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Abstract. The present study regards thermodynamic and economic analyses of a compression-ignition engine
running on various blends of biodiesel, n-pentanol, and diesel at different ratios. Diesel fuel and n-pentanol were
obtained from commercial companies while biodiesel was produced from poppy (Papaver somniferum L.) seed
oil by transesterification method under laboratory conditions. Five fuel blends (diesel fuel, B30Pt30, B30Pt20,
B30Pt10, and B30) prepared in different ratios by volume were used in the experimental process. Engine tests
were performed at a stable speed (1500 rpm) and four different loads from 25% to 100%. Engine performance
data from the dynamometer and harmful emissions from the exhaust emission device were determined. These
data were used in energy, exergy, and economic analysis. The energy analysis determines how much of the fuel’s
energy was spent on generating power from the crankshaft and thermal losses. In addition, the fuel inlet exergy,
exhaust exergy, exergy of thermal losses, and exergy destruction were found throughout the exergy analysis,
meanwhile, exergoeconomic analysis was conducted to understand the cost of the energy absorbed and losses
at the crankshaft. At maximum engine load, energy efficiency was acquired to be between 25.99% and
34.63% and exergy efficiency between 28.87 and 32.34% as a consequence of the use of test fuels in the diesel
engine. The higher cost of the work taken from the crankshaft in binary and ternary fuel blends in the study
is on account of the high pump prices of biodiesel and n-pentanol compared to conventional diesel. At 100%
load, the cost of the work noted from the crankshaft for diesel fuel, B30, B30Pt10, B30Pt20, and B30Pt30 fuels
is 211.86, 2126.77, 3001.27, 3755.02, and 3755.02 $/GJ, respectively.
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Nomenclature
Ċ ($/h) Cost rate of exergy flow
c ($/kJ) Specific cost
Cp (kJ/kg K) Specific heat capacity
E (kW) Energy flow
Ėx (kW) Exergy flow
f (–) Exergoeconomic factor
Hu (kJ/kg) Lower heating value
H (kJ) Enthalpy
ṁ (kg/s) Mass flow rate
N (year) Lifetime
P (kPa) Pressure

_Q (kW) Heat transfer rate
rc (–) Relative cost difference
rpm Revolutions per minute
S (kW/K) Entropy
SI (–) Sustainability index
R (J mol/K) Gas constant
T (K) Temperature
ye (%) Component mole fraction
Ẇ (kW) Work

Abbreviations
BSFC Brake specific fuel consumption
BTE Brake thermal efficiency* Corresponding author: kadir.yesilyurt@bozok.edu.tr
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B20 80% diesel + 20% biodiesel
B30 70% diesel + 30% biodiesel
B100 100% biodiesel
B30Pt10 60% diesel + 30% biodiesel + 10% n-pentanol
B30Pt20 50% diesel + 30% biodiesel + 20% n-pentanol
B30Pt30 40% diesel + 30% biodiesel + 30% n-pentanol
bTDC Before top dead center
CI Compression-ignition
CO2 Carbon dioxide
CO Carbon monoxide
DF Diesel fuel
ECI Environmental cost indicator
EEI Energy efficiency index
HC Unburned hydrocarbon
HCCI Homogeneous-charge compression-ignition
HDH Humidification-dehumidification
ICE Internal combustion engine
LPG Liquefied petroleum gas
NOX Oxides of nitrogen
NPV Net present value
O2 Oxygen
PM Particulate matter
PPME Pongamia pinata methyl ester
PSOB Poppy seed oil biodiesel
PTO Power take-off
RCCI Reactivity-controlled compression-ignition
SCUP Sum unit cost of product
SEM Scanning electron microscopy
SI Spark-ignition
SPECO Specific exergy costing

Subscripts

0 Environmental conditions
a Air
chem Chemical
cw Cooling water
dest Destruction
ex Exhaust
f Fuel
gen Generation
heat Heat transfer
in Inlet
out Outlet

Greek symbols

g Thermal efficiency
gII Exergy efficiency
u Fuel exergy factor
e Exergy flow
l Gas viscosity

