investigated the influence of
compression ratio on the performance of an SI engine fueled by a blend of 78% gasoline and
22% ethanol (E22) and E100. They found that higher compression ratios improved engine
performance for both fuels at all engine speeds. In another study, Thomas et al. [29] carried
out an experimental investigation on an SI engine, using pure gasoline and 20% n-butanol
blend (B20) at different loads in order to examine the variation of different parameters
with respect to the compression ratio changes. Their results showed that brake thermal
efficiency increases with the increase of CR at all loads.

In internal combustion engines, a major part of the fuel power is wasted via exhaust gases
and some is dissipated through heat transfer and friction losses [30–32]. Accordingly, various
technologies including turbochargers, thermoelectric generators (TEG) and organic rankine
cycles (ORC) are utilized in order to reuse the exhaust power from ICEs [33,34]. To achieve a
highly efficient vehicle, it is crucial to reduce various losses. In this concept, CR is the single
important parameter affecting the engine losses and engine efficiency. As demonstrated,
the majority of the previous studies on CR focused only on its influence on performance
characteristics of large-scale and water-cooled SI or CI engines. However, detailed research
about a thermal balance analysis of bio-fueled engines at various compression ratios, and
the potential for waste heat recovery especially when the biofuels are used is missing in
literature. Waste heat recovery could be a solution in reducing the fuel consumption in
engine applications. For the purpose of the waste heat recovery, the engine exhaust power
can be conveniently converted to useful work. Thus, it is highly important to find the
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appropriate engine operation conditions for the waste heat recovery while keeping the
engine performance at the optimum condition.

2. Methodology

In this paper, an investigation of the energy balance of a single-cylinder, four-stroke
and air-cooled engine is carried out to understand the potential waste heat recovery. First,
the experimental tests are performed at 50% wide-open throttle in 3000, 4000 and 5000 rpm
using pure gasoline (E00) and the collected data are used for validation. Pure ethanol (E100)
and ethanol–gasoline blends of E15 (15% ethanol + 85% gasoline) and E85 (85% ethanol
+ 15% gasoline) as alternative biofuels are then investigated numerically. To assess and
compare the effect of compression ratio on energy balance, various CRs including 8, 9, 10
and 11 are examined numerically. Unlike the heat transfer, the power of exhaust gases can
be recovered easily due to the notable energy quality (high temperature and pressure) of
the exhaust. In order to specify the waste heat recovery potential, the ratio of exhaust losses
to the heat losses (

.
Qex/

.
Qht) is calculated and the impact of CR, the percentage of ethanol

in fuel content and engine speed ratio is examined. Furthermore, other key performance
parameters such as the heat transfer to brake power ratio (

.
Qht/

.
Wb) and brake specific fuel

consumption (BSFC) are considered in this paper.

2.1. Experimental Analysis

A single-cylinder, four-stroke and spark ignition engine is employed in this study.
Schematic diagrams of the measurement instruments and laboratory equipment are shown
in Figure 1.
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Figure 1. Engine Test Setup.

The experimental setup consisted of K-type thermocouples, flow meter, engine and
hydraulic dynamometer. Temperature measurements were performed by K-type thermo-
couple with accuracy of ±2.2 ◦C. The dynamometer of this test setup was a hydraulic
dynamometer made by an oil pump. The engine output shaft was connected to the pump
input shaft by a chain. The pump was not fixed and could rotate freely through two
bearings with very low friction. As the engine operated, the pump tended to rotate due
to Newton’s third law of motion. A load cell was placed in such a way that it did not
allow the pump to rotate and resisted the rotation of the pump. The load cell and the
strain gauge were calibrated with precise weights. During engine operation, the force
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inserted by the pump to the load cell was measured and recorded by a data logger. Then,
having the distance between the pump shaft center and the place where the force acts, the
applied torque was calculated. The dynamometer was connected to the control panel and
its accuracy was about ±0.1 N.m. Measurement instruments were calibrated before each
test. To achieve the steady-state operating condition, the engine was run for about twenty
minutes with conventional gasoline (E00) before any measurement. A gasoline engine
with a compression ratio of 9.1:1 without any modifications was used for this research.
The experiments were conducted at half throttle in various engine speeds including 3000,
4000 and 5000 rpm and all experiments were repeated 3 times. Indeed, experiments were
conducted at 50% wide-open throttle and part load. In order to achieve the target engine
speeds including 3000, 4000 and 5000 rpm at half throttle, the dynamometer braking torque
was adjusted. The required engine parameters for thermodynamic simulation such as
geometry of engine, fuel consumption, etc., were measured experimentally and used in
the model.

