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Abstract

Studies on the usage of gasoline—alcohol blends as an alternative fuel in spark-ignition engines have recently gained momen-
tum. In the present research, energy, exergy, environmental, enviroeconomic, exergoenvironmental, and exergoenviroeco-
nomic analyses were conducted with the performance and emission values acquired by utilizing gasoline, gasoline—heptanol,
and gasoline—hexanol fuels (G100, HEX5-20, and HP5-20) as a fuel under different powers at a constant speed of 1600 rpm
in a single-cylinder four-stroke spark-ignition engine. As the ratio of alcohol in fuel blends increases, fuel consumption
also increases. NOy emission is higher, and CO and HC emissions are lower in alcohol-based fuel blends than G100 fuel.
The highest thermal efficiency is 41.09% in G100 fuel at a power of 5 kW. As the ratio of alcohol in fuel blends increases,
thermal efficiency decreases. The highest exergy destruction and entropy generation were determined to be 6.25 kW and
0.02134 kW/K, respectively, in HP20 fuel at a power of 5 kW. Entropy generation increases with an increase in the ratio of
alcohol in alcohol-based fuels. HEX20 and HP20 fuels produce 25% and 30% more entropy, respectively, compared to G100
fuel. The mass and financial costs of the damage caused by the CO, emission of fuels to the environment were determined
by conducting four different analyses using energy and exergy analysis data. According to the exergoenvironmental and
exergoenviroeconomic analyses, HP20 fuel reached the highest environmental pollution values of 4538.19 kg CO,/month
and 65.804 $/month, respectively. The environmental cost of the CO, emission released from the exhaust to the atmosphere
is higher in alcohol-based fuels than G100 fuel. As a result of all analyses, it was concluded that hexanol and heptanol could
be alternative fuels in spark-ignition engines under particular conditions.
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Seen Entropy produced (kW/K)

y© Component mole fraction (%)
W Work (kW

Greek symbols

1 Thermal efficiency
u Gas viscosity

T} Fuel exergy factor
€ Flow exergy
Subscripts

a Air

chem Chemical

cw Cooling water

CI Capital investment
cwW Coolant water
dest Destruction

g Exhaust gas

heat Heat transfer

in Inlet

k Kinetic

out Outlet

p Potential

phy Physical

ref Reference

) Source

w Work

0 Environmental conditions

Abbreviations

CgHjg Gasoline
C,H,,O0 Heptanol
C¢H,,0 Hexanol

Cco Carbon monoxide

Cco, Carbon dioxide
EXENEC Exergoenviroeconomic
EXEN Exergoenvironment
G100 100% Gasoline

HC Hydrocarbon

HEXS 5% Hexanol and 95% gasoline blend

HEX10 10% Hexanol and 90% gasoline blend
HEX15 15% Hexanol and 85% gasoline blend
HEX?20 20% Hexanol and 80% gasoline blend

HP5 5% Heptanol and 95% gasoline blend
HP10 10% Heptanol and 90% gasoline blend
HP15 15% Heptanol and 85% gasoline blend
HP20 20% Heptanol and 80% gasoline blend
N Nitrogen

NO, Nitrogen oxide

0, Oxygen

PFI Port fuel injection

TEP Total environmental pollution
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1 Introduction

Internal combustion engines have been used in various
fields such as the main power source of planes, ships,
agricultural machinery, heavy equipment, generators, and
automobile vehicles since the day of their invention. Now-
adays, most of the internal combustion engines used in
automotive vehicles utilize non-renewable fossil gasoline
and diesel fuels [1, 2]. According to the study performed
by the United States Energy Information Administration,
petrol consumption, which is 86.1 million barrels per day
(b/d), was reported to reach approximately 110.6 million
barrels per day (b/d) with a 28.45% increase by 2035.
Adpverse effects such as the decrease in fossil fuel reserves,
e.g., petrol, coal, and natural gas, increasing fuel prices,
increasing excess demand, environmental threats caused
by engine exhaust emissions, effects on global warming,
and the availability of reserves in limited regions have
caused studies on developing renewable energy sources
that can replace fossil fuels used in internal combustion
[3-5].

Comprehensive research and development studies
are conducted on the use of alcohols, which are among
renewable energy sources, in internal combustion engines
instead of non-renewable fossil fuels. Alcohols are renew-
able liquid substances that can be easily acquired from
herbal products. Although alcohols have low cetane num-
bers and low thermal values, their density is higher than
gasoline. Alcohol fuels are alternative renewable fuels that
can be used by blending pure gasoline and pure diesel
fuels in different proportions to reduce air pollution or the
use of fossil fuels. Alcohols create less harmful exhaust
emissions during combustion due to the oxygen in their
molecular structures. Therefore, they are used as additives
for fossil fuels in internal combustion engines. Methanol,
ethanol, propanol, butanol, pentanol, hexanol, heptanol,
octanol, and decanol are known to be alcohols that can be
used in internal combustion engines instead of fossil fuels
nowadays. Unlike other fuels, these alcohol fuels can be
utilized directly in internal combustion engines without
any modification, or they can be used by blending them at
certain proportions with fossil fuels [6-9].

Hexanol and heptanol are called long-chain alcohols
due to carbon numbers in their molecular structures.
Hexanol and heptanol contain 6 and 7 carbons in their
molecular structure, respectively. The chemical formula
of hexanol is C¢H;30H, and the chemical formula of hep-
tanol is used in the abbreviated form as C;H;;OH [10-12].
Hexanol is a colorless, poorly water-soluble alcohol with a
characteristic odor, high boiling point, and low volatility.
Hexanol can be produced industrially by the oligomeriza-
tion of ethyl alcohol, which can be produced easily and
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at low cost from waste from agricultural products such as
corn, crops, and vegetables. Hexanol is used in various
fields such as adhesives, lubricants, odorants, dyes, plas-
ticizers, solid release agents, solvents, hair care products,
agricultural products, and textile products [13, 14]. When
the research in the literature is reviewed, it is observed that
there are few research and development studies on the use
of hexanol and heptanol as a fuel in spark-ignition engines.
Many studies have been performed to examine the effects
of hexanol and heptanol fuels on engine performance and
exhaust emissions by blending them with pure diesel fuel
in different proportions by volume or mass.

The chemical energy of the fuel is converted into heat
energy in internal combustion engines. In these engines, heat
energy is converted into mechanical energy, with the sudden
temperature and pressure increases of the gases burning in
the cylinder, the expansion movement of the piston [15].
Since some of the motion energy obtained with the combus-
tion of fuel in internal combustion engines decreases due
to various losses, all input energy cannot be converted to
work [16].

In terms of thermodynamics, the performance of internal
combustion engines is verified by the first and second law of
thermodynamics (availability-exergy analysis) [17]. Energy
analysis in engines is based on the first law of thermody-
namics [18]. Engine energy distribution, losses, and thermal
efficiency are calculated in this analysis. Energy distribution
and thermal efficiency are important decision parameters in
the design of engines, selection of systems, and determining
the system’s operating conditions [19, 20].

Based on the second law of thermodynamics, exergy is
the usable part of energy. Determining the source of ther-
modynamic inefficiencies in an engine by exergy analysis
is important to obtain more efficient designs [21]. Flow,
heat transfer, exhaust and friction losses in engines cause
a decrease in the quality of energy and the possibility to do
work [22]. Entropy generation is the measure of a decrease
in the quality of energy [23]. Entropy generation is calcu-
lated based on exergy destruction.

Global warming and increased emission rates of green-
house gases in the atmosphere cause environmental prob-
lems [24]. CO, gas is the most important one among
greenhouse gases [25]. To reduce the use of gases causing
the greenhouse effect, the Kyoto Protocol was adopted on
December 11, 1997. Engines that use fossil fuels cause an
increase in CO, emission in the atmosphere [26]. The way
to reduce CO, emission in these engines is to consume less
fuel and use more environmental-friendly fuels [27]. CO,
emission provides information about the combustion quality
in engines [28]. In the environmental analysis conducted fol-
lowing the laws of thermodynamics, studies that determine
the amount and cost of emissions come to the forefront [29,
30].

Aloko et al. [31] experimentally examined different fea-
tures of hexanol fuel, such as flash point, aniline point, diesel
index, distillation range, viscosity, and density, by blending
it with pure diesel fuel in different proportions (5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, and 45%). Furthermore,
experimental studies, reported that 5% hexanol-95% diesel
fuel blend had similar properties to pure diesel fuel.

In 2017, De Poures et al. [32] performed experimental
studies at three different injection times (21°, 23°, and 25°
CA bTDC), three different EGR rates (10, 20, and 30%), and
at a constant engine speed of 1500 rpm using 10%, 20%, and
30% hexanol—diesel fuel blends in a single-cylinder, four-
stroke compression ignition engine and examined perfor-
mance and exhaust emission values. The researchers stated
that with the increase in hexanol ratio in blend fuels, hydro-
carbon (HC) and nitrogen oxide (NOy) emissions increased,
and carbon monoxide (CO) emission and smoke density
decreased. According to the results, it was reported that NOx
emissions increased by approximately 3% and smoke density
decreased by 35.9%.

Babu et al. [33] performed experimental studies at a con-
stant engine speed of 1500 rpm using biodiesel/diesel/n-
pentanol and biodiesel/diesel/n-hexanol fuel blends contain-
ing 5% and 10% alcohol in a single-cylinder, four-stroke
direct injection diesel engine and investigated their effects
on characteristics such as brake-specific fuel consumption,
brake thermal efficiency, cylinder pressure, ignition delay,
combustion duration, and harmful exhaust emission.

Dogan et al. [34] conducted experimental studies under
full load and at different engine speeds (2000, 2500, 3000,
3500, 4000, and 4500 rpm) using ethanol and gasoline (EO,
E10, E20, E30, and G100) fuel blends in a four-cylinder,
water-cooled, four-stroke spark-ignition engine. Using the
experimental results, the irreversibilities that occurred in
the engine were investigated by energy and exergy analy-
ses. According to the results obtained from the thermody-
namic analysis, it was reported that the highest exergy and
energy efficiency were obtained at an average engine speed
of 2500 rpm. The results obtained from the study revealed
that the value of the exhaust exergy lost as waste was high.

Suhaimi et al. [35] investigated the impacts of HES,
HE10, and HE20 hexanol—diesel fuel blends on combustion
characteristics, engine performance, and exhaust emission
values in a single-cylinder, four-stroke compression igni-
tion engine by performing experimental studies at a constant
engine speed of 1800 rpm for different engine loads (25%,
50%, 75%, and 100%). In the experimental studies carried
out under the same conditions, it was stated that the brake-
specific fuel consumption value of HES, hexanol—-diesel fuel
blend at a 100% engine load value had a lower and higher
brake thermal efficiency value than other fuel blends.

Pandian et al. [36] performed experimental studies for dif-
ferent engine loads (25%, 50%, 75%, and 100%) at a constant
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engine speed of 1300 rpm with 10% and 20% hexanol fuel
blends into biodiesel produced from cashew nut shell oil in
a single-cylinder, four-stroke, air-cooled Kirloskar compres-
sion ignition engine and investigated their effects on val-
ues such as brake-specific fuel consumption, brake thermal
efficiency, and harmful exhaust emission. According to the
results obtained, it was observed that hexanol-biodiesel fuel
blends had a lower effect on reducing CO, HC, NOy, and
smoke emissions in comparison with biodiesel fuel.

Ashok et al. [37] created triple blend fuels in differ-
ent proportions using conventional diesel, pure biodiesel,
decanol, and hexanol fuels. The effects of the resulting
triple fuel blends on characteristics such as brake thermal
efficiency, brake-specific fuel consumption, brake-specific
energy consumption, cylinder pressure, and harmful exhaust
emissions were investigated in a single-cylinder, four-stroke,
water-cooled, Kirloskar TV1 compression ignition engine.