1 Introduction

The energy requirement of the world has been rapidly grow-
ing as population and economic growth increase day by
day. Between 2012 and 2040, there was a 48% energy
growth. This growth also increases the use of fossil-based
fuels. More than 80% of global energy consumption today
comes from fossil-based resources such as coal, oil, and
natural gas. In addition, fossil-based fuels are projected to
satisfy about three-quarters of total energy demand in
2040. On the other hand, the widespread use of traditional
fuels, particularly in the transportation sector, has resulted
in considerable health problems and environmental
hazards. Combustion products in fossil fuels cause atmo-
spheric pollution and various environmental problems like
global warming. To overcome the challenges posed by fossil
fuels, the shift towards renewable and alternative energy
sources is increasing more than ever. Therefore, there is
growing interested in the advancement of eco-benign renew-
able, clean, and sustainable fuel types like biomethanol,
bioethanol, and biodiesel and to comparatively take the
place of their fossil-driven counterparts [1, 2].

Compression-Ignition (CI) engines have been widely pre-
ferred in transportation, agriculture, power generation, and
many other areas for their better characteristics as follows:
durability and elevated torque capacity. CI engines running
on fossil-derived Diesel Fuel (DF) cause high soot and oxides
of nitrogen (NOX) emissions that pose serious environmen-
tal and health issues. In this sense, researchers have been
looking for clean and affordable alternative fuels [3].

The eco-friendly and renewable fuels in liquid form,
which are among the biofuels produced from new or used
vegetative oils, algae, and animal oils by chemical methods,
are called biodiesel. Biodiesel can be defined as an energy-
efficient, clean, sustainable, renewable, biodegradable, and
sulfur-free fuel. Biodiesel displays similarities to petroleum
diesel fuels in the context of physical and chemical character-
istics. For that reason, this alternative energy source is
potentially utilized in existing CI engines. Regardless, it
shows lower performance than the DF operation. Biodiesel
has different combustion behaviors in comparison with con-
ventionalDF. For that reason, it needs analysis fromdistinct
perspectives to fully assess its usefulness as an alternating
fuel for CI engine applications. The physicochemical specifi-
cations of biodiesel are important for the purpose of under-
standing the engine performance and harmful pollutants
[2]. Biodiesel can be synthesized from oil-bearing crops such
as soybean, hemp, mustard, canola, safflower, peanut,
sesame, cottonseed, rubber, and sunflower, or animal fats
such as fish, chicken fat, and beef tallow. Biodiesel is the
methyl or ethyl ester of vegetable oils and it is the most
appreciated kind of sustainable and renewable alternative
fuel. Pure biodiesel and biodiesel/DF binary mixtures can
be appreciated in specific fractions in a CI engine without
any major modifications [4].

Alcohols such asmethanol-C1, ethanol-C2, propanol-C3,
butanol-C4, pentanol-C5, and gaseous fuels such as
Liquefied Petroleum Gas (LPG) have been embraced as
alternative fuels instead of fossil fuels in Internal Combus-
tion Engines (ICEs). Alcohol-based fuels can be employed
in ICEs in pure form or as a blend with fossil fuels [5].

The Author(s): Science and Technology for Energy Transition 78, 40 (2023)2



Alcohols have a higher oxygen content in their molecular
structure than those of DF and biodiesel. On the grounds
of the aforementioned characteristics, the alcohols provide
better combustion, provide high heating, give lesser NOX
emissions, and do not cause corrosion [6]. Ethanol can be
produced from any source that contains sugar. Ethanol is
a widely used biofuel as it is appropriate for use in both CI
and Spark-Ignition (SI) engines. Ethanol can be the best
blend when used with DF. When mixed with DF, there is
an increment in ignition rate and enhancement in the com-
bustion reaction. Therefore, blended ethanol significantly
increases engine efficiency. The biggest variation between
DF and alcohol-based fuels is the oxygen content. When
the CI engines operate with an oxygenated fuel, reduction
has been observed in the carbon monoxide (CO), smoke,
and unburned hydrocarbon (HC) emissions. Advanced
ICEs, such as Homogeneous-Charge Compression-Ignition
(HCCI) engines, have benefited in overcoming the limitation
of high CO and HC emissions. However, pure ethanol is not
widely used owing to poor auto-ignition quality and convert-
ing a CI engine into a SI engine [7, 8]. The open formula of
methanol is CH3OH. It is a colorless, odorless, and poisonous
alcohol. It is flammable and burns with an invisible flame.
Improvements are constantly being made to the synthesis
of methanol. It is to be noted that methanol can be attained
in many ways. It may be, for instance, acquired from
biomass, coke oven gas, or natural gas. In continuous
production, it can be recovered by flash evaporation. Conse-
quently, methanol can also be employed in high-compression
ratio SI engines that can replace DFs [9].