A creative and accurate method was used to measure the fuel consumption. In this
method, a transparent calibrated tank was used as the fuel tank. The fuel consumption
during engine operation was filmed using the time-lapse technique. Then, the video was
analyzed using an image processing code in MATLAB software (MathWorks, Natick, MA,
USA). In this way, the fuel consumption was calculated knowing the time interval and size
scale which was used to calibrate the tank.

2.2. Numerical Analysis

The engine used in this study is an air-cooled, one-cylinder engine with a carburetor
fuel delivery system. A great advantage of the carburetor fuel delivery system is the ability
to change the air to fuel ratio manually. In all parts of this study, stoichiometric ratios were
assumed for different fuel mixtures. The engine technical specifications are presented in
Table 1. The numerical investigation was carried out without any modifications of the
bore and the stroke of the engine because it affects the engine heat transfer and friction
characteristic significantly. The clearance volume of the engine was changed in order to
adjust different compression ratios.

Table 1. Technical Specifications of the Studied Engine.

Engine Characteristic

Type SI
Volume of Cylinder 124.1 cm3

Bore × Stroke 56.5 mm × 49.5 mm
Compression Ratio 9.1:1
Maximum Power 7.4 kW @ 8492 rpm
Maximum Torque 9.23 N.m @ 6997 rpm

Intake Valve Timing 5 Degrees bTDC/35 Degrees aBDC
Exhaust Valve Timing 30 Degrees bBDC/5 Degrees aTDC

Cooling type Air-cooled

The engine is modeled numerically by a differential equation to simulate total energy
balance and operating conditions. The cylinder pressure versus crank angle is calculated
from Equation (1) which is a type of implicit ordinary differential equation (ODE). The
Runge–Kutta 4th order method is utilized to solve the equation.

dp
dθ

= −γ
p
V

dV
dθ

+
γ − 1

V
(Qin

dxb
dθ

− dQw

dθ
) (1)

Required parameters are attained from the engine geometry and models of combustion
and heat transfer which are presented in following sections.
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2.2.1. Geometry

The cylinder displacement is calculated by Equation (2), where s is the distance
between the piston pin and crankshaft axes as given in Equation (3) [35].

V = VC +
πD2

4
(l + R − s) (2)

s = R cos θ +
(

l2 + R2sin2θ
)1/2

(3)

2.2.2. Combustion

The mass fraction burned xb(θ) at any crank angle θ is calculated from the integral
of the energy release normalized by the total energy release. The energy release profile is
curve-fitted with Weibe function as specified in Equation (4). xb varies from 0 to 0.99.

xb(θ) = 1 − exp

[
−a
(

θ − θ0

∆θ

)m+1
]

(4)

Weibe function is a very useful tool to model the characteristic feature of heat release
in an internal combustion engine. The laminar flame speed and consequently the heat
release rate of ethanol is greater than gasoline. This changes their combustion and heat
transfer characteristics and finally their heat recovery capability which is the main concern
of this research. In this study, although the same function and method was used for all
different blends, two adjustable parameters in Weibe function, “a” and “m”, were changed
to calibrate the Weibe function according to the percentage of alcohol in the fuel [36,37].

2.2.3. Heat Transfer

For simulation of the internal combustion engines and estimation of heat transfer in
the combustion chamber, several models such as Annand, Woschni and Hohenber have
been proposed in the literature. Although the Woschni model was initially introduced for
diesel engines, it was later investigated numerically and experimentally for SI engines and
its validity was confirmed [38–41]. The Woschni heat transfer correlation is highly accurate
and acceptable in spark ignition engines to calculate the heat transfer coefficient as given
in Equation (5).

h = 0.01298D−0.2 p0.8T−0.55ω0.8 (5)

where B, P and T are cylinder bore, instantaneous cylinder pressure and gas temperature,
respectively. The average cylinder gas velocity ω is specified in Equation (6).