Kumar et al. [38] conducted combustion analysis and
examined harmful exhaust emission values by using fuel
blends obtained by mixing four different alcohols, iso-
butanol, n-pentanol, n-hexanol, and n-octanol with ultra-
low sulfur diesel fuel at 30% by volume in a single-cylin-
der, four-stroke, air-cooled, Kirloskar compression ignition
engine. In another study performed by Kumar et al. [39], it
was stated that methanol and ethanol, short-chain alcohols,
were the most investigated renewable fuels in internal com-
bustion engines. Furthermore, it was reported that a signifi-
cant number of research and development studies recently
accelerated in high-chain alcohols due to the development
of modern fermentation processes increasing efficiency. The
researchers emphasized that studies on heavy alcohols such
as hexanol and heptanol were insufficient and more investi-
gations were required.

Nour et al. [40] performed experimental studies for dif-
ferent engine loads (25%, 50%, 75%, and 100%) at constant
engine speeds of 900 and 1500 rpm in a single-cylinder,
direct injection, naturally aspirated, air-cooled, Deutz
F1L511 compression ignition engine. In this study, fuel
blends were obtained by blending butanol, heptanol, and
octanol fuels with pure diesel fuel at 10% and 20% by vol-
ume. According to the results obtained, they reported that
the brake-specific fuel consumption and brake thermal effi-
ciency values increased for all test fuels in comparison with
pure diesel fuel. It was indicated that while NOy and smoke
emissions decreased, CO and HC emissions increased for all
test fuels compared to pure diesel fuel.

Devarajan, Y. [41] conducted experimental studies for
D100, M100, M90H10, and M80H20 fuel blends obtained
by blending mustard oil biodiesel fuel and n-heptanol fuel
at 10% and 20% by volume in a four-stroke, single-cylinder,
air-cooled, compression ignition engine. They examined
performance and emission values in the experimental stud-
ies carried out at an engine speed of 1800 rpm and different
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engine loads (25%, 50%, 75%, and 100%) for all fuels. It was
indicated that adding n-heptanol to mustard oil biodiesel
fuel reduced brake-specific fuel consumption and increased
brake thermal efficiency. Moreover, it was reported that car-
bon monoxide (CO), hydrocarbon (HC), and nitrogen oxide
(NOy) harmful exhaust emissions significantly decreased as
the ratio of heptanol in fuel blends increased.

Yesilyurt [42] carried out experimental studies for D100,
B100, B20D80, H20D80, and B20H20D60 fuel blends by
blending peanut oil biodiesel fuel, n-heptanol fuel, and
pure diesel fuels in different proportions in a single-cyl-
inder, four-stroke, water-cooled, Kirloskar TV1 compres-
sion ignition engine. In the experimental studies carried out
at an engine speed of 1500 rpm and various engine loads
(25%, 50%, 75%, and 100%) for all fuels, their effects on
engine performance characteristics including brake thermal
efficiency, brake-specific fuel consumption, brake-specific
energy consumption, exhaust gas temperature, and harmful
exhaust emissions were investigated.

Uslu and Celik [43] performed experimental studies for
different compression ratios (8.0:1, 8.5:1, and 9.0:1) and
different engine speeds (2600, 2800, 3000, and 3200 rpm)
using isoamyl alcohol and gasoline (A10, A20, A30, and
G100) fuels in a single-cylinder, air-cooled, four-stroke,
spark-ignition engine. In accordance with the findings
obtained, it was reported that as the alcohol ratio in fuel
blends increased, there was a significant increase in engine
torque, engine power, brake thermal efficiency, brake-spe-
cific fuel consumption, and brake-specific energy consump-
tion values. Furthermore, it was indicated that the harmful
exhaust emissions of carbon monoxide (CO), hydrocarbon
(HC), and nitrogen oxide (NOy) decreased significantly at all
compression ratios. In the experimental studies performed
under the same conditions, it was stated that A30 isoamyl
alcohol-gasoline fuel blend exhibited the best performance
in comparison with other fuel blends.

Dogan et al. [44] conducted exergy, exergoeconomic, and
environmental analyses with the performance and emission
values acquired by utilizing ethanol—gasoline fuel blends in
different proportions under full load in a four-cylinder, four-
stroke, spark-ignition engine. The researchers examined the
exergy of the fuel entering the engine and the exergy lost
through the cooling system, exhaust, and radiation under
various conditions. In the study, they determined the annual
cost of CO, emission, which represents a significant envi-
ronmental hazard for the world we live in. Moreover, the
researchers compared the cost of exergy losses and exergy
destruction occurring in the engine with the cost of engine
power. Sustainability analysis, which has a significant effect
on the efficient and effective usage of energy resources, was
conducted, and the most sustainable fuel blends were identi-
fied based on the SI index. As a result of the analysis con-
ducted, it was stated that the annual CO, consumption cost
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of E30 fuel at 2500 rpm was 0.31 USD/year CO,, while it
was 0.39 USD/year CO, for E10 fuel. It was reported that
as the ratio of ethanol in fuel blends increased, the amount
of CO, released into the atmosphere decreased by approxi-
mately 25.8%.

Sohret et al. [45] experimentally investigated the effects
of different compression ratios and different spark-ignition
times on engine performance at a constant engine speed of
1600 rpm and 100% throttle opening values using 99.99%
pure hydrogen fuel in a single-cylinder, air-cooled, four-
stroke, spark-ignition engine. Energy and exergy analyses
were conducted using these engine performance results
obtained. It was stated that the increase in the compression
ratio caused a positive increase in the performance param-
eters of the engine, and there was a positive decrease in
exergy destruction. However, it was reported that deviating
from the optimum value of spark-ignition timing resulted in
a decrease in engine performance parameters and an increase
in exergy destruction.

Bhatti et al. [46] conducted experimental studies using
gasoline as a fuel at various compression ratios (6.0:1,
7.0:1 8.0:1, 9.0:1, and 10.0:1) and different engine speeds
(1200, 1300, 1400, 1500, 1600, 1700, and 1800 rpm) in a
single-cylinder, four-stroke, water-cooled, Kirloskar TV1
spark-ignition engine. These engine performance results
indicated that the maximum energy and exergy efficiencies
were obtained to be 28.55% and 27.35%, respectively, at
1200 rpm and a compression ratio of 9.0:1.

Rufino et al. [47] performed experimental studies under
different engine characteristics using E27 and E95 etha-
nol-gasoline fuels, which are commercially available in
Brazil, in a three-cylinder, four-stroke, water-cooled, spark-
ignition engine. They conducted energy and exergy analyses
using the two-zone combustion model they developed.

Dogan et al. [48] conducted experimental studies to
reveal the performance characteristics of the engine for
various engine load values (25%, 50%, 75%, and 100%)
at a constant engine speed of 1500 rpm with fuel blends
obtained by adding 1-heptanol at 5%, 10%, and 20% by vol-
ume to diesel fuel in a single-cylinder, water-cooled, four-
stroke direct injection compression ignition engine. They
conducted the energy, exergy, exergoeconomic, enviroeco-
nomic, and sustainability analyses of the engine by utilizing
the acquired engine performance and exhaust emission data.
The exergoenvironmental analysis in this study indicated
that the highest CO, emission cost was 66.94 USD/year at
a 100% load in Hp10 fuel. Moreover, the exergoenviroeco-
nomic analysis was carried out in the study, reporting that
the highest engine output power cost was obtained to be
1.6 USD/MJ in Hp20 fuel at a 25% load. Since the physi-
cal and chemical features of pure heptanol are very close
to those of conventional diesel fuel, it was stated that the
heptanol—diesel blends utilized in the research had similar

performance values to pure diesel fuel concerning energy
and exergy efficiency.

When studies in the literature are reviewed, it is observed
that research has been conducted with gasoline/heptanol/
hexanol fuel blends within the scope of studies on alterna-
tive fuel in spark-ignition engines. Alcohols in the range
of 5-30% by volume were added to gasoline in these fuel
blends. A decrease occurred in engine power and engine
torque due to adding alcohol to gasoline. The reason for this
is the low heat values and densities of alcohols compared
to gasoline. Studies in the literature revealed an improve-
ment in emissions due to the oxygen content in the struc-
tures of alcohol-based fuels. The self-ignition temperature
of alcohols, their high octane number, and high evaporation
temperature provided an advantage. However, for the use of
alcohols as an alternative fuel, the fuel equipment of engines
must be adapted to alcohol fuels, and the cost of alcohol
fuels must be reduced.

Nowadays, thermodynamic analysis studies that use
engine performance and emission measurement data are
widely used in alternative fuel research and engine tech-
nologies. This analysis gives the distribution of fuel energy
spent by various engine components. Furthermore, it ena-
bles the comparison of engine performance with maximum
performance with exergy analysis. The environmental cost
of the CO, emission of alcohol-based fuels is higher than
that of gasoline.

As can be observed from the studies presented above,
it is observed that the research on the use of hexanol and
heptanol in spark-ignition engines is limited, and stud-
ies are generally conducted on the exhaust emissions and
engine performances in compression ignition engines. In this
study, thermodynamic evaluations were made in terms of the
energy, exergy, environmental, enviroeconomic, exergoen-
vironmental, and exergoenviroeconomic analysis of hex-
anol—gasoline and heptanol-gasoline fuel blends in a spark-
ignition engine. In the energy analysis, energy flow, heat
losses, and thermal efficiency were calculated. In the exergy
analysis, exhaust exergy, exergy destructed, and exergy effi-
ciency were found. Considering the amount of CO, released
into the environment from the engine exhaust, environmental
assessments based on energy and exergy analysis were made.

When studies in the literature are reviewed, there are
generally energy and exergy analyses in gasoline/ethanol/
butanol blends and diesel/ethanol/butanol/heptanol blends.
This study conducted energy and exergy analyses in fuel
blends using heptanol and hexanol in a spark-ignition
engine. Furthermore, a new evaluation criterion was deter-
mined for alcohol-based fuels by finding the total environ-
mental pollution costs of fuel blends in the environmental
analysis.

This study’s purpose is to determine the ratio that gives
the most suitable engine performance and emission values
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in fuel blends of gasoline/hexanol/heptanol. In line with this
purpose, the energetic and exergetic performances of differ-
ent mixing ratios were evaluated. Environmental analysis
is important for a fuel to become an alternative to gaso-
line. This study determined the environmental costs of fuel
blends.

2 Material and Method

Environmental impact is a parameter that is important as
much as performance in studies on the use of alternative
fuels in internal combustion engines. In the study, the per-
formance and emissions of fuels used in a spark-ignition
engine were tested. After these tests, evaluations in terms
of losses and efficiency were made with thermodynamic
analysis. Environmental damage was calculated with the
thermodynamic analysis results.

2.1 Experimental Setup

In the analyses, the recorded data from the engine trials were
used to evaluate different hexanol/gasoline and heptanol/
gasoline blends from the energy, exergy, environment, and
economic perspectives under various engine loading condi-
tions. The engine tests were performed by using an SI engine
with single-cylinder and four-stroke. The tested engine was
loaded with the help of an eddy-current dynamometer rang-
ing from 1 to 5 kW by steps of 1 kW. The tested SI engine
had a water-cooling system for descending the temperature
of the engine parts in order not to damage them. Further-
more, the compression ratio was kept constant at 10:1 during
the engine experiments. The cylinder volume of the engine
was 661.5 cc, and it had two valves on the cylinder. A port-
fuel injection (PFI) system was applied to inject the fuel
specimens into the engine cylinder, and it was facilitated by
the electronic ignition unit. The technical specifications of
the experimental research engine are tabulated in Table 1. In
addition, the schematic presentation of the experimental test
rig used in the present work is shown in Fig. 1.