There are concerns about the suitability of food-grade
vegetable oils considered in the production of biodiesel
due to human consumption. Accordingly, in-edible veg-
etable oils and waste frying oils can be contemplated in
the production of biodiesel. On the other side, the case that
alcohols (methanol, ethanol, etc.) have phase separation
problems at low temperatures when evaluated in the fuel
blends, and the high repair costs of CI engines prevent
the use of alcohols. Alcohols also have low engine perfor-
mance. Because of some shortages, it has been recom-
mended to utilize higher-order alcohols that have fuel
characteristics such as high energy content, high cetane
number, and lesser latent heat of vaporization. The main
higher carbon alcohols are propanol-C3H7OH, butanol-
C4H9OH, and pentanol-C5H11OH. The aforementioned
alcohols can be conveniently mixed with both biodiesel
and DFs at desired concentrations without any phase sepa-
ration issues. Besides that recent high- capacity production
technologies have enabled a depletion in the cost of produc-
ing pentanol in contrast to butanol [10]. It is extremely
remarkable as a means to examine the influence of higher
carbon alcohol on engine performance, harmful pollutants,
and combustion behaviors of the CI engine operating with
DF, biodiesel, or DF/biodiesel blends [11].

As is well-known, the exergoeconomic concept is a
technique commenced in the 1930s and used to design
functioning energy conversion systems or to optimize such
systems. It evaluates the economy along with the 2nd
law of thermodynamics via economic and exergy perspec-
tives [12].