ω =

[
C1SP + C2

VdTr

PrVr
(p − pmot)

]
(6)

where SP, Pmot are mean piston speed and motored cylinder pressure at the same crank
angle as P. Also, Tr, Pr and Vr are defined as working fluid temperature, pressure and
volume at some reference state, respectively. The amounts of C1, C2 as constant parameters
for engine processes based on engine speed and swirl are used from Heywood [35]. The
simulated model is validated in previous studies [42,43]; therefore, the amount of dqw

dθ can
be calculated by Equation (7).

dqw

dθ
=

h × Aw ×
(
Tg − Tw

)
6n

(7)

2.2.4. Fuel

In order to simulate the engine, fuel properties are applied in a numerical simulation.
Properties of primary fuels that consist of pure gasoline (E00) and pure ethanol (E100) are
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given in Table 2. It is worth mentioning that in all parts of this study stoichiometric air to
fuel ratios were assumed for different fuel mixtures.

Table 2. Properties of Gasoline and Ethanol [44].

Fuel Properties Gasoline (E00) Ethanol (E100)

Chemical Formula C8H15 C2H5OH
Lower Heating value (kJ/kg) 43,000 26,950
Higher Heating value (kJ/kg) 47,300 29,710

Flash Point (◦C) −42.7 12.8
Ignition Temperature (◦C) 276.7 422.8

Specific Gravity 0.72 0.79
Vapor Density 3 1.49

Boiling Point (◦C) 201.7 78.3
Upper Explosive Limit 7.6% 19%
Lower Explosive Limit 1.4% 3.3%

2.2.5. Engine Energy Balance

The energy balance analysis is a beneficial method in order to investigate the distribu-
tion of energy and find out how total fuel energy is divided into different parts. Steady
flow energy balance in control volume is given in Equation (8).

.
Ein =

.
Eout (8)

The first law of thermodynamics in IC engines is applied by Equation (9).

.
Q f uel =

.
Wb +

.
Qex +

.
Qht (9)

Total fuel power, brake power and exhaust power are specified in
Equations (10)–(12), respectively.

.
Q f uel =

.
m f QHVηc (10)

.
Wb = z·BMEP·Vd.n

120
(11)

.
Qex =

( .
ma +

.
m f

)
× Cex × (Tex − Ta) (12)

In Equation (10),
.

Q f uel is the total energy of the fuel after combustion. The parameter

ηc in this equation indicates that unburned fuel is not considered in
.

Q f uel . In SI engines,
the combustion efficiency is usually in the range of 95–98% [35]. By having the combustion
efficiency and heating value of any studied fuel, QHV, fuel mass flow rate and

.
Q f uel can be

calculated. Combustion efficiencies are the same from the experimental calculations and
numerical simulations.

The specific heat of air at the mean exhaust temperature is considered the average
specific heat of the exhaust gases [45–48]. Brake mean effective pressure (BMEP) is obtained
by Equation (13). Subsequently, indicated mean effective pressure (IMEP) and friction
mean effective pressure (FMEP) are given by Equations (14) and (15) [49]. There are several
models for calculating engine friction. Some of these correlations are based only on engine
speed and have low accuracy. However, the maximum pressure is especially important
in addition to the engine speed. Therefore, Equation (15) is used which has included the
pressure in addition to the engine speed. This correlation is of ordinary accuracy but
it is simple and can be used easily. There are other correlations that are more complex
containing multiple constants and have higher accuracy [50].

BMEP = IMEP − FMEP (13)
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IMEP =

∮
pdV
Vd

(14)

FMEP = 0.061 + 1.167pmax + 4.9 × 10−6n (15)

Thus, heat loss term dissipated through air, friction and lubrication oil is calculable
via Equation (9).

3. Results and Discussion
3.1. Validation

Zero-dimensional models, despite their simplicity, are very efficient in making an
accurate judgment of engine operation and they have been used extensively to study
the thermodynamic engine performance in the literature. However, they do not take the
dimensions in combustion and heat transfer into account, and like any other simulation
tools they can face some degree of inaccuracy. The error can originate from several sources
in engine simulation; one of the most important ones is the volumetric efficiency. In
addition, the role of the heat transfer coefficient as an error source cannot be ignored.
Therefore, the model should be validated against the experimental data prior to any
simulation study.

In order to validate numerical solutions, four parameters including
.