The operating conditions for the tested gasoline engine
were balanced before beginning the observation of the meas-
ured data for each type of fuel (1-hexanol/gasoline blends,
1-heptanol/gasoline blends, and neat gasoline). With a focus
on avoiding faults, the trials were actualized three times at
each working status for all tested fuel samples, and the aver-
age findings were used in the thermodynamic analyses. The
impacts of the test fuels on the harmful pollutants and engine
performance were addressed, and the recorded data were
used in analyzing the SI engine from the energy, exergy,
environmental, enviroeconomic, exergoenvironmental, and
exergoenviroeconomic perspectives. For the purposes men-
tioned above, the assorted sensors and pieces of equipment
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Table 1 Technical specifications of the experimental engine

Item Specification
Brand Kirloskar VCR engine
Model TV 1

Number of the cylinder 1

Number of the stroke 4

Maximum engine power 7.5 kW

Maximum engine speed 1850 rpm

Bore x Stroke 87.5mmx 110 mm
Length of the connecting rod 230 mm

Cylinder volume 661.5 cc

Variable compression ratio 6-10

Water-cooled

750 rpm

4.5° before TDC
35.5° after BDC
35.5° before BDC
4.5° after TDC
0to 50 kg

Type of the cooling system
Idling speed

Inlet valve opening

Inlet valve closing

Exhaust valve opening
Exhaust valve closing

Loading capacity

such as encoder, pressure sensor, temperature indicators,
fuel measurement system, air consumption measurement
system, etc., were attached to the researched engine carry
out the measurements for the engine behaviors. Furthermore,
many connectors were put into action to feed the signals
supplied from the dissimilar sensors to the amplifier fol-
lowing the data acquisition system connected to the work
station. The work station was accessed to write down the
data and plot them on the screen in various figures. To sum
up, the following flowchart was applied for the experiment
point by point: (i) the tested fuels were placed into the fuel
tank shown in Fig. 1, (ii) pieces of equipment, as well as
sensors, were authorized, (iii) the steady-state conditions
were ensured throughout the test engine operations. After
commencing the SI engine, it was consent out of loading for
a short time on account of warming the engine and then the
records were addressed.

To measure the harmful pollutant gases throughout the tri-
als from the SI engine operating with the tested fuel samples,
an exhaust gas analyzer device (Bosch brand BEA 350 model)
was used. This apparatus has implemented a non-dispersive
infrared method and an electrochemical transmitter technique
ascribable to analyze the pollutants. During the measure-
ments, five diverse gases such as carbon monoxide, carbon
dioxide, nitrogen monoxide, oxygen, and unburnt hydrocar-
bon were taken into account as exhaust emissions. The gas
analyzer device was calibrated with the aid of the reference
gases to ensure the truthfulness of the recorded outcomes.
Coupled with it, numerous thermocouples (K-type) that can
measure the temperature ranging from 0 to 1200 °C were
placed in suitable locations such as inlets and outlets of the
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In the current study, a square-root technique that was
recommended by Holman was implemented to the findings

from the engine trials to calculate the uncertainties [49]. A
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Fig. 1 Schematic layout of the

experimental apparatus
exhaust pipe and exhaust calorimeter apparatus to observe the

temperature. The technical specifications of the exhaust gas
analyzer device used in this study are presented in Table 2.
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Table 2 Uncertainties of the measured and calculated parameters

Table 3 Technical properties of test fuels used in the experimental
study [34, 36, 40, 50, 51]

Parameter Measurement Accuracy  Uncertainty (%)

range Specifications Unit Gasoline 1-hexanol 1-heptanol
Engine power 0-7.5 kW +0.33 kW  +£0.683 Molecular formula - CgH g C¢H,;0H C;H,;O0H
Torque 0-112 Nm +0.1 Nm +0.500 Molecular weight kg/kmol 114 102.18 116.19
Fuel flow rate - - +0.563 Carbon content wt. % 84.21 70.52 72.16
Air flow rate - - +0.606 Hydrogen content wt. % 15.79 13.70 13.71
Temperature - +0.1°C +1.0 Oxygen content wt. % 0 15.70 14.13
Digital stop watch - +0.2s +0.3 Octane number - 95 69.3 -
Engine load 0-20 kg +0.1kg +0.714 Density at 20 °C g/mL 0.715 0.820 0.822
Engine speed 0-9999 rpm +1 rpm +0.063 Self-ignition tempera- °C 285 275
Burette system 0-100 cc +0.1cc +1.0 ture
BSEC _ _ +0.856 Flash point °C 60 100
co 0-10% vol +0.001% +0.771 Lower heating value Ml/kg 44.25 39.10 34.65
HC 0-9999 ppm +1 ppm +0.399 Boiling point °C 210 157 175
CO, 0-18% vol +0.01% +0.653 LaFent heat of vaporiza- kJ/kg 380400 486 574.95
NO 0-5000 ppm +lppm  +0.598 tom
0, 0-22% vol +£0.01% +0.593 K:‘rz)eggltlc viscosity at ¢St 0.494 3.64 3.32
A 0.500-9.999 0.001% +0.530 Vapor pressure mmHg | 05
Energy efficiency - - +0.871 Assay % ) >08 >99
Exergy efficiency - - +0.929

general form of the above-mentioned formula is shown in
Eq. (1);

Wp = a—Rw 2 + a—Rw : +...+ a—Rw 2
B= 1\ ox, ! ox, * ox, "
ey)

where w;, w,, ..., w, indicate the uncertainties of the
independent variables, wy infers the uncertainty value of
the results, x;, x,, X3,..., X,, denote the independent variables,
and R defines the dependent factor. Moreover, R is a function
of independent variables.

Table 2 summarizes the uncertainty values of the meas-
ured and calculated parameters during the engine tests.

1/2

2.2 TestFuels

In the present study, 1-hexanol (C4H,,0) and 1-heptanol
(C;H,40) long-chain alcohols were procured from Merck
(Darmstadt, Germany) and Sigma-Aldrich Chemical Com-
pany (St. Louis, Missouri, USA), while unleaded gasoline
was bought from a local petroleum station located in Kirik-
kale, Turkey. To prepare the alternating alcohol/gasoline
blends, the splash blending technique was applied to the
test fuels. The fuel blends were effectuated on a volume
basis. In the test fuels, 1-hexanol and 1-heptanol were used
as oxygenated alternating additives for gasoline fuel. Test
fuels and their blending ratios were presented as follows:
100% gasoline (G100), 5% 1-hexanol/95% gasoline (HEXS),

@ Springer

10% 1-hexanol/90% gasoline (HEX10), 15% 1-hexanol/85%
gasoline (HEX15), 20% 1-hexanol/80% gasoline (HEX20),
5% 1-heptanol/95% gasoline (HP5), 10% 1-heptanol/90%
gasoline (HP10), 15% 1-heptanol/85% gasoline (HP15),
and 20% 1-heptanol/80% gasoline (HP20). As a result of
the investigations and observations made, it was found that
there was no phase separation in the fuel blends. Some of the
significant physical and chemical properties were adopted
from recent literature and are presented in Table 3. The flow-
chart of the analyses in the study is shown in Fig. 2.

3 Analyses

Using inadequate technologies and low-efficiency fuels in
internal combustion engines increases costs and affects the
environment adversely. Energy and exergy analyses attract
the attention of researchers in the evaluation of the fuels
used in these engines. Exergy is an interdisciplinary concept
related to economics and the environment. The flowchart
of the analyses in the study is shown in Fig. 3. Therefore,
exergy analysis is necessary to evaluate the possible effects
on the environment during the use of fuels. In this study,
the following assumptions were made while performing
the exergy analysis of gasoline, hexanol-gasoline, and hep-
tanol—gasoline fuel blends. The control volume used in the
current study for thermodynamic analysis is displayed in
Fig. 4.

e Air and exhaust gases are ideal gases.
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Gasoline/Alcohols blends

Hexanol
(5%, 10%, 15%, and 20%)

Engine performance & Emission test

Heptanol
(5%, 10%, 15%, and 20%)

Fig.2 Flowchart of the experimental studies

e For specific heat capacity values, the constant tempera-
ture approach was applied by averaging inlet and outlet

temperatures. 3.1 Energy Analysis
e Changes in kinetic and potential exergy were neglected.
e The combustion reaction was completed. The power generated in the engine depends on the angular
e The engine runs in a steady state. velocity (@) and the engine torque (7), as given in Eq. (2). In
e Combustion products are in chemical balance. an internal combustion engine, if the system takes as much
e In the tests, the ambient temperature was taken as  heat as Q and does work as much as W, the energy balance

293 K, and the pressure was taken as 1 atm. of the system is expressed by Eq. (4) [52-56].
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Fig. 3 Flowchart of the energy, exergy, and environmental analysis

Fuel

Intake Air

Exhaust Gas

Heat Loss to
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Fig.4 Control volume for thermodynamic analysis
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W=w-T )
Z min = z mout (3)
Q -W= Z Mgyihgu — z gy iy “4)

In the energy analysis, the energy entering the control
volume can be calculated from Eq. (5) using the lower heat-
ing values (H,) and mass flow rates (ri1,) of different gaso-
line—heptanol-hexanol fuel blends, and the total heat losses in
the engine (Q,.,) can be calculated using Eq. (6). The thermal
efficiency, which represents the ratio of the work acquired
from the engine to the energy given, can be found using
Eqgs. (7) [57, 58].

Efuel = mfuelHu (5)

Qlost = Efuel -W (6)
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W
n== (7
Efuel

3.2 Exergy Analysis

In the exergy analysis in internal combustion engines, the
exergy entering the control volume (Exm) is equal to the
exergy flow exiting the system (Exout). For unit mass, total
exergy (¢) is the sum of kinetic (¢g;), physical (.sphy), poten-
tial (sp), and chemical (g 4,.,,) exergy [34, 59].

Exin = Exout (8)

E=¢g. + €phy + £, + Echem )

In the present study neglected changes in kinetic and
potential energy. Chemical and physical exergies are calcu-
lated using Eqgs. (10) and (11). Here, the terms h, s, Eye and
T, are enthalpy, entropy, gas constant, mole fraction, and
ambient temperature, respectively. The index “0” indicates
the dead state. While calculating the chemical exergy, (y°) is
the mole fraction of the component given in Table 4 in the
reference environment [50, 61].

Epny = | (1 = Tos) = (hy — Tysy)] (10)

=RTyIn— (11)

Exergy is the portion of the energy given by the fuel that
transforms into another form of energy (mechanical energy).
As given in Eq. (12), the usable energy of the fuel, in other
words, its useful part, is equal to the work exergy [63].

Ex, =W (12)

In accordance with the second law of thermodynamics,
the exergy balance can be written using Eq. (13). Here,
(Expey ) refers to the exergy flow generated by heat trans-
fer, (Exy ) denotes exergetic power, and (Ex,.) denotes

Table 4 Mole fraction of the

. Reference Mol Fractions (%)
reference environment [62] component

N, 75.6700

0, 20.3500

CO, 0.03450
H,0 3.03000
CO 0.00070
SO, 0.00020
H, 0.00005
Others 0.91455

irreversibility (exergy destruction). Exergy destruction origi-
nates from the inadequate use of fuel exergy to produce use-
ful mechanical work in an internal combustion engine [64].

Z mingin = Z mouteout + Exheat + ExW + Exdest (13)

The exergy flow due to the heat transferred to the environ-
ment in the test engine is calculated using Eq. (14), and the
heat discharged from the cooling water at temperature 7,
to the environment (Q.,,) is calculated using Eq. (15) [65].

. T, ,
Exheal = Z <1 - T_0>QCW (14)

cw

ch = mfuelHu - (Exw + moutAhout) (15)

The exergy of the fuel supplied to the engine is calculated
using Eq. (17). Here, the chemical exergy factor (¢) of the
fuel is found using Eq. (18) with the hydrogen (h), carbon
(c), sulfur (@), and oxygen (o) ratios. Since the air entering
the engine cylinders was under atmospheric conditions, its
exergy was neglected [44].