There are thermodynamic analysis studies on alterna-
tive fuels for CI engines in the literature. Some of these
studies are presented in summary. Ding et al. [13], for
instance, aimed to recover waste heat in their study. The
researchers proposed to use cogeneration of electrical energy
and freshwater for the recovery of waste energy from a CI
engine. The Kalina cycle used in the study utilizes the
Humidification-DeHumidification (HDH) technique in
order to generate power and production of freshwater by
using waste energy. Optimization, thermodynamic, and
exergoeconomic analyses were performed in this intended
system. The influence of the factors on HDH unit perfor-
mance, exergy efficiency, net output power, and total unit
cost of the system product was investigated in detail. An
assessment of the optimization outcomes with the funda-
mental case results showed that thermal and exergy effi-
ciency values were raised by 1.88 and 1.52%, respectively.
The researchers estimated the payback period as 7.2 years
for an electricity selling price of 0.09 $/kWh. In addition,
it was calculated that the Net Present Value (NPV) of
the plant was to be $165,814 at the end of its lifetime. In
their study, Shelar and Kulkarni [14] recommended a
trigeneration system to utilize energy from water circulat-
ing in the engine jacket and exhaust gases for cooling loads
thanks to absorption chiller equipment. An engine-based
trigeneration system having a thermal stabilizer was pro-
posed to be integrated with an auxiliary or compression
chiller system. The comparison of the two options is tested
based on thermodynamics and annual life cycle cost for a
typical hotel. Trigeneration systems with compression
chillers are found to be more effective than trigeneration
systems without compression chillers in the case of a hotel
settled in the inner peninsular region of India. Interestingly,
Mao et al. [15] aimed to design the cogeneration of electric-
ity and fresh water to recover the waste energy from a CI
engine. It could be reported that the conversion of waste
energy from CI engines into beneficial work and engine
improvements would enhance thermal management strate-
gies and efficiency. It utilized a dual-pressure Kalina cycle
and HDH desalination system for freshwater production
and generation of power by means of jacket water energy
and exhaust gas energy, respectively. The researchers also
applied thermodynamic and economic analyses to model
the proposed system. The practicability of the plant for
investment was taken into consideration using the concepts
of payback period and NPV. According to the outcomes, it
could be obtained that the maximum exergy destruction
value was notified to be 39.88 kW for the condenser, mean-
while, the payback period and NPV findings were com-
puted to be $165,814 and 7.4 years, respectively,
considering the electricity price of 0.09 $/kWh. In their
study, Çetin and Sogut [16] first developed an energy
efficiency strategy framework to support efficient energy
management as a decision-support element in ships. Energy
efficiency and economic efficiency, exergy approach, and
economic criteria have been analyzed by considering the
ship’s navigation processes. In this framework, two novel
criteria “Environmental Cost Indicator (ECI)” and “Energy
Efficiency Index (EEI)” were in proposed to the recent liter-
ature. Based on the results of the present analyses, the
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energetic and exergetic efficiency values of the ship in the
navigation processes were computed to be 38.33% and
35.82%, respectively, and the ECI was deciphered to be
0.41. With the abovementioned acknowledged values,
the fuel-related lost cost of the ship was found to be
19.05%. To conclude, some considerable evaluations of the
application and effects of the energy efficiency strategy were
comprehensively made. Cavalcanti [17] investigated the gas
DF-fueled marine engines operated for trigeneration
systems with respect to thermodynamic and exergoenviron-
mental perspectives. The manufacturers of marine engines
have explained the development of a dual-fuel mode version
to enhance the combustion process and decrease pollutant
gas emissions. The objective of the study was to evaluate
the performance of gaseous DF and normal DF mode
according to exergy and exergoenvironmental concepts.
The researcher applied a SPecific Exergy Costing (SPECO)
approach using fuel and product definition. The original
diesel marine engine generated 6.90 MW of electric power,
28.16 kW of cooling water, 278.2 kW and 588 kW of heat-
ing. According to the findings, gas DF declined the energy
and exergy efficiency values by 87% in comparison with full
DF mode. It was calculated that the CI engine has the high-
est exergy destruction rate with 3051 kW. Electric power,
absorption chiller cooling water, and heating water pre-
sented an environmental impact ratio per exergy unit. In
spite of the reduction in energetic and exergetic efficiency,
dual-fuel mode technology reduced pollutants and
enhanced external environmental performance without
major modifications to the engine. Krishnamoorthia et al.
[18], examined the results coming from the infusion of syn-
gas and biodiesel for a diesel-fueled Reactivity-Controlled
Compression-Ignition (RCCI) engine. Scanning Electron
Microscopy (SEM) of exhaust Particulate Matter (PM)
was taken into account with a focus on comprehending
the morphology of PM. Energy and exergy analyses were
performed to acquire energy and availability shares and
to guide energy recovery systems. In the aforementioned
study, they investigated the effect of injection parameters
on compression in a CI engine fueled by synthesis gas,
DF, and B20 (80% DF+20% biodiesel). The researchers
studied the optimum operating conditions for syngas/B20
and syngas/DF in RCCI mode for several working param-
eters. In this sense, the injection timing, pre-injection mass,
and fraction injection pressure were changed for the purpose
of achieving enhanced combustion efficiency at medium
load. It could be reported that the syngas/DF mode opera-
tion with the injection timing of 19� before Top Dead Center
(bTDC) showed 77% and 22% lesser PM and NOX
emissions, respectively, and slightly higher Brake Thermal
Efficiency (BTE) as compared to conventional DF.
Furthermore, SEM results demonstrated that the number
of fine particulate (PM < 2.5 lm) emissions descended in
syngas/B20 and syngas/DF dual-fuel mode combustion.
The exergy analysis indicated that for most operating condi-
tions, the destroyed availability was lesser at 80% load com-
pared to 62% load. Hosseinzadeh-Bandbafha et al. [19]
intended to analyze a heavy-duty tractor CI engine fueled
with the ternary blends of bioethanol, biodiesel, and
DF with regard to exergy, economic, and environmental