Qht/
.

Wb ratio, total
fuel power, exhaust power and output power were obtained experimentally and compared
with numerical results at a compression ratio of 9.1:1. As mentioned before, the experiments
were conducted with conventional gasoline (E00) and data were collected at 3000, 4000 and
5000 rpm. Table 3 compares the data from the experiment with the simulation results. The
accuracy of validations is acceptable; hence the results are dependable. Deviations of four
validated parameters are calculated and given in Table 3.

Table 3. Comparison of Engine Model Data with Experimental Tests Using E00.

Rpm Model Experiment Error (%)

Heat Loss/Brake
Power

3000 0.75 0.695 7.91
4000 0.633 0.601 5.32
5000 0.578 0.529 9.43

Total Fuel Power
(kW)

3000 5.9 5.937 0.62
4000 8.59 8.113 5.87
5000 11.138 10.245 8.71

Exhaust Power
(kW)

3000 2.4 2.208 8.69
4000 3.7 3.451 7.21
5000 5 4.68 6.83

Brake Power
(kW)

3000 2 2.2 9.09
4000 3 2.9 3.44
5000 3.89 3.6 8.05

To calculate the total fuel power, brake power and exhaust power from the experi-
ments, Equations (10)–(12) are utilized. Subsequently, the amount of heat loss is achieved
from Equation (9). As specified in Table 3, the amount of brake power, exhaust power
and total fuel power rises by increasing the engine speed. Experimental and numerical
analysis show that approximately one-third of the fuel energy is converted to effective
power. Furthermore, as the engine speed increases the heat transfer to brake power ra-
tio decreases in both experimental and numerical investigations. Although both brake
power and heat transfer increase with engine speed, brake power growth is more than heat
transfer; therefore, the ratio decreases.
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3.2. Energy Balance Investigation

Energy distribution of the engine using pure gasoline (E00), E15, E85 and pure ethanol
(E100) at different compression ratios is demonstrated in Tables 4–7, respectively. Results
were obtained by running the simulation at compression ratios of 8, 9, 10 and 11 with an
engine speed of 3000, 4000 and 5000 rpm. To provide a better understanding of the data,
each table is followed by the relevant bar graphs, shown as Figures 2–5.

Table 4. Energy Balance of Engine Using Pure Gasoline (E00) at Different Compression Ratios; (a) 8,
(b) 9, (c) 10, (d) 11.

rpm Total Power
(kW)

Brake Power
(kW)

Heat Loss
(kW)

Exhaust Loss
(kW)

(a)
3000 6.27 1.94 1.71 2.63
4000 9.05 2.84 2.22 4.00
5000 11.81 3.68 2.72 5.42

(b)
3000 6.27 1.99 1.80 2.47
4000 9.02 2.91 2.32 3.79
5000 11.71 3.77 2.82 5.12

(c)
3000 6.23 2.02 1.88 2.34
4000 8.99 2.97 2.41 3.61
5000 11.61 3.83 2.92 4.86

(d)
3000 6.20 2.03 1.95 2.22
4000 8.96 3.01 2.51 3.45
5000 11.53 3.88 3.02 4.63

Table 5. Energy Balance of Engine Using E15 at Different Compression Ratios; (a) 8, (b) 9, (c) 10,
(d) 11.

rpm Total Power
(kW)

Brake Power
(kW)

Heat Loss
(kW)

Exhaust Loss
(kW)

(a)
3000 6.32 1.96 1.71 2.65
4000 9.12 2.87 2.22 4.03
5000 11.91 3.72 2.72 5.47

(b)
3000 6.31 2.01 1.80 2.50
4000 9.08 2.94 2.32 3.82
5000 11.81 3.81 2.83 5.17

(c)
3000 6.28 2.04 1.88 2.36
4000 9.05 3.00 2.41 3.63
5000 11.71 3.88 2.93 4.90

(d)
3000 6.25 2.05 1.95 2.24
4000 9.03 3.05 2.51 3.47
5000 11.63 3.93 3.02 4.68
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Table 6. Energy Balance of Engine Using E85 at Different Compression Ratios; (a) 8, (b) 9, (c) 10,
(d) 11.

rpm Total Power
(kW)

Brake Power
(kW)

Heat Loss
(kW)

Exhaust Loss
(kW)