Exin = mfuelefuel (16)

Eer = H, @ (17)

h

@ = 1.0401 +0.17282 +0.04322 +0.2169% (1 - 2.0628ﬁ)
C C [ C

(18)

After completing all exergy calculations, exergy destruc-
tion can be computed using the exergy balance in Eq. (13).
Exergy efficiency is calculated from the ratio of the exergy
of the fuel entering the engine and exergetic power, as given
in Eq. (19). Exergy is also destroyed with the production of

entropy (Sgen) in internal combustion engines. The entropy
generated can be calculated using Eq. (20) [66-69].
Exy
VY=— 19
B (19)
Exdest
§ cen — r— 2
Sgon = 7 (20)

3.3 Life Cycle-Based Environmental
and Enviroeconomic Analyses

Environmental awareness, which has recently been developed
with the Kyoto Protocol and Paris Agreements, has acceler-
ated studies on reducing harmful emissions released into the
environment from internal combustion engines. Alternative

@ Springer
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fuels have gained importance due to the depletion of fossil
fuels used in these engines and their harmful impacts on the
environment. In the selection of an alternative fuel, its environ-
mental impact and being economical, as well as performance,
are the reasons for its preference.

In spark-ignition engines, a certain amount of carbon diox-
ide is formed between the products of combustion as a result
of the combustion of the fuel. CO, is a natural component
in the atmospheric air. Therefore, CO, formed after combus-
tion in the engine is not classified as a pollutant. However,
the continuous increase in carbon dioxide in the atmosphere
leads to climate change. In the simplest way, the amount of
CO, released from the exhaust can be reduced by decreasing
the amount of the fuel used. This can be ensured by develop-
ing engines with low fuel consumption. Another way is to use
fuels with low CO, emissions in the engine.

3.3.1 Environmental Analysis

Emissions from spark-ignition engines affect the environ-
ment adversely. To calculate this adverse effect, the power
obtained from the engine and the amount of CO, released
into the atmosphere should be determined while conduct-
ing the environmental analysis. At the next step, the running
time of the engine can be predicted. In this study, CO, emis-
sion in the range of 15-16% was revealed in all fuel blends in
the test engine. Using these data, the CO, emission released
into the atmosphere during a certain working period (10 h/
day) is calculated by mass in Eq. (21). Here, N, is the CO,
emission (kg CO,/time) released during the operation time,
E,, is the energy flow of the fuel that enters the engine (kW),
and #,, (b/time) is the operation time at a certain period [70, 71].

Cco, =N COinntw 21

3.3.2 Enviroeconomic Analysis

Enviroeconomic analysis is a methodology developed to
economically determine the environmental impacts of CO,
emissions causing global warming. The economic value of
mass CO, emission obtained from the environmental analy-
sis can be calculated using Eq. (22). Here, (EC¢q ) is the
enviroeconomic parameter ($/time) and (Pco,) is the price
of carbon dioxide emission ($/kg CO,). In this study, it was
taken as P =0.0145 $/kg CO, [72, 73].

EC¢o, = Cco, Pco, (22)

3.3.3 Exorgoenvironmental (EXEN) Analysis

EXEN analysis is an exergy-based method employed in the
environmental evaluation of internal combustion engines.

Springer

In this analysis, the exergy analysis of fuel blends should be
performed first. Furthermore, it is necessary to determine the
CO, emission released from the engine exhaust and predict
the operating hours. With EXEN analysis, the CO, emis-
sion released to the atmosphere at a certain time (10 h/day)
is determined using the exergy flow Ex;, of the fuel blends
entering the engine C,o by Eq. (23) [74, 75].

Cico, = NCOZExintw (23)

3.4 Exorgoenviroeconomic (EXENEC) Analysis

The economic calculation of the exergetic value of CO,
emission determined by mass with EXEN analysis is per-
formed with EXENEC analysis using Eq. (24). Here, the
exergetic price of the CO, emission released from the engine
is calculated with.

In the study, the total environmental pollution cost (TEP)
of the fuels used in the test engine was found. These costs
were calculated with different parameters according to the
energy analysis (Egp) and exergy analysis (Expgp) results.
In these calculations, considering the CO, released into
the environment with the combustion of fuels that provide
energy throughout the engine’s life, it is used in Eqgs. (25)
and (26). Here, N is the total useful life of the engine
(20 years), and ¢,, was taken as the operating hours for a day
(10 h/day) [76, 77].

ExCco, = Cico, Pco, 24)
Ergp = Ceo, (Ncoinnth ) (25)
Extep = Cco, (NCOZExinth ) (26)

4 Results and Discussion

In the present research, first, the performance and emission
measurements of G100, HEX5-20, and HP5-20 fuels were
made in a spark-ignition engine. Using the data obtained
from these measurements, efficiency, losses, and entropy
generation were calculated with energy and exergy analysis.
The environmental impact of CO, emission was determined
by mass and on a cost basis with life cycle-based environ-
mental, exergy, environmental, and economic analyses using
exhaust emissions.

The fuel consumption of the fuel blends in the meas-
urements taken at different powers in the test engine is
presented in Fig. 5. Fuel consumption increases with an
increase in engine power. The lowest fuel consumption at
all engine powers is obtained to be 0.197 kg/kWh in G100
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fuel at a power value of 5 kW, and the highest fuel consump-
tion is obtained to be 0.625 kg/kWh in HP20 fuel at a power
value of 1 kW. Since the engine operating condition is real-
ized at full load and full throttle opening, in other words, the
throttle opening is not changed under all engine operating
conditions, the lowest and highest amount of the fuel taken
into the cylinder was observed to be at least in G100 fuel
and at most in HP20 fuel.

Concerning the lower heating value in internal com-
bustion engines, more fuel should be used to obtain the
same power. In studies in the literature, fuel consumption
increases in blends in which alcohol-based fuels are used
[30, 34, 39]. When the lower heating values of the fuels in
the study are examined, the lower heating value of gaso-
line is 11% and 21% higher than that of hexanol and hep-
tanol, respectively. Hexanol and heptanol blends consumed
approximately 1.94-24.1% and 6.82-35.71% more fuel,
respectively, compared to G100 fuel at all powers. The high
density of the fuels used in engines means more fuel con-
sumption in the same volume. The density of G100 fuel is
higher compared to heptanol and hexanol. In the tests per-
formed in the study, it was observed that the fuel consump-
tion did not change depending only on the lower heating
value and density, and parameters such as the fuel—air blend
degree and homogeneity, the boiling/evaporation points of
the blend and the air/fuel ratio were effective.

CO, emission in spark-ignition engines gives important
information about the combustion quality. In these engines,
the amount of CO, in the combustion products is directly
related to the fuel properties such as the C/H ratio and O,
concentration of the fuel. The C/H ratio of hexanol and hep-
tanol is low compared to G100 fuel. As can be observed
from Fig. 6, the CO, ratio is higher in blend fuels in compar-
ison with G100 fuel. Therefore, CO, emission was measured

Bl cioo Il sexs [l sexio [ HEX15 -HExzol
7

Specific fuel consumption
(kg/kWh)

Engine power (kW)

to be 15.292% at least in G100 fuel at a power of 1 kW and
15.599% at most in HEX20 fuel at a power of 5 kW. At all
power values, the CO, ratio of HEX5-20 and HP5-20 fuel
blends is higher than that of G100 fuel. The increase in CO,
emission continued as a result of the increase in the amount
of the fuel blend taken into the cylinder with the increasing
engine power. In their study, Balki et al. [78] demonstrated
that ethanol, an oxygenated fuel, increased the combustion
efficiency and caused low CO, and HC emissions. In the
study carried out by Yao et al. [79], CO, emission decreased
with the increase in the ratio of alcohol in gasoline/etha-
nol blends. Celik et al. [80] obtained similar results at a
high compression ratio in a spark-ignition engine. However,
the study obtained high CO, emission, differently from the
literature.

Incomplete combustion occurs when there is not a suf-
ficient amount of oxygen to burn fuel as a result of the low
A/F ratio in the cylinder. CO and HC emissions occur as a
result of the combustion of fuels with low oxygen content
and rich blends. Within the exhaust emissions, CO is a type
of emission harmful to human health, indicating incomplete
combustion. In the study, when the results of the emission
measurements given in Fig. 7 were examined, significant
decreases in CO emissions were obtained compared to G100
fuel in the tests with alcohol fuels. Compared to G100 fuel,
HEXS5-20 and HP5-20 fuel blends produced 0.68-16.31%
and 0.19-13.68% less CO emission to the atmosphere,
respectively. The reason for this decrease is the O, content
in the fuel and the effect of the stoichiometric ratios of alco-
hol fuels. CO emission decreases with the increase in engine
power. The engine tests in this study were conducted with
the highest power of 5 kW, and the CO emissions of all
fuels at this power value were close to each other. It was
observed that the higher the alcohol ratio in the fuel blends

Bl Gioo Murs EHrio [ HPIS [T HP20

0.7

Specific fuel consumption
(kg/kWh)

1 2 3 4 5
Engine power (kW)

Fig.5 Change in the fuel consumption of fuel blends at different engine powers
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Fig.6 CO, emissions of fuel blends at different engine powers
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Fig.7 CO emissions of fuel blends at different engine powers

was, the higher the decrease in CO emissions was. Since
the O/C ratio of hexanol in fuel blends is higher than that of
heptanol, it yielded environmental-friendly results in terms
of CO emissions. Since hexanol and heptanol have higher
vaporization latent heat in comparison with gasoline, the CO
emission released to the atmosphere was lower in alcohol-
containing fuel blends. As a result of examining the emission
data in the study, decreases in CO emission and increases
in CO, emission in all fuel blends at the same power values
develop interdependently. In the tests they conducted at a
constant speed of 2000 rpm, Gravalos et al. [81] determined
that the CO ratio was lower in alcohol-based fuels compared
to gasoline. Gravalos et al. [82] explained that they reduced
CO emissions from the engine with the addition of more
ethanol in fuel blends. Yacoub et al. [83] reported that CO

@ Springer

CO emission (%)

1 2 3 4 5

Engine power (kW)

emission decreased significantly in propanol, butanol, and
pentanol blends.

HC emission occurs as a result of discharging products
that do not burn completely through the exhaust in spark-
ignition engines. In these engines, incomplete combustion,
flame extinguishing in cold regions close to the cylinder
walls, carbon deposits in the combustion chamber, and
fuel retention of the oil layer in the cylinder wall reveal
HC emissions. As can be seen in Fig. 8§, it is observed that
HC emission decreases in all three fuel types with the
increase in engine power, but it is lower in alcohol fuels
compared to G100 fuel. Furthermore, it is observed that
as the alcohol ratio in fuel blends increases, HC emission
reaches lower values. In alcohol blends, there is a decrease
in HC emissions due to the low C content in the fuel and
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Fig.8 HC emissions of fuel blends at different engine powers

the presence of O, in its structure, which improves the
combustion quality. In the tests, the lowest value of HC
emission was found to be 144.8 ppm in HEX20 fuel at
a power of 5 kW, and the highest value was found to be
218.8 ppm in G100 fuel at a power of 1 kW. Hexanol
blends produced approximately 2.3-7.6% lower HC emis-
sion at all power values compared to heptanol blends.
This is because although hexanol has the same O, amount
as heptanol, it contains fewer C atoms. Balki et al. [78]
showed in their study that the use of ethanol and methanol
reduced HC emission by 13.6%. In the study conducted by
Chen et al. [84], while ethanol-gasoline blends gave HC
emission values close to gasoline in E5 and E10 fuels, a
considerable decrease occurred in E20-E40 fuels. In their
study, Canakci et al. [85] demonstrated a decrease in the

I-GIOO I exs [ vExio [ HEX15 -HEXZO‘

1400

NO, emission (ppm)

Engine power (kW)

Fig. 9 NOy emissions of fuel blends at different engine powers
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range of 10-17% in the HC emissions of ES, E10, M5, and
M10 fuels compared to gasoline.