assessment. On this basis, traditional DF was blended with
bioethanol and biodiesel at volumetric ratios of 2–6% and
5–15%, respectively. Hence, nine dissimilar kinds of bioetha-
nol, biodiesel, and DF blends were performed at various
power take-off (PTO) shaft speeds varying between 800
and 1000 rpm under full-load operating conditions. Several
indicators such as exergetic, economic, and environmental
were taken into account so as to achieve decision-making
on the composition of the fuel and PTO shaft speed. The
researchers highlighted that the PTO shaft power
generation cost and weighted environmental impact of the
chosen fuel blend were 46.2% and 44.3% less than that of
DF mode operation, respectively. In addition, the environ-
mental sustainability and resource employment efficiency
of the selected fuel blend were observed to be 99.8% and
97.3% higher than that of DF, respectively. Zhu et al. [20]
studied a new steam-jet turbo-compound system to recover
waste energy from a two-stroke CI engine. Initially, the
researchers built a sophisticated thermodynamic model
according to energy and exergy analysis, integrating an
overhead in-cylinder diesel cycle and a bottom steam injec-
tion Brayton cycle. This was compared with the base engine
and they reported that fuel consumption can be reduced by
5.1% at nominal speed with the new steam injection
turbocharger. With the conventional turbocharger, they
found that the improvement rate was around 3.3%. In con-
clusion, it could be reported that the aforementioned new
steam injection turbocharger system displayed better fuel
economy performance than that of conventional systems.
Vandani et al. [21] studied the combined cycle power plants.
It was stated that the energy consumption of combined cycle
power plants was high. Besides that, the researchers investi-
gated the influence of using DF instead of natural gas for a
power plant in Iran in a view to exergy, economic, and envi-
ronmental impacts. Consequently, the exergy efficiency of
the plant operating with natural gas as fuel was calculated
to be 43.11%. The exergy efficiency of the DF and natural
gas plants was computed to be 42.03% and 43.11%, respec-
tively. Economically, the price of natural gas was cheaper
than DF; for that reason, the fuel cost was lower. Nabi
et al. [22] studied the main factors causing diesel NOX forma-
tion and evaluated energy and exergy factors using e-diesel
blends. They investigated the main factors affecting the for-
mation of diesel NOX ethanol-diesel (e-diesel) blends. It was
to noted that cylinder pressure was directly proportional to
experimental in-cylinder pressure data simulated with
GT-Power and ANSYS data. Among the four fuels, all three
blends showed less NOX than pure DF. The oxygen content
and energy and exergy parameters showed insignificant dif-
ferences between the four fuels. Khoobbakht et al. [23] tested
DF-biodiesel-ethanol blend fuels in a direct-injection CI
engine. The researchers calculated the operating factors of
load and speed. They also studied the effect of biodiesel
and ethanol on the exergetic efficiency of DF blends. They
used the first and second laws of thermodynamics to analyze
energy and exergy parameters. As a result, they figured out
that the exergy efficiency decreases with the augmentation
percentage by volume of biodiesel and ethanol fuel. In their
study, Paul et al. [24] aimed to analyze a CI engine subjected
to a mixture of Pongamia PinataMethyl Ester (PPME) and
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DF-ethanol blends. PPME concentration was kept at 50%.
The ethanol percentage ranged from 5 to 20% in 5% inter-
vals. DF contribution was reduced. They conducted a
detailed analysis of exergy, combustion, emissions, and effi-
ciency. It was concluded that the D35E15B50 blend had the
best engine performance with a 21.17% increase in BTE and
a 4.61% decrease in brake energy consumption. When they
performed the exergy analysis, they found that there was a
25.64% increase in exergy efficiency at full load for the
D35E15B50 blend. In addition, the exergy analysis showed
that the addition of ethanol to DF-biodiesel blends at a con-
centration of up to 15% (by volume) can reduce losses and
improve energy utilization in the engine. In their study,
Costa et al. [25] operated a CI engine with two fuels (natural
gas and DF). They performed theoretical and experimental
studies and calculations while the engine was running. The
experimental plant (thermal system) they studied consists
of a CI engine connected to an electronic generator with
measurement sensors for pressure, temperature, air, natural
gas, DF flowmeters, gas analyzer, gas converters, and power
intake system, consisting of an electrical load. In this study,
the CI engine was operated at powers ranging from 10 to 150
kW and with replacement ratios between 60% and 85%.
When the engine was operated with pure DF, the total
exergy varied from 85 to 425 kW.When the engine was oper-
ated as a duo (natural gas and DF), the total exergy of the
engine varied between 131.0 and 287.3 kW. Taghavifar et al.
[26] replaced renewable fuels containing methanol and
dimethyl ether blends with DF at different percentages
using an HCCI engine. They conducted numerical research
on this study. They found that D80, which has the highest
proportion of DF in its composition (80%), has the worst
energetic and exergetic performance among the blends.
Cavalcanti et al. [27] performed exergy, exergoeconomic,
and exergoenvironmental analyses of a stationary, direct-
injection CI engine to verify the influence of engine load
and biodiesel proportion. The analysis included calculations
such as exergy efficiency, specific environmental impacts,
specific cost, exergoenvironmental and exergoeconomic
impact indicators. In their analysis, they obtained the best
results at full-load operation. As a result of the exergy anal-
ysis, they found that lower biodiesel concentration gives
higher efficiency. They found that the exergoeconomic fac-
tor mitigates as a consequence of the increase in exergy
destruction and exergy losses. Zapata-Mina et al. [7] calcu-
lated the results of exergy analysis at different operating
conditions in a single-cylinder CI engine with different com-
pression ratios operated with DF, ethanol, and gasoline/
ethanol blends. The results of the experimental study condi-
tions of the modified engine, operating at a 12:1 compression
ratio of 50% and ethanol blend, computed that it performs
better in terms of exergetic efficiency and environmental
impact factor. Aghbashlo et al. [28] aimed to determine
the exergy of a single-cylinder direct-injection CI engine by
adding various fuel blends. The engine is at a constant speed
of 1000 rpm. 95% DF + 5% biodiesel blend (B5) (3%, 5%,
and 7%) was diluted with water, and engine tests were per-
formed at four engine loads (25–100%). The findings pre-
sented that load and fuel type affect the exergy efficiency
of the engine. They found that increasing engine load