(a)
3000 6.63 2.10 1.73 2.80
4000 9.54 3.07 2.23 4.24
5000 12.55 4.02 2.74 5.79

(b)
3000 6.62 2.16 1.82 2.64
4000 9.50 3.16 2.33 4.02
5000 12.44 4.12 2.85 5.47

(c)
3000 6.58 2.19 1.90 2.49
4000 9.47 3.22 2.43 3.83
5000 12.34 4.20 2.96 5.19

(d)
3000 6.54 2.21 1.97 2.36
4000 9.45 3.27 2.52 3.66
5000 12.26 4.25 3.06 4.95

Table 7. Energy Balance of Engine Using Pure Ethanol (E100) at Different Compression Ratios; (a) 8,
(b) 9, (c) 10, (d) 11.

rpm Total Power
(kW)

Brake Power
(kW)

Heat Loss
(kW)

Exhaust Loss
(kW)

(a)
3000 6.67 2.13 1.72 2.82
4000 9.61 3.12 2.22 4.28
5000 12.63 4.08 2.73 5.82

(b)
3000 6.65 2.19 1.81 2.65
4000 9.57 3.20 2.32 4.05
5000 12.52 4.18 2.84 5.50

(c)
3000 6.61 2.22 1.89 2.51
4000 9.54 3.27 2.42 3.85
5000 12.42 4.26 2.94 5.22

(d)
3000 6.58 2.24 1.96 2.38
4000 9.51 3.32 2.51 3.68
5000 12.33 4.31 3.04 4.98
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Figure 2. Total Energy Balance of Engine Using Pure Gasoline (E00) vs. Compression Ratio at 3000, 4000 and 5000 rpm.
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Figure 3. Total Energy Balance of Engine Using E15 vs. Compression Ratio at 3000, 4000 and 5000 rpm.
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Figure 4. Total Energy Balance of Engine Using E85 vs. Compression Ratio at 3000, 4000 and 5000 rpm.

As given in Tables 4–7 and Figures 2–5, all three main parameters of the total energy,
i.e., brake power, heat loss and exhaust energy, are increased by the engine speed. When
the engine speed increases, more air and fuel enter the combustion chamber. As a result,
more energy is released during the combustion cycle. On the other hand, by increasing the
engine speed, the time of one cycle decreases; so, the amount of brake power as well as the
power loss through heat and exhaust increases. Another noteworthy point in this section
is that at a constant compression ratio, the share of heat loss decreases with increasing
speed, and thus the share of power output and exhaust losses increase. The reason for this
is the shortening of the cycle time by speed increment. As the time of a cycle decreases,
the time for heat transfer decreases and the percentage of heat loss decreases; although, as
mentioned above, its amount increases. Identical results were achieved in prior studies
performed by Yusri et al. [51] and Sayin et al. [52]. As reported by Yusri et al. [51], by using
gasoline the percentage of heat transfer was decreased by 2.14% in a compression ratio of
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9.5 when the engine speed was changed from 3000 to 4000 rpm. This reduction was 3.04%
and 3.28% for a compression ratio of 9 and 10, respectively.
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Figure 5. Total Energy Balance of Engine Using Pure Ethanol (E100) vs. Compression Ratio at 3000, 4000 and 5000 rpm.

At a constant engine speed, by increasing the compression ratio the brake power and
heat loss increases, while the exhaust power decreases. By increasing the compression
ratio due to the increase in temperature and pressure of the combustion chamber, more
work is produced. This can also be inferred from the efficiency of an internal combustion
engine; when the compression ratio increases, the efficiency of an internal combustion
engine increases, which means an increase in brake work per energy input of the engine.
Similar results were reported in previous studies in literature by Thakur et al. [53], Costa
and Sodre [28] and Yucesu et al. [22]. Owen and Coley [54], for example, reported an
improvement of 16% on the performance of a single-cylinder ethanol-fueled engine when
the compression ratio was increased from 8 to 18. In this investigation, by using E100,
the improvement of brake thermal efficiency is 8.23% by changing the compression ratio
from 8 to 11 at 5000 rpm. On the other hand, by the increase in temperature because
of increasing the compression ratio, the temperature difference between the combustion
chamber and the environment increases, and thus more heat loss happens. In addition,
increasing the pressure and temperature due to the increase of the compression ratio
promotes the mobility of gases inside the combustion chamber, as a result, the convection
heat transfer coefficient increases. This also contributes to the increase of the heat loss
which was approved by Celik et al. [27]. Therefore, considering the principle of energy
balance in the engine, with increasing work and heat losses, exhaust losses decrease.