NOy emission occurs as a result of the oxidation of the
nitrogen atom in the air because of the high temperature
and pressure formed during the combustion of the fuel in
the engine. As the temperature and pressure increase or
the amount of the air entering the cylinders increases, the
amount of nitrogen oxides (NOx) in the exhaust gas also
increases. As seen in Fig. 9, as the engine power increases,
the amount of NOy also increases. Alcohol fuel blends pro-
duced higher NOy emissions at all power values in com-
parison with G100 fuel. The reason for this is that when the
actual combustion equations of the fuel blends were exam-
ined, the highest nitrogen ratio of the combustion products
at all power values was observed in G100, HP5-20, and

Bl cioo [lues [Eurio [EHPIS [ |HP20

1400

NO, emission (ppm)

1 2 3 4 5
Engine power (kW)
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HEXS-20 fuels, respectively. The highest NOy emission was
1349.8 ppm in HEX?20 fuel at a power of 5 kW, 1302.8 ppm
in HP fuel, and 1141.4 ppm in G100 fuel. Wang et al. [86]
determined that the NOy emission of gasoline—alcohol
blends increased at an engine speed of 2000 rpm depending
on the engine speed. The latent heat of vaporization and
cooling effects of alcohol-added fuel blends increased NOy
emission. Li et al. [87] demonstrated that NOy emissions
increased in gasoline and alcohol-based fuel blends with
the addition of alcohol. In studies in the literature, in general
[79, 83], alcohol-based fuels emit more NOy than gasoline.

The presence of O, between combustion products is an
important parameter that provides information about the
conditions under which combustion occurs. The O, emis-
sion values of the alcohol fuel blends used in the study were
higher compared to G100 fuel, as seen in Fig. 10. This can
be explained by the excess amount of O, in the emission
values of the combustion products as a result of the excess
amount of oxygen in the chemical structure of alcohol fuels.
When the alcohol fuel blends were evaluated among them-
selves, it was observed that although the O, number in the
fuel content was the same, HEX5-20 fuel blends released
less O, emissions than HP5-20 fuel blends at all power val-
ues. The reason for this is the higher air consumption of
heptanol fuels compared to hexanol fuels in the engine tests.
In studies in the literature [81, 84, 86], as a result of the com-
bustion of alcohol-based fuels, higher O, emission occurs in
products due to O, content in its structure.

In the study, the energy of fuels, total energy loss, and
thermal efficiency were calculated in the energy analysis.
The maximum energy that G100, HEX5-20, and HP5-20
fuels used in the test engine can give is determined to be the
fuel energy. Engine power energy is the useful energy taken
from the output shaft of the engine. Total energy losses are

B Gioo I HExs [ vEx1o [ HEX15 [0 HEX20

O, emission (%)

1 2 3 4 5
Engine power (kW)

Fig. 10 O, emissions of fuel blends at different engine powers
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the difference between these two values, and they represent
unusable energy. The largest part of the total energy losses
that occur in the test engine is the energy discharged into
the environment due to heat transfer and exhaust losses. As
seen in Table 5, alcohol blends in the fuels used in the study
have more fuel energy than G100 fuel. In alcohol blends,
higher fuel energy was calculated in HP5-20 fuels compared
to HEXS5-20 fuels. The reason for this is that although the
lower heating value of heptanol blends is lower than hexanol
blends, the amount of fuel consumed is high. In their study,
Dogan et al. [34, 48] showed that the energy flow increased
depending on fuel consumption in the fuel blends of alcohol-
based fuel with gasoline.

In the energy analysis, the magnitude expressing how
much of the thermal energy obtained as a result of the
combustion of the fuel in the engine was used for power
was calculated as thermal efficiency. In cases when energy
losses are minimum, thermal efficiency reaches the maxi-
mum level. In the energy analysis performed according to
the data obtained from the tests conducted in the study, as
shown in Fig. 11, G100 fuel produced a better thermal effi-
ciency than alcohol blends. In all tests, the highest value for
thermal efficiency was found to be 41.08% in G100 fuel at a
power of 5 kW, and the lowest value was found to be 11.34%
in HP20 fuel at a power of 1 kW. In alcohol fuel blends,
lower thermal efficiency was obtained in heptanol blends
compared to hexanol. To obtain the same power value in
all fuels, the thermal efficiency performance is worse since
the highest fuel consumption and the lowest lower heating
value are obtained in heptanol blends. Dogan et al. [34] dem-
onstrated that the thermal efficiency of alcohol-based fuels
(EO, E10, E20, and E30) was lower than gasoline. Studies
in the literature determined that thermal efficiency generally
tended to increase with an increase in engine load [88, 89].
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Table 5 Energy flows and heat losses of fuels
Power (kW) Energy current (kW) Heat loss (kW)
G100 HEX5 HEX10 HEX15 HEX20 G100 HEX5 HEX10 HEX15 HEX20
1 6.638 6.721 7.654 7.729 8.044 5.638 5.721 6.654 6.729 7.044
2 7.744 8.310 8.868 9.299 9.484 5.744 6.310 6.868 7.299 7.484
3 9.342 9.654 9.840 10.386 11.165 6.342 6.654 6.840 7.386 8.165
4 10.448 10.998 11.298 11.956 12.366 6.448 6.998 7.298 7.956 8.366
5 12.169 12.587 13.121 13.526 14.167 7.169 7.587 8.121 8.526 9.167
G100 HP5 HP10 HP15 HP20 G100 HP5 HP10 HP15 HP20
1 6.638 7.660 7.816 8.205 8.819 5.638 6.660 6.816 7.205 7.819
2 7.744 8.632 9.259 9.989 10.347 5.744 6.632 7.259 7.989 8.347
3 9.342 9.848 9.981 10.703 11.053 6.342 6.848 6.981 7.703 8.053
4 10.448 11.429 11.905 12.367 12.817 6.448 7.429 7.905 8.367 8.817
5 12.169 12.888 13.588 13.794 14.228 7.169 7.888 8.588 8.794 9.228
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Fig. 11 Thermal efficiency of fuel blends at different engine powers

In the exergy analysis, chemical exergy, exhaust exergy,
exergy destruction with exergy accompanying heat trans-
fer, and exergetic power were calculated for each fuel using
the engine test data. Moreover, entropy generation and
exergy efficiency, which is the ratio of exergetic power to
fuel exergy, were found. Since the chemical exergy calcu-
lated for all fuels is a function of the lower heating value
and fuel consumption, similarities to the results obtained
in the energy analysis were observed. The exhaust exergy
of the fuels tested in this study at different engine powers is
illustrated in Fig. 12. Exhaust exergy, which determines the
heat energy discharged with exhaust emissions, increases
in direct proportion to the exhaust gas temperature. Fur-
thermore, the exhaust exergy increases with the increase in
engine power. G100 fuel had a higher exhaust exergy value
at all power values compared to alcohol fuels. The reason

‘-GIOO Bl rs [urio [ HPIS |:|HP20‘
5

Thermal efficiency (%)

1 2 3 4 5

Engine power (kW)

for this is thought to originate from the fact that the heating
value and the pressure and temperature at the end of the
combustion of alcohol-containing fuels are lower in compar-
ison with G100 fuel. The exhaust exergy of heptanol fuels
was found to be close to that of hexanol fuels in alcohol-
containing fuels. In the engine tests, the exhaust exergy was
calculated to be maximum 2.797 kW in G100 fuel at a power
of 5 kW and minimum 0.811 kW in HEX10 fuel at a power
of 1 kW. Kiani et al. [90] showed that the chemical exergy of
the fuel was at the maximum level at the compression stroke.
It was stated that the heating value of gasoline was higher
than fuel blends with different bioethanol percentages.
Exergy destruction in internal combustion engines refers
to many irreversible processes, in other words, the lost work
potential. As a result of the analysis conducted in the study,
exergy destruction increased in all fuels with the increase

@ Springer
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Fig. 12 Exhaust exergy of fuel blends at different engine powers

in engine power. The exergy destruction of G100 fuel was
lower in comparison with alcohol fuels at all powers. In
alcohol fuel blends, higher exergy destruction was calcu-
lated in heptanol blends compared to hexanol blends. It is
thought that this increase in exergy destruction observed in
alcohol fuels is caused by the amount of the fuel entering the
engine and the irregularities occurring during combustion.
Upon examining studies in the literature, one of the impor-
tant exhaust emission problems when alcohol blend fuels are
used in internal combustion engines is increased aldehyde
emissions. In the present study, since aldehyde emission
could not be measured during the tests, its effect on exergy
destruction was not addressed. However, it is thought that a
large part of the increase in exergy destruction in alcohol-
based fuels originates from aldehyde emissions. As can be
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Fig. 13 Exergy destroyed of fuel blends at different engine powers
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seen from Fig. 13, the highest exergy destruction was deter-
mined to be 6.253 kW in HP20 fuel at a power of 5 kW, and
the lowest exergy destruction was found to be 3.939 kW in
G100 fuel at a power of 1 kW. In their study, Dogan et al.
[28] analyzed that more exergy destruction occurred in alco-
hol-based fuels than gasoline.

Using the data acquired from the tests conducted in the
test engine, the exergy accompanying the heat transfer was
calculated. This exergy refers to the heat transfer from
the engine body, cooling water, and exergy transitions. In
Fig. 14, the heat transfer exergy of all fuels is observed.
There is a decrease in heat transfer exergy with the increase
in engine power. This was similar to changes in the lost
exergy due to engine load in studies in the literature [7, 34,
46].
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Irreversibilities occurring in the engine cause entropy
generation while passing through a thermodynamic,
mechanical, or chemical process. In the study, as can be seen
in Fig. 15, entropy generation increases with the increase
in power in all fuels. When the entropy generation in all
fuels was examined, the highest entropy generation was
determined to be 0.02134 kW/K in HP20 fuel at a power
of 5 kW, and the lowest entropy generation was found to
be 0.0134 kW/K in G100 fuel at a power of 1 kW. Entropy
generation originates from exhaust losses, heat discharged
into the environment, friction, and other losses. Since alco-
hol-containing fuel blends had higher exergy destruction,
more entropy generation occurred compared to G100 fuel.
The quality of energy decreases during the processes that
occur in the engine in studies on alcohol-based fuels. As
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Fig. 14 Heat transfer exergy of fuel blends at different engine powers
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Fig. 15 Entropy generation of fuel blends at different engine powers

calculated in exergy analysis, while the beneficial part of
energy decreases, entropy increases [7, 34, 46, 49].

Exergy efficiency is expressed as the ratio of the actual
thermal efficiency to the highest possible thermal efficiency
under the same conditions in spark-ignition engines. As a
result of the analyses in the study, the thermal efficiencies
given in Fig. 11 were lower than the exergy efficiencies given
in Fig. 16 at the same engine powers in all fuels. A higher
exergy efficiency was calculated for G100 fuel in compari-
son with alcohol fuels. In alcohol fuels, hexanol blends
have higher exergy efficiency than heptanol blends. It was
observed that when the exergy efficiency was low, exergy
destruction and related entropy generation were higher. The
highest exergy efficiency was determined to be 38.31% in
G100 fuel at a power of 5 kW. In the study of Kul et al. [88],
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Fig. 16 Exergy efficiency of fuel blends at different engine powers

exergetic efficiency increased in case alcohol-based fuels
were added to gasoline. It ensured that the maximum value
was achieved for E100 fuel. Tippawan et al. [91] showed
the dependence of exergy efficiency on the chemical exergy
of fuels and engine output power. In the study performed
by Nazzal et al. [92], the exergy and thermal efficiency of
alcohol-based fuels acted in a parallel way.

It is necessary to reduce carbon dioxide emissions in
internal combustion engines to prevent climate change and
global warming, which are among the most important envi-
ronmental problems nowadays. Determining the mass and
financial damage of these engines to the environment and
collecting the damage from the people causing damage will
increase environmental awareness. In this study, the CO,
emissions released from the engine to the atmosphere were

‘-GIOO B srs [urio [ HPIS |:|HP20‘
0

Exergy efficiency (%)

Engine power (kW)

determined experimentally, and the cost of the damage to
the environment was computed. The results obtained from
the environmental and enviroeconomic analyses conducted
using the CO, emissions released into the environment
from the test engine are presented in Table 6. G100 fuel is
regarded as a more environmental-friendly fuel as a result
of the analysis based on CO, emissions in comparison with
alcohol blends. Although heptanol fuels in alcohol-contain-
ing blends release less CO, emission than hexanol fuels in
engine tests, they cause more damage to the environment
due to the higher energy flow. The highest environmental
and enviroeconomic results were found to be 4224.53 kg
CO,/month and 61.256 $/month, respectively, in HP20 fuel.