reduces the exergy efficiency. Among the prepared fuels,
the mixture of 3% water and B5 showed the best exergy effi-
ciency at all engine loads investigated. Suresh et al. [29]
investigated the influence of biodiesel obtained from waste
cotton oil on engine performance and exhaust emissions.
Their test results showed that biodiesel decreases thermal
efficiency, low biodiesel content decreases Brake Specific
Fuel Consumption (BSFC) and mitigates CO and HC emis-
sions while increasing NO emissions. They also stated that
the addition of biodiesel to DF augments the maximum
cylinder pressure values. In their comparative study on the
effect of physicochemical properties of biodiesel synthesized
from edible and non-edible oils on biodiesel blends, Atabani
et al. [30] reported that biodiesel blends can be improved
relying on the feedstock source used and the related blend
properties can be predicted by polynomial curve fitting
method. Atabani et al. [31] also evaluated in detail the
raw material source, extraction, properties and quality, pro-
duction methods, problems and potential solutions of veg-
etable oil utilization, advantages and disadvantages,
economic viability and sustainability of biodiesel, and its
future. Feedstock accounted for about 75% of the cost in
the entire biodiesel production process. Therefore, they
demonstrated the importance of choosing the best feedstock
source for the lowest production cost. In addition, they sta-
ted that biodiesel is usedmore effectively as a complement to
other energy sources. Çengelci et al. [32] tested biodiesel pro-
duced from animal (tallow) and vegetable (poppy oil) oils in
a single-cylinder, four-stroke, direct- injection, Antor 3 LD
510 CI engine and compared engine performance and harm-
ful pollutants with DF. As a result, they found that when
animal fat-based biodiesel was used, torque and effective
power values declined, BSFC ascended and CO emission
descended in terms of engine performance characteristics
compared to DF. They determined that when vegetable
oil-based biodiesel was used, BSFC, engine torque, and
engine power improved, exhaust gas temperatures
increased, carbon dioxide (CO2) emissions increased, and
smoke darkness diminished compared to DF. Eliçin et al.
[33] researched biodiesels produced from hazelnut, poppy,
sunflower, canola, corn, cotton, soybean, and olive oils in a
single-cylinder, 5.5 kW Lombardini LDA 450 CI engine
and investigated engine performance and exhaust emissions
in comparison with DF. As a result, they concluded that
with the use of biodiesel, engine torque, and power
decreased, BSFC increased, HC and CO2 emissions
decreased, while CO and NOX emissions boosted compared
to DF. Another considerable research was conducted by
Imdadul et al. [34], who added biodiesel, synthesized from
tamanu oil via transesterification reaction, and pentanol to
DF at 10%, 15%, and 20% and compared performance
and emission parameters with B20 binary blend when
the tested fuels were experimented in a single-cylinder,
8.8 kW, water-cooled, TF 120 M CI engine. In conclusion,
they found that thermal efficiency increased by 15%, BSFC
reduced by 8.7%, engine power ascended by 10.4%, NO
emission increased by 4.4%, whereas HC, smoke, CO2, and
CO emissions diminished by 43.45%, 21.2%, 2.5%, and
33.1%, respectively. The researchers also marked that the
infusion of pentanol increased the maximum in-cylinder
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pressure, enhanced combustion, and postponed the onset of
the combustion reaction. Zhu et al. [35] infused n-pentanol
to waste cooking oil biodiesel at 10%, 20%, and 30%
(by volume) and tested in a four-cylinder, water-cooled
CI engine and compared their combustion and exhaust
emission characteristics with DF. Finally, they observed
that with the augmentation in the n-pentanol content in
blended fuels, the crank angle at which the start of combus-
tion and maximum heat release occurred moved away from
the top dead center, and the cylinder pressure and heat
release rate were enhanced. The researchers indicated that
HC and CO emissions augmented with the utilization of
blended fuels compared to DF and biodiesel, and NOX emis-
sions mitigated compared to biodiesel up to 20% alcohol
blend.