At engine speeds between 3000 to 5000 rpm, the maximum efficiency is 34.98% hap-
pening at 5000 rpm and a compression ratio of 11 for E100. The minimum percentage of
heat loss is 21.62% happening at 5000 rpm and a compression ratio of 8 for E100. The
minimum percentage of exhaust loss is 35.8% happening at 3000 rpm and a compression
ratio of 11 for E00. As shown in Tables 4–6, pure ethanol (E100) is ranked first in terms of
converting total fuel energy to brake power for the same rpms and CRs. E85, E15 blends
and E00 as conventional gasoline come next in the consecutive orders. Technically, there is
a direct relationship between engine brake power and ethanol content of the blended fuel
which is in compliance with Bayraktar [55] and Najafi et al. [56].

The total energy balance of the IC engine using four different fuels at operating condi-
tions of CR = 8, 11 and 5000 rpm are illustrated in Figure 6. As can be seen, by increasing
the compression ratio, the output power rises. In addition, for the same compression ratios,
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the highest percentage of brake power belongs to E100. Subsequently, other fuels including
E85, E15 and E00 come next, according to the results. The reason for this is the flame
speed and the engine combustion’s tendency to constant volume combustion. Ethanol has
a higher flame speed than gasoline, which means the combustion is closer to a constant
volume combustion. According to the thermodynamic principals, the more we move
towards constant volume combustion, the higher the engine efficiency can be. Therefore, it
is observed that the highest percentage of brake work is related to pure ethanol fuel (E100).
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Figure 6. Total Energy Balance of Engine Using Four Studied Fuels at Engine Speed of 5000 rpm and Compression Ratio of
8 and 11.

3.3. Heat Loss to Brake Power Ratio (
.

Qht/
.

Wb)

Heat loss to brake power ratio (
.

Qht/
.

Wb), as a key parameter to understand the
engine wasted heat, is studied in various compression ratios and engine speeds. As
presented in Figure 7a–c, there is a direct relationship between the

.
Qht/

.
Wb ratio and

compression ratio for all four studied fuels at all rpms. This is due to the increase of the
heat loss by the compression ratio due to the increase of in-cylinder temperature, and
the convection heat transfer coefficient

.
Qht/

.
Wb parameter increases for all cases. The

maximum
.

Qht/
.

Wb is 0.96% for the gasoline at the 3000 rpm and the CR of 11. By increasing
the ethanol percentage, the

.
Qht/

.
Wb ratio reduces for various compression ratios and the

lowest
.

Qht/
.

Wb belongs to E100 at the highest rpm, i.e., 5000 rpm with a minimum CR
of 8. Table 8 summarizes the effect of various parameters on

.
Qht/

.
Wb. Furthermore, by

increasing the engine speed the
.

Qht/
.

Wb ratio decreases for all the fuels. This is due to the
short time of heat transfer at high engine speeds.

3.4. Exhaust Losses to Heat Losses Ratio (
.

Qex/
.

Qht)

The analysis of four studied fuels in three different engine speeds shows that increasing
the compression ratio leads to decreasing the

.
Qex/

.
Qht ratio as shown in Figure 8a–c. When

the compression ratio rises, exhaust losses decrease. The reason for this is the direct effects
of the compression ratio on expansion ratio, so by the increase in the expansion ratio
more work can be taken out of the cycle, and the less losses occur in the exhaust process.
Furthermore, heat losses increase with the increase of the CR; therefore, with the increase
of the compression ratio, the

.
Qex/

.
Qht decreases. This can be interpreted as the reduction

in waste heat recovery potential.
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Table 8. Effect of Various Parameters on
.

Qht/
.

Wb.

Increase in Variable Effect on
.

Qht/
.

Wb Reason

Compression Ratio Increase Increase of in cylinder gas temperature and
convection heat transfer coefficient

Engine Speed Decrease

Shortening the time of a cycle reduces the
time and opportunity for heat transfer and

on the other hand brake work increases due
to the volumetric efficiency increase; so, the

brake power increases.