In the tests, the exergoenvironmental and exergoen-
viroeconomic analyses were conducted using the exergy

Table 6 Results obtained from the environmental and enviroeconomic analysis of fuels at different engine powers

Power (kW)  Environmental analysis (kg CO,/month) Enviroeconomic analysis ($/month)

G100 HP5 HP10 HP15 HP20 G100  HP5 HP10 HP15 HP20
1 1932.674 2230.619 2277.087 2394788 2574.516 28.024 32.344 33.018 34.724  37.330
2 2265.697 2526.036 2710.519 2926.045 3032.193 32.853 36.628 39.303 42.428 43.967
3 2734.290 2884.441 2924.009 3136.475 3243.563 39.647 41.824 42398 45479  47.032
4 3071.217 3360.433 3503.087 3642.504 3777.260 44.533 48.726 50.795 52.816 54.770
5 3595.137 3800.222 4007.788 4092.735 4224.530 52.129 55.103 58.113 59.345 61,256

G100 HEXS5 HEX10 HEX15 HEX20 G100 HEX5 HEX10 HEXI15 HEX20
1 1932.674 1958.033 2233.499 2256.770 2350.708 28.024 28.391 32.386 32.723  34.085
2 2265.697 2433.499 2597.817 2725446 2780.398 32.853 35.286 37.668 39.519 40.316
3 2734.290 2830.094 2886.256 3047.565 3277.379 39.647 41.036 41.851 44.190 47.522
4 3071.217 3235.466 3325.897 3523.724 3644.854 44.533 46914 48226 51.094 52.850
5 3595.137 3736.844 3895.809 4016.826 4207.758 52.129 54.184 56.489 58244 61.012
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analysis data of CO, emissions released from the engine
to the atmosphere, and the results are presented in Table 7.
The highest exergoenvironmental and exergoenviroeconomic
results were found to be 4538.196 kg CO,/month and 65.804
$/month, respectively, in HP20 fuel. If the values obtained
in these analyses are higher than those presented in Table 6,
the exergy flows are larger than the energy flows.

The total environmental pollution costs of the fuels used
in the study are presented in Table 8. The highest total envi-
ronmental pollution (TEP) obtained according to energy
analysis data as a result of using the predicted values taken
as the operating life of the engine was found to be 14,701.36
$ in HP20 fuel at a power of 5 kW, and the lowest total envi-
ronmental pollution (TEP) was found to be 6725.7 $ in G100
fuel at a power of 1 kW. The same situation is observed in

the total environmental pollution calculated using the exergy
analysis data. When the results are assessed in this context,
the total environmental pollution cost is directly proportional
to the engine power in all fuels. In the total environmen-
tal pollution costs, G100 fuel has lower values compared
to alcohol blends. The total environmental pollution cost
of heptanol fuels in alcohol blends is higher than that of
hexanol blends. Due to the high oxygen content of alcohol
blends, the low C/H ratio, the oxidation of more oxygen
as a result of the higher air/fuel ratio at all powers, and the
more efficient combustion, a significant increase occurred
in environmental costs occurred due to CO, emission com-
pared to G100 fuel.

In the study conducted by Yildiz et al. [61], the change
of total environmental pollution cost increased with the

Table 7 Results obtained from the exergoenvironmental and exergoenviroeconomic analysis of fuels at different engine powers

Power (kW) Exergoenvironmental analysis (kg CO,/month)

Exergoenviroeconomic analysis ($/month)

G100 HP5 HP10 HP15 HP20 G100 HP5 HP10 HP15 HP20
1 2072.793 2393.314 2444167 2571.551 2765.670 30.055 34.703 35.440 37.287 40.102
2 2429.960 2710.278 2909.401 3142.021 3257.329 35234 39.299 42.186 45.559 47.231
3 2932.525 3094.824 3138.556 3367.983 3484.393 42.522 44.875 45509 48.836 50.524
4 3293.880 3605.533 3760.124 3911.362 4057.716 47.761 52.280 54.522 56.715 58.837
5 3855.785 4077.399 4301.856 4394.826 4538.196 55.909 59.122 62.377 63.725 65.804

G100 HEXS5 HEX10 HEX15 HEX20 G100 HEXS5 HEX10 HEXI15 HEX20
1 2072.793 2101.048 2397.840 2424.042 2526.211 30.055 30.465 34.769 35.149 36.630
2 2429.960 2611.242 2788.964 2927456 2987.983 35.234 37.863 40.440 42.448 43.326
3 2932.525 3036.804 3098.627 3273.450 3522.068 42.522 44.034 44.930 47.465 51.070
4 3293.880 3471.785 3570.617 3784.902 3916.979 47.761 50.341 51.774 54.881 56.796
5 3855.785 4009.783 4182.463 4314.554 4521.909 55.909 58.142 60.646 62.561 65.568
Table 8 Results obtained from TEP (energy and exergy) of fuels at different engine powers
Power (kW) Total environmental pollution from energy analysis ($)

G100 HP5 HP10 HP15 HP20 HEXS5S HEX10 HEX15 HEX20
1 6725.705 7762.555 7924.263 8333.862 8959.316 6813.955 7772.576  7853.559 8180.462
2 7884.627 8790.605 9432.606 10,182.637 10,552.031 8468.576  9040.402  9484.552  9675.786
3 9515.327 10,037.854 10,175.550 10,914.933 11,287.600 9848.728 10,044.172  10,605.524 11,405.279
4 10,687.835 11,694.306 12,190.743 12,675.912 13,144.864 11,259.423 11,574.122 12,262.559 12,684.094
5 12,511.078 13,224.771 13,947.101 14,242.719 14,701.365 13,004.216 13,557.416 13,978.556 14,642.999
Power (kW) Total environmental pollution from exergy analysis ($)

G100 HP5 HP10 HP15 HP20 HEX5 HEX10 HEX15 HEX20
1 7213.319 8328.733 8505.700 8948.996  9624.532  7308.779 8330.326 8432.364 8782.051
2 8456.262 9431.766 10,124.716  10,934.232 11,335.504 9080.031 9699.286 10,182.252  10,394.128
3 10,205.189 10,769.986 10,922.174 11,720.580 12,125.688 10,558.469 10,770.622 11,377.560 12,253.617
4 11,462.703 12,547.255 13,085.230 13,611.540 14,120.852 12,075.555 12,420.924 13,162.950 13,629.327
5 13,418.131 14,189.348  14,970.459 15,293.995 15,792.921 13,859.180 14,457.900 15,001.168 15,731.201
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increase in engine load. Caliskan and Mori [72] proposed
a filter system to reduce the CO, prices released in one day
as a result of environmental analysis in the diesel engine. In
their study performed with gasoline—ethanol blends, Dogan
et al. [44] calculated 25%—-30% higher CO, emission cost in
E30 fuel than EO fuel at the same speed.

5 Conclusions

In the current research, performance and emission data were
obtained using HP5-20 and HEXS5-20 fuel blends acquired
from pure gasoline, hexanol, and heptanol fuels in a single-
cylinder, four-stroke, water-cooled, variable compression
spark-ignition engine. Using these data, fuel energy, heat
losses, and thermal efficiency values were calculated in the
energy analysis.

e The use of gasoline—alcohol blend fuels in the engine
increased fuel consumption. The lowest fuel consump-
tion was obtained to be 0.197 kg/kWh in G100 fuel at
a power of 5 kW. Heptanol blends consumed more fuel
than hexanol blends.

e In CO and HC emissions, gasoline—alcohol blends pro-
duced lower emissions than G100 fuel. In these emis-
sions, hexanol blends yielded more environmentally
friendly results than heptanol blends. The lowest CO and
HC emissions were 0.28% and 144.8 ppm, respectively,
in HEX20 fuel at a power of 5 kW.

e Gasoline—alcohol blends had higher CO, emissions
released from the engine exhaust to the environment
than G100 fuel. In the tests, the highest CO, emission
was obtained with the values of HP20: 15.594%, HEX20:
15.559%, and G100: 15.516% at a power of 5 kW.

e In NOy emissions, HEX5-20 fuel blends reached the
highest values of 1349.8 ppm at a power of 5 kW power.
G100 fuel produced lower NOy emission at all powers
than alcohol blends.

e According to the energy analysis results, since the
lower heating value of gasoline—alcohol blends is lower,
their energy flows are lower than G100 fuel. Accord-
ing to the energy flow calculations, it was found to be
12.88-14.22 kW in HP5-20 fuel blends at an engine
power of 5 kW, 12.57-14.16 kW in HEXS5-20 blends,
and 12.17 kW in G100 fuel. The highest value in heat
transfer losses was 9.23 kW in HP20 fuel at an engine
power of 5 kW, HEX20:9.17 kW, and G100: 7.17 kW.

e The highest thermal efficiency of the fuels used in the
tests was found in the range of G100: 41.08%, HEX5-20:
35.29-39.72%, and HP5-20: 35.14-38.79% at a power of
5kW.

e G100 fuel performed the best in exergy destruction
calculations due to irreversibilities. The highest exergy

Springer

destruction was HP20: 6.25 kW, HEX20: 6.20 kW, and
G100: 4.47 kW at a power of 5 kW. Entropy generation
is based on exergy destruction calculations. Therefore,
entropy generation values give results parallel to exergy
destruction values. The highest entropy generation was
revealed to be 0.02134 kW/K in HP20 fuel at a power of
5kW.

e Exergy efficiency was determined to be lower than ther-
mal efficiency in all fuels. The highest exergy efficiencies
were found in the range of G100: 38.31%, HEX5-20:
32.84-37.02%, and HP5-20: 32.71-33.75% at an engine
power of 5 kW.

e In all analyses, alcohol-containing blends cause more
mass and economic damage to the environment than
G100 fuel.

¢ In the environmental analysis, it was found to be HP20:
4224.53 kg CO,/month, HEX20: 4207.758 kg CO,/
month, and G100: 3595.137 kg CO,/month at a power
of 5 kW. The economic cost of the mass emission val-
ues in this analysis was determined by the enviroeco-
nomic analysis, and the values of HP20: 61.256 $/month,
HEX?20: 461.012 $/month, and G100: 52.129 $/month
were obtained at a power of 5 kW power.

¢ In the exergoenvironmental analysis, the highest environ-
mental pollution was calculated to be HP20: 4538.196 kg
CO,/month and economically HP20: 64.804 $/month in
the exergoenviroeconomic analysis at a power of 5 kW.

e HP5-20 fuel blends reached the highest value at all
engine powers in the total environmental pollution
throughout the engine’s life. In all tests, the highest TEP
with energy source was found to be HP20: 14,701.356 $
and the TEP with exergy source was found to be HP20:
15,792.92 § at a power of 5 kW.

As aresult of conducting the energy, exergy, and environ-
mental analyses of gasoline—hexanol-heptanol fuel blends
according to the data obtained in a spark-ignition engine, the
use of alcohols as alternative fuels was found to be appropri-
ate under certain conditions. If alcohols are utilized as an
alternative fuel in spark-ignition engines in the upcoming
periods, their economic evaluation can be performed.

Authors’ contributions Hayri Yaman has contributed in research objec-
tives, data analysis plan, validation of results, revision/proofreading,
and final approval. Battal Dogan to the definition of research objectives,
hypotheses, data analysis plan, validation of results, article writing,
revision/proofreading, and final approval. Murat Kadir Yesilyurt has
contributed to the definition of research objectives, hypotheses, results
interpretation, validation of results, article writing, revision /proofread-
ing, and final approval. Dervis Erol has contributed in research objec-
tives, data analysis plan, designing of the graphs, validation of results,
article writing, revision/proofreading, and final approval.

Funding This research is funded by the Scientific Research Projects
Coordination Unit of Kirikkale University. Project Number: 2018/067.



Arabian Journal for Science and Engineering (2021) 46:11937-11961

11959

Data availability The data used and/or analyzed throughout the present
study are available from the authors on reasonable request.