The use of biodiesel and alcohols as alternating fuels in
CI engines is a topic worthy of research due to diminishing
fossil fuel resources and environmental problems. When the
studies in the literature are examined, there are generally
experimental performance and emission studies on DF,
biodiesel, and alcohol. In this study, unlike other studies
in the literature, economic evaluations were carried out
through thermodynamic analyses using performance and
emission data of biodiesel and alcohols. In this study, energy
dissipation, exergy efficiency, exergy efficiency, exergy dissi-
pated, and the cost of power taken from the crankshaft were
investigated in five different fuel blends by thermodynamic
analysis.

2 Material and method

This section presents comprehensive knowledge regarding
test fuel preparation, engine set-up, and analyses.

2.1 Test fuels

In this study, poppy (Papaver somniferum L.) seed oil was
used as a feedstock for biodiesel fuel production. Petroleum-
derived DF was procured from a local gas station in Yozgat.
The relevant company explained that the DF properties
meet EN 590 standards. Transesterification reaction, which
is the most preferred method in the literature, was preferred
for biodiesel production. In the transesterification reaction,
methanol with �99.9% purity value as alcohol and NaOH
pellets with �99.5% purity value as catalyst were used.
Methanol was purchased from Carlo Erba Reagents
(France), and the catalyst was from Chemsolute a brand
of Th. Geyer (Germany). The oxygenated fuel additive
used in the preparation of blended fuels was n-pentanol pur-
chased from Merck (Germany) with a molecular weight of
88.15 g/mol, purity �99%, and 18.18 wt.% oxygen in its
chemical structure. Long-chain alcohols from renewable
sources have better fuel properties and are a better option
than lower-chain alcohols when compared to blended fuels.
n-pentanol has a five-carbon chain. It is a type of alcohol
that can be easily blended with DF and biodiesel [10].
Poppy Seed Oil Biodiesel (PSOB) production was carried
out under a 9:1 methanol-oil molar ratio, 0.75 wt.% NaOH,
60 �C reaction temperature, and 60 min reaction time.