Percent of Ethanol Decrease

The percentage increase in ethanol increases
the flame speed and brings the combustion
closer to the constant volume combustion.
Therefore, the thermal efficiency increases

and brake power increases.

There is a direct relationship between the ethanol content of the fuel and the
.

Qex/
.

Qht

ratio. As the percentage of ethanol in fuel increases, the
.

Qex/
.

Qht ratio rises. This happens
due to the flame temperature reduction by the increase of the ethanol amount in the fuel.
Therefore, heat loss is reduced, and exhaust losses increases. As illustrated in Figure 8a–c,
in comparison with other fuels, E100 (100% ethanol) has the highest

.
Qex/

.
Qht ratio in all

compression ratios and engine speeds. The most
.

Qex/
.

Qht is related to E100 at the minimum
compression ratio of 8. Then, E85 (85% ethanol), E15 (15% ethanol) and pure gasoline or
E00 (0% ethanol) come next in the consecutive order. It can be concluded that the E100 has
the highest potential for the waste heat recovery. Table 9 summarizes the effect of various
parameters on

.
Qex/

.
Qht.

3.5. Brake Specific Fuel Consumption (BSFC)

The brake specific fuel consumption (BSFC) is an important parameter which repre-
sents the performance of internal combustion engines in terms of the fuel consumption.
This factor is determined by dividing the fuel mass flow rate to output power. As seen in
Figure 9a–c, BSFC reduces by the compression ratio increment in all investigated engine
speeds and for all fuels. It is realized that E00 has the minimum BSFC in comparison with
others since gasoline has the highest heating value among other studied biofuels. In other
words, when the ethanol content in the blend increases, the BSFC also rises due to the
lower heating value of biofuels. Similar results were observed in previous studies carried
out by Thakur et al. [53], Balki and Sayin [26], Di lorio et al. [57] and Celik et al. [27]. Balki
and Sayin [26] reported that at a compression ratio of 9, BSFC was 6.19% lower compared
to the compression ratio of 8 for the SI engine using ethanol at 2400 rpm. In this study,
the decrement of BSFC in the engine using E100 at 3000 rpm from the compression ratio
of 8 to 9 was 2.79%. According to Di lorio et. al. [57], the engine BSFC at a compression
ratio of 11.5 for E100 in comparison to E85 was increased by 11.25% and 5.88% in 3000 and
4000 rpm, respectively. Similarly, as shown in Figure 9a–c, E15, E85 and E100 show greater
BSFCs, respectively.
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Figure 8. Exhaust Power to Heat Transfer Ratio of Engine Using Various Fuels at (a) 3000 rpm, (b)
4000 rpm and (c) 5000 rpm vs. Compression Ratio.
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Table 9. Effect of Various Parameters on
.

Qex/
.

Qht.

Increase in Variable Effect on
.

Qex/
.

Qht Reason

Compression Ratio Decrease Increase of expansion ratio leads to less
energy at the end of power stroke

Engine Speed Increase

Shortening the time of a cycle reduces the
time and opportunity for heat transfer leads

to more energy remaining at the end of
power stroke

Percent of Ethanol Increase
Decrease of flame temperature in comparison
of gasoline; so, less heat loss occurs and more

energy remains at the end of power strokeSustainability 2021, 13, x FOR PEER REVIEW 17 of 22 
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Compression Ratio.

4. Conclusions

In this research, the influence of the compression ratio (CR) on energy balance with
respect to the potential waste heat recovery for an air-cooled, one-cylinder spark ignition
engine using ethanol–gasoline blends was studied. Experiments were carried out by pure
gasoline and experimental data were used for validating the numerical model. Then,
ethanol (E100) and ethanol–gasoline blends of E85 and E15 were investigated for different
performance characteristics by using the validated model. To determine the feasibility of
waste heat recovery, exhaust power to heat loss ratio (

.
Qex/

.
Qht) was studied. In addition,

heat loss to brake power ratio (
.

Qht/
.

Wb) and brake specific fuel consumption (BSFC) as
substantial factors were examined in order to introduce the most efficient fuel in different
aspects. In summary, the following conclusions were achieved:

(1) At a constant engine speed, by increasing the compression ratio, the brake power and
heat loss increase while the exhaust power decreases.