Declarations

Conflict of interest The authors pointed out that there is no potential
conflict of interest. The authors declared that there is no competing
financial interest in this research.

Ethical approval The authors declared that no animal and human
studies are presented in this manuscript and no potentially identifiable
human images or data are given in this research.

References

10.

11.

12.

Yilmaz, E.: A comparative study on the usage of RON68 and
naphtha in an HCCI engine. Int. J. Autom. Sci. Technol. 4(2),
90-97 (2020)

Demirbas, A.: Fuel alternatives to gasoline. Energy Sources Part
B 2(3), 311-320 (2007)

Cecrle, E.; Depcik, C.; Duncan, A.; Guo, J.; Mangus, M.; Peltier,
E.; Stagg-Williams, S.; Zhong, Y.: Investigation of the effects of
biodiesel feedstock on the performance and emissions of a single-
cylinder diesel engine. Energy Fuels 26(4), 2331-2341 (2012)
Uyumaz, A.; Aydogan, B.; Yilmaz, E.; Solmaz, H.; Aksoy, F.;
Mutlu, I; 1pci, D.; Calam, A.: Experimental investigation on the
combustion, performance and exhaust emission characteristics of
poppy oil biodiesel-diesel dual fuel combustion in a CI engine.
Fuel 280, 118588 (2020)

Ors, 1; Sayin, B.; Ciniviz, M.: A comparative study of ethanol
and methanol addition effects on engine performance, combustion
and emissions in the SI engine. Int. J. Autom. Sci. Technol. 4(2),
59-69 (2020)

Dogan, B.; Erol, D.: The future of fossil and alternative fuels
used in automotive industry. In: 3rd International Symposium on
Multidisciplinary Studies and Innovative Technologies (ISMSIT),
IEEE, pp. 1-8 (2019)

Dogan, B.; Yesilyurt, M.K.; Erol, D.; Cakmak, A.: A study toward
analyzing the energy, exergy and sustainability index based on
performance and exhaust emission characteristics of a spark-
ignition engine fuelled with the binary blends of gasoline and
methanol or ethanol. Int. J. Eng. Res. Dev. 12(2), 529-548 (2020)
Solmaz, H.: Combustion, performance and emission characteris-
tics of fusel oil in a spark ignition engine. Fuel Process. Technol.
133, 20-28 (2015)

Yusri, .LM.; Mamat, R.; Najafi, G.; Razman, A.; Awad, O.1.; Azmi,
W.H.; Ishak, W.F.W.; Shaiful, A.ILM.: Alcohol based automotive
fuels from first four alcohol family in compression and spark igni-
tion engine: a review on engine performance and exhaust emis-
sions. Renew. Sustain. Energy Rev. 77, 169-181 (2017)
Erdiwansyah, M.R.; Mamat, R.; Sani, M.S.M.; Sudhakar, K.;
Kadarohman, A.; Sardjono, R.E.: An overview of higher alco-
hol and biodiesel as alternative fuels in engines. Energy Rep. 5,
467479 (2019)

No, S.Y.: Application of Liquid Biofuels to Internal Combustion
Engines. Springer, Singapore (2019).

Bergthorson, J.M.; Thomson, M.J.: A review of the combustion
and emissions properties of advanced transportation biofuels
and their impact on existing and future engines. Renew. Sustain.
Energy Rev. 42, 1393-1417 (2015)

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Sundar, R.C.; Saravanan, G.: Influence of hexanol-diesel blends
on constant speed diesel engine. Therm. Sci. 15(4), 1215-1222
(2011)

. Lawyer, K.: Incorporation of higher carbon number alcohols in

gasoline blends for application in spark-ignition engines. Michi-
gan Technological University, Doctoral Thesis (2017)
Thermodynamics and Fluid Mechanics Group; Annand, W.J.D.:
Heat transfer in the cylinders of reciprocating internal combustion
engines. Proc. Inst. Mech. Eng., 177(1):973-996 (1963).
Rakopoulos, C.D.; Giakoumis, E.G.: Second-law analyses applied
to internal combustion engines operation. Prog. Energy Combust.
Sci. 32(1), 2-47 (2006)

Agarwal, A.K.: Biofuels (alcohols and biodiesel) applications as
fuels for internal combustion engines. Prog. Energy Combust. Sci.
33(3), 233-271 (2007)

Eisavi, B.; Khalilarya, S.; Chitsaz, A.; Rosen, M.A.: Thermody-
namic analysis of a novel combined cooling, heating and power
system driven by solar energy. Appl. Therm. Eng. 129, 1219-1229
(2018)

QOdibi, C.; Babaie, M.; Zare, A.; Nabi, M.N.; Bodisco, T.A.;
Brown, R.J.: Exergy analysis of a diesel engine with waste cook-
ing biodiesel and triacetin. Energy Convers. Manag. 198, 111912
(2019)

Das, A.K.; Hansdah, D.; Mohapatra, A.K.; Panda, A.K.: Energy,
exergy and emission analysis on a DI single cylinder diesel engine
using pyrolytic waste plastic oil diesel blend. J. Energy Inst. 93(4),
1624-1633 (2020)

Nabi, M.N.; Rasul, M.G.; Anwar, M.; Mullins, B.J.: Energy,
exergy, performance, emission and combustion characteristics of
diesel engine using new series of non-edible biodiesels. Renew.
Energy 140, 647-657 (2019)

Yao, Z.M.; Qian, Z.Q.; Li, R.; Hu, E.: Energy efficiency analy-
sis of marine high-powered medium-speed diesel engine base on
energy balance and exergy. Energy 176, 991-1006 (2019)
Yesilyurt, M.K.; Arslan, M.: Analysis of the fuel injection pres-
sure effects on energy and exergy efficiencies of a diesel engine
operating with biodiesel. Biofuels 10(5), 643-655 (2019)
Kweku, D.W.; Bismark, O.; Maxwell, A.; Desmond, K.A.; Danso,
K.B.; Oti-Mensah, E.A.; Quachie, A.T.; Adormaa, B.B.: Green-
house effect: greenhouse gases and their impact on global warm-
ing. J. Sci. Res. Rep. 17(6), 1-9 (2017)

Giwa, S.0O.; Sulaiman, M.A.; Nwaokocha, C.N.: Inventory of
greenhouse gases emissions from gasoline and diesel consump-
tion in Nigeria. Niger. J. Technol. Dev. 14(1), 1-12 (2017)
Farrauto, R.J.; Deeba, M.; Alerasool, S.: Gasoline automobile
catalysis and its historical journey to cleaner air. Nat. Catal. 2(7),
603-613 (2019)

Mat Aron, N.S.; Khoo, K.S.; Chew, K.W.; Show, P.L.; Chen,
W.H.; Nguyen, T.H.P.: Sustainability of the four generations of
biofuels—a review. Int. J. Energy Res. 44(12), 9266-9282 (2020)
Tongroon, M.; Saisirirat, P.; Suebwong, A.; Aunchaisri, J.;
Kananont, M.; Chollacoop, N.: Combustion and emission char-
acteristics investigation of diesel-ethanol-biodiesel blended fuels
in a compression-ignition engine and benefit analysis. Fuel 255,
115728 (2019)

Carneiro, M.L.N.; Gomes, M.S.P.: Energy, exergy, environmental
and economic analysis of hybrid waste-to-energy plants. Energy
Convers. Manag. 179, 397-417 (2019)

Ibrahim, T.K.; Mohammed, M.K.; Awad, O.1.; Abdalla, A.N.;
Basrawi, F.; Mohammed, M.N.; Najafi, G.; Mamat, R.: A com-
prehensive review on the exergy analysis of combined cycle
power plants. Renew. Sustain. Energy Rev. 90, 835-850 (2018)
Aloko, D.; Adebayo, G.A.; Oke, O.E.: Evaluation of diesel-hex-
anol blend as diesel fuel. Leonardo Electron. J. Pract. Technol.
10(6), 151-156 (2007)

ﬂj @ Springer



11960

Arabian Journal for Science and Engineering (2021) 46:11937-11961

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

De. Poures, M.\V.; Sathiyagnanam, A.P.; Rana, D.; Kumar, B.R.;
Saravanan, S.: 1-Hexanol as a sustainable biofuel in DI die-
sel engines and its effect on combustion and emissions under
the influence of injection timing and exhaust gas recirculation
(EGR). Appl. Therm. Eng. 113, 1505-1513 (2017)

Babu, D.; Anand, R.: Effect of biodiesel-diesel-n-pentanol and
biodiesel-diesel-n-hexanol blends on diesel engine emission and
combustion characteristics. Energy 133, 761-776 (2017)
Dogan, B.; Erol, D.; Yaman, H.; Kodanli, E.: The effect of eth-
anol-gasoline blends on performance and exhaust emissions of
a spark ignition engine through exergy analysis. Appl. Therm.
Eng. 120, 433-443 (2017)

Suhaimi, H.; Adam, A.; Mrwan, A.G.; Abdullah, Z.; Othman,
M.F.; Kamaruzzaman, M.K.; Hagos, F.Y.: Analysis of com-
bustion characteristics, engine performances and emissions of
long-chain alcohol-diesel fuel blends. Fuel 220, 682-691 (2018)
Pandian, A.K.; Munuswamy, D.B.; Radhakrishanan, S.; Devara-
jan, Y.; Ramakrishnan, R.B.B.; Nagappan, B.: Emission and
performance analysis of a diesel engine burning cashew nut
shell oil bio diesel mixed with hexanol. Pet. Sci. 15(1), 176-184
(2018)

Ashok, B.; Nanthagopal, K.; Darla, S.; Chyuan, O.H.; Ramesh,
A.; Jacob, A.; Sahil, G.; Thiyagarajan, S.; Geo, V.E.: Comparative
assessment of hexanol and decanol as oxygenated additives with
calophyllum inophyllum biodiesel. Energy 173, 494-510 (2019)
Kumar, B.R.; Saravanan, S.; Rana, D.; Nagendran, A.: A com-
parative analysis on combustion and emissions of some next gen-
eration higher-alcohol/diesel blends in a direct-injection diesel
engine. Energy Convers. Manage. 119, 246-256 (2016)

Kumar, B.R.; Saravanan, S.: Use of higher alcohol biofuels in
diesel engines: a review. Renew. Sustain. Energy Rev. 60, 84115
(2016)

Nour, M.; Attia, A.M.; Nada, S.A.: Combustion, performance
and emission analysis of diesel engine fuelled by higher alcohols
(butanol, octanol and heptanol)/diesel blends. Energy Manag. 185,
313-329 (2019)

Devarajan, Y.; Munuswamy, D.B.; Radhakrishnan, S.; Mahal-
ingam, A.; Nagappan, B.: Experimental testing and evaluation of
neat biodiesel and heptanol blends in diesel engine. J. Test. Eval.
47(2), 987-997 (2019)

Yesilyurt, M.K.: A detailed investigation on the performance,
combustion, and exhaust emission characteristics of a diesel
engine running on the blend of diesel fuel, biodiesel and 1-hep-
tanol (C7 alcohol) as a next-generation higher alcohol. Fuel 275,
117893 (2020)

Uslu, S.; Celik, M.B.: Combustion and emission characteristics
of isoamyl alcohol-gasoline blends in spark ignition engine. Fuel
262, 116496 (2020)

Dogan, B.; Erol, D.; Kodanl, E.: The investigation of exergoeco-
nomic, sustainability and environmental analyses in an SI engine
fuelled with different ethanol-gasoline blends. Int. J. Exergy 32(4),
412436 (2020)

Sohret, Y.; Giirbiiz, H.; Akcay, IH.: Energy and exergy analyses
of a hydrogen fueled SI engine: effect of ignition timing and com-
pression ratio. Energy 175, 410-422 (2019)

Bhatti, S.S.; Verma, S.; Tyagi, S.K.: Energy and exergy based per-
formance evaluation of variable compression ratio spark ignition
engine based on experimental work. Therm. Sci. Eng. Progress 9,
332-339 (2019)

Rufino, C.H.; de Lima, A.J.; Mattos, A.P.; Allah, F.U.; Bernal,
J.L.; Ferreira, J.V.; Gallo, W.L.: Exergetic analysis of a spark
ignition engine fuelled with ethanol. Energy Convers. Manage.
192, 20-29 (2019)

Dogan, B.; Cakmak, A.; Yesilyurt, M.K.; Erol, D.: Investiga-
tion on 1-heptanol as an oxygenated additive with diesel fuel
for compression-ignition engine applications: An approach in

Springer

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

terms of energy, exergy, exergoeconomic, enviroeconomic, and
sustainability analyses. Fuel 275, 117973 (2020)

Holman, P.: Experimental Methods for Engineers, 8th edn.
McGraw-Hill, New York, USA (2012)

Masum, B.M.; Masjuki, H.H.; Kalam, M.A.; Palash, S.;
Habibullah, M.: Effect of alcohol—gasoline blends optimization
on fuel properties, performance and emissions of a SI engine. J.
Clean. Prod. 86, 230-237 (2015)

EL-Seesy, A.L.; Kayatas, Z.; Hawi, M.; Kosaka, H.; He, Z.:
Combustion and emission characteristics of a rapid compres-
sion-expansion machine operated with N-heptanol-methyl
oleate biodiesel blends. Renew. Energy 147, 2064-2076 (2020)
EL-Seesy, A.L; He, Z.; Kosaka, H.: Combustion and emission
characteristics of a common rail diesel engine run with n-Hep-
tanol-Methyl oleate mixtures. Energy 214, 118972 (2021)
Kopag, M.; Koktiirk, L.: Determination of optimum speed of an
internal combustion engine by exergy analysis. Int. J. Exergy
2(1), 40-54 (2005)

Sohret, Y.; Ding, A.; Karakog, T.H.: Exergy analysis of a turbo-
fan engine for an unmanned aerial vehicle during a surveillance
mission. Energy 93, 716-729 (2015)

Sohret, Y.; Acikkalp, E.; Hepbasli, A.; Karakoc, T.H.: Advanced
exergy analysis of an aircraft gas turbine engine: splitting
exergy destructions into parts. Energy 90, 1219-1228 (2015)
Aghbashlo, M.; Tabatabaei, M.; Mohammadi, P.; Pourvosoughi,
N.; Nikbakht, A.M.; Goli, S.A.H.: Improving exergetic and sus-
tainability parameters of a DI diesel engine using polymer waste
dissolved in biodiesel as a novel diesel additive. Energy Con-
vers. Manage. 105, 328-337 (2015)

Sanli, B.G.; Uludamar, E.; Ozcanli, M.: Evaluation of energetic-
exergetic and sustainability parameters of biodiesel fuels pro-
duced from palm oil and opium poppy oil as alternative fuels
in diesel engines. Fuel 258, 116116 (2020)

Yesilyurt, M.K.: The examination of a compression-ignition
engine powered by peanut oil biodiesel and diesel fuel in terms
of energetic and exergetic performance parameters. Fuel 278,
118319 (2020)

Aghbashlo, M.; Rosen, M.A.: Exergoeconoenvironmental
analysis as a new concept for developing thermodynamically,
economically, and environmentally sound energy conversion
systems. J. Clean. Prod. 187, 190-204 (2018)

Cakmak, A.; Bilgin, A.: Exergy and energy analysis with eco-
nomic aspects of a diesel engine running on biodiesel-diesel
fuel blends. Int. J. Exergy 24(2-4), 151-172 (2017)

Ozcan, H.; Cakmak, A.: Comparative exergy analysis of fuel
additives containing oxygen and HC based in a Spark-Ignition
(SI) engine. Int. J. Autom. Eng. Technol. 7(3), 124-133 (2018)
Moran, M.J.; Shapiro, H.N.; Boettner, D.D.; Bailey, M.B.: Fun-
damentals of Engineering Thermodynamics. Wiley (2010)
Sanli, B.G.: Energetic and exergetic performance of a diesel
engine fueled with diesel and microalgae biodiesel. Energy
Sources Part A Recovery Util. Environ. Eff. 41(20), 2519-2533
(2019)

Chaudhary, V.; Gakkhar, R.: Exergy based performance com-
parison of DI diesel engine fuelled with WCO15 and NEEM15
biodiesel. Environ. Prog. Sustain. Energy 39(3), €13363 (2020)
Hiirdogan, E.: Thermodynamic analysis of a diesel engine
fueled with diesel and peanut biodiesel. Environ. Prog. Sustain.
Energy 35(3), 891-897 (2016)

Kumar, R.: A critical review on energy, exergy, exergoeconomic
and economic (4-E) analysis of thermal power plants. Eng. Sci.
Technol. Int. J. 20(1), 283-292 (2017)

Rosen, M.A; Dincer, I.; Kanoglu, M.: Role of exergy in increasing
efficiency and sustainability and reducing environmental impact.
Energy Policy 36(1), 128-137 (2008)



Arabian Journal for Science and Engineering (2021) 46:11937-11961

11961

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Aghbashlo, M.; Tabatabaei, M.; Mohammadi, P.; Mirzajanzadeh,
M.; Ardjmand, M.; Rashidi, A.: Effect of an emission-reducing
soluble hybrid nanocatalyst in diesel/biodiesel blends on exergetic
performance of a DI diesel engine. Renew. Energy 93, 353-368
(2016)

Altuntas, O.; Karakoc, T.H.; Hepbasli, A.: Exergetic, exergo-
economic and sustainability assessment of piston-prop aircraft
engine. J. Therm. Sci. Technol. 32(2), 133-143 (2012)
Caliskan, H.: Energy, exergy, environmental, enviroeconomic,
exergoenvironmental (EXEN) and exergoenviroeconomic
(EXENEC) analyses of solar collectors. Renew. Sustain. Energy
Rev. 69, 488-492 (2017)

Aghbashlo, M.; Tabatabaei, M.; Mohammadi, P.; Khoshnevisan,
B.; Rajaeifar, M.A.; Pakzad, M.: Neat diesel beats waste-oriented
biodiesel from the exergoeconomic and exergoenvironmental
point of views. Energy Convers. Manag. 148, 1-15 (2017)
Caliskan, H.; Mori, K.: Environmental, enviroeconomic and
enhanced thermodynamic analyses of a diesel engine with diesel
oxidation catalyst (DOC) and diesel particulate filter (DPF) after
treatment systems. Energy 128, 128-144 (2017)

Ganjehkaviri, A.; Jaafar, M.M.; Ahmadi, P.; Barzegaravval, H.:
Modelling and optimization of combined cycle power plant based
on exergoeconomic and environmental analyses. Appl. Therm.
Eng. 67(1-2), 566-578 (2014)

Caliskan, H.; Dincer, I.; Hepbasli, A.: Exergoeconomic and envi-
ronmental impact analyses of a renewable energy based hydrogen
production system. Int. J. Hydrogen Energy 38(14), 6104-6111
(2013)

Caliskan, H.; Dincer, I.; Hepbasli, A.: A comparative study on
energetic, exergetic and environmental performance assessments
of novel M-Cycle based air coolers for buildings. Energy Convers.
Manag. 56, 69-79 (2012)

Caliskan, H.; Dincer, I.; Hepbasli, A.: Exergoeconomic, enviro-
economic and sustainability analyses of a novel air cooler. Energy
Build. 55, 747-756 (2012)

Yildiz, I.; Acikkalp, E.; Caliskan, H.; Mori, K.: Environmental
pollution cost analyses of biodiesel and diesel fuels for a diesel
engine. J. Environ. Manag. 243, 218-226 (2019)

Balki, M.K.; Sayin, C.; Canakci, M.: The effect of different alco-
hol fuels on the performance, emission and combustion charac-
teristics of a gasoline engine. Fuel 115, 901-906 (2014)

Yao, Y.C.; Tsai, J.H.; Chiang, H.L.: Effects of ethanol-blended
gasoline on air pollutant emissions from motorcycle. Sci. Total
Environ. 407(19), 5257-5262 (2009)

Celik, M.B.: Experimental determination of suitable ethanol-
gasoline blend rate at high compression ratio for gasoline engine.
Appl. Therm. Eng. 28(5-6), 396-404 (2008)

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Gravalos, 1.; Moshou, D.; Gialamas, T.; Xyradakis, P.; Kateris,
D.; Tsiropoulos, Z.: Performance and emission characteristics of
spark ignition engine fuelled with ethanol and methanol gasoline
blended fuels. Altern. Fuel 85, 155-174 (2011)

Gravalos, I.; Moshou, D.; Gialamas, T.; Xyradakis, P.; Kateris,
D.; Tsiropoulos, Z.: Emissions characteristics of spark ignition
engine operating on lower—higher molecular mass alcohol blended
gasoline fuels. Renew. Energy 50, 27-32 (2013)

Yacoub, Y.; Bata, R.; Gautam, M.: The performance and emission
characteristics of C1-C5 alcohol-gasoline blends with matched
oxygen content in a single-cylinder spark ignition engine. Proc.
Inst. Mech. Eng. Part A J. Power Energy 212(5), 363-379 (1998)
Chen, R.H.; Chiang, L.B.; Chen, C.N.; Lin, T.H.: Cold-start emis-
sions of an SI engine using ethanol-gasoline blended fuel. Appl.
Therm. Eng. 31(8-9), 1463-1467 (2011)

Canakci, M.; Ozsezen, A.N.; Alptekin, E.; Eyidogan, M.: Impact
of alcohol-gasoline fuel blends on the exhaust emission of an SI
engine. Renew. Energy 52, 111-117 (2013)

Wang, X.; Chen, Z.; Ni, J.; Liu, S.; Zhou, H.: The effects of
hydrous ethanol gasoline on combustion and emission character-
istics of a port injection gasoline engine. Case Stud. Therm. Eng.
6, 147-154 (2015)

Li, L.; Ge, Y.; Wang, M.; Peng, Z.; Song, Y.; Zhang, L.; Yuan, W.:
Exhaust and evaporative emissions from motorcycles fueled with
ethanol gasoline blends. Sci. Total Environ. 502, 627-631 (2015)
Kul, B.S.; Ciniviz, M.: An evaluation based on energy and exergy
analyses in SI engine fueled with waste bread bioethanol-gasoline
blends. Fuel 286, 119375 (2021)

Bharathiraja, M.; Venkatachalam, R.; Senthilmurugan, V.: Perfor-
mance, emission, energy and exergy analyses of gasoline fumi-
gated DI diesel engine. J. Therm. Anal. Calorim. 136(1), 281-293
(2019)

Kiani, M.K.D.; Rostami, S.; Eslami, M.; Yusaf, T.; Sendilvelan,
S.: The effect of inlet temperature and spark timing on thermo-
mechanical, chemical and the total exergy of an SI engine using
bioethanol-gasoline blends. Energy Convers. Manag. 165, 344—
353 (2018)

Tippawan, P.; Arpornwichanop, A.; Dincer, L.: Energy and exergy
analyses of an ethanol-fueled solid oxide fuel cell for a trigenera-
tion system. Energy 87, 228-239 (2015)

Nazzal, 1.T.: Energy and exergy analysis of spark ignited engine
fueled with gasoline—ethanol-butanol blends. AIMS Energy 8(6),
1007-1028 (2020)

ﬂj @ Springer



	Application of Higher-Order Alcohols (1-Hexanol-C6 and 1-Heptanol-C7) in a Spark-Ignition Engine: Analysis and Assessment
	Abstract
	1 Introduction
	2 Material and Method
	2.1 Experimental Setup
	2.2 Test Fuels

	3 Analyses
	3.1 Energy Analysis
	3.2 Exergy Analysis
	3.3 Life Cycle-Based Environmental and Enviroeconomic Analyses
	3.3.1 Environmental Analysis
	3.3.2 Enviroeconomic Analysis
	3.3.3 Exorgoenvironmental (EXEN) Analysis

	3.4 Exorgoenviroeconomic (EXENEC) Analysis

	4 Results and Discussion
	5 Conclusions
	References