(2) At engine speeds of 3000 to 5000 rpm, the maximum brake power is produced at
5000 rpm and a compression ratio of 11 by pure ethanol (E100). E85, E15 blends and
E00 come next in the consecutive order.

(3) For the range of the engine speeds and compression ratios examined in this study
(3000 to 5000 rpm and CR of 8 to 11), the maximum efficiency is 34.98% happening at
5000 rpm and the compression ratio of 11 for E100. The minimum percentage of heat
loss is 21.62% at 5000 rpm and the compression ratio of 8 for E100. The minimum
percentage of exhaust loss is 35.8% happening at 3000 rpm and the compression ratio
of 11 by E00.

(4) As the percentage of heat loss increases by the compression ratio increment,
.

Qht/
.

Wb

ratio increases and the lowest
.

Qht/
.

Wb is found for ethanol.
(5) For all studied fuels, the decreasing compression ratio leads to increasing the

.
Qex/

.
Qht ra-

tio. Thus, the less the compression ratio, the more the capability of waste heat recovery.
(6) According to the results, there is a direct relationship between ethanol in fuel content

and the
.

Qex/
.

Qht ratio. As the percentage of ethanol in fuel increases, the
.

Qex/
.

Qht

ratio rises. It is found that pure ethanol (100% ethanol) has the highest
.

Qex/
.

Qht
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ratio for all tested compression ratios and engine speeds. E85 (85% ethanol), E15
(15% ethanol) and gasoline (0% ethanol) come next, respectively. Thus, the more the
ethanol in the fuel, the more the potential for the waste heat recovery of the IC engine.

(7) E00 (pure gasoline), due to its highest heating value, has the minimum BSFC among
all investigated fuels.

Further experimental research is needed to determine the effects of applying ethanol
on the waste heat recovery. Similar studies are also recommended for other types of
biofuels such as methanol.
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Abbreviations

CR Compression Ratio
Ht/Br Heat Transfer to Brake Power Ratio
Ex/Ht Exhaust Power to Heat Transfer Ratio
E100 Pure Ethanol
E00 Pure Gasoline
E85 Mixture of 85% Ethanol and 15% Gasoline
E15 Mixture of 15% Ethanol and 85% Gasoline
BMEP Brake Mean Effective Pressure
IMEP Indicated Mean Effective Pressure
FMEP Friction Mean Effective Pressure
BSFC Brake Specific Fuel Consumption
p Cylinder Pressure, kPa
θ Crank Angle, degree
γ Specific Heat Ratio
V In-Cylinder Volume, m3

VC Cylinder Clearance Volume, m3

D Cylinder Bore, m
l Connecting Rod’s Length, m
R Crank Radius, m
s Distance Between Piston Pin Axis and Crank Axis, m
a Adjustable Parameter
m Adjustable Parameter
xb Mass Fraction Burned
θ0 Start of Combustion, degree
∆θ Total Combustion Duration
h Heat Transfer Coefficient, W/m2K
T Temperature, K
ω Average Cylinder Gas Velocity, m/s
Aw Wall Area, m2

Tw Wall Temperature, K
Tg In-Cylinder Gas Temperature, K
C1 Constant Parameter
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SP Mean Piston Speed, m/s
C2 Constant Parameter
Tr Working-Fluid Temperature, K
pr Working-Fluid Pressure, kPa
Vr Working-Fluid Volume, m3

pmax In-Cylinder Maximum Pressure, kPa
pmot Motored Cylinder Pressure, kPa
n Engine Speed, rpm
.
E Rate of Energy, kJ
Qin Total Heat Addition, J
Qw Heat Transfer from the Combustion Chamber Wall, J
.

Q f uel Fuel Power, kW
.

Wb Brake Power, kW
.

Qex Dissipated Power by Exhaust, kW
.

QHt Dissipated Power by Heat Transfer, kW
QHV Fuel Heating Value, kJ/kg
ηc Combustion Efficiency
.

ma Mass Flow Rate of Air, kg/s
.

m f Mass Flow Rate of Fuel, kg/s
Tex Exhaust Gases Temperature, °C
Ta Ambient Temperature, °C
Cex Average Specific Heat of Exhaust Gases, kJ/kg.K
Vd Displacement Volume, m3

z Number of Cylinders
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