A detailed description of the above-mentioned reconstitu-
tion conditions and biodiesel production is presented in ref-
erence [36]. After PSOB production, PSOB-DF binary
blend and PSOB-DF-alcohol ternary blends were prepared.
In the first stage, PSOB and DF were blended by volume
(30–70% by vol.). Then, n-pentanol was added to the pre-
pared binary mixture at ratios of 10%, 20%, and 30% with
a PSOB ratio of 30%. In conclusion, one binary blend (B30)
and 3 ternary blends (B30Pt10, B30Pt20, and B30Pt30)
were prepared. The test fuels were kept in sealed bottles
at room temperature and in the dark for 7 days. Phase sep-
aration did not occur in any of the fuel mixtures. However,
all fuels were homogenized by shaking again before the
engine tests. The physicochemical properties of the tested
fuels used in the study are tabulated in Table 1. Kay’s
mixing rule – umix ¼

Pn
i xi � ui equation was implemented

to determine some of the physicochemical specifications of
the blended fuels [37].

As observed from Table 1, DF has the lowest density.
When the carbon percentages are examined, it is seen that
DF has a higher percentage of carbon by weight. As the
carbon percentage increases, the energy capacity of the fuel
will ascend more. The energy content is the amount of heat
released during fuel combustion. If standard conditions are
met, this indicates the total amount of energy released as
heat when fully combusted with oxygen [9]. Table 1 shows
DF as having the highest calorific value.

2.2 Engine test setup and experiments

Engine experiments were carried out atKırıkkale University
Automotive Technology Program Engines Laboratory. The
test engine is a single-cylinder, four-stroke, water-cooled,
direct-injection CI engine. The experiments were conducted
at a constant speed and several loads. A schematic view of
the engine test rig is plotted in Figure 1. Bilsa brand MOD
2210 model exhaust gas analyzer was used for the measure-
ment of exhaust emissions. The technical specifications of
the test engine and the measurement equipment used in
the experimental setup are given in Table 2 and Supple-
mentary file in detail, respectively.

Before starting the engine experiments, the devices used
in the experiments were checked and calibrated. The engine
was started slowly, and the engine running-in period was
completed and the stable operating conditions of the engine
were determined by performing preliminary experiments. In
order to determine the stable operating conditions of the
engine, changes in the engine oil temperature, exhaust gas
temperature, and engine cooling water temperature were
observed. The engine was determined to reach stable oper-
ating conditions approximately 15–20 min after the engine
was started at idle. Before starting the engine experiments,
all problems encountered in the preliminary tests of the
engine test system were eliminated and the actual experi-
ments were started. All experiments were carried out after
the engine had reached full operating temperature and
stabilized. The test engine is operated at 1500 rpm at the
value specified by the manufacturer. Therefore, in the
engine experiments, engine performance and emission char-
acteristics were investigated for each test fuel separately at
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Table 1. Physicochemical specifications of tested fuels [36, 38–41].

Property Unit DF PSOB n-pentanol B30 B30Pt10 B30Pt20 B30Pt30

Chemical formula – C14H25 C17.41H11.62O2 C5H12O – – – –

Carbon wt.% 87.05 76.64 68.18 83.93 82.04 80.15 78.27
Hydrogen wt.% 12.95 11.62 13.64 12.55 12.62 12.69 12.76
Oxygen wt.% – 11.74 18.18 3.52 5.34 7.16 8.98
Carbon/Hydrogen – 6.722 6.596 4.632 6.687 6.501 6.317 6.135
Density kg/m3 830 884 814 846.20 844.60 843.00 841.40
Energy content MJ/kg 42.80 39.08 36.10 41.68 41.01 40.34 39.67
Cetane number – 55 41.51 17 50.95 47.15 43.35 39.55
Copper strip corrosion* Degree of

corrosion
1a 1a – – – – –

Flash point �C 60 >120 49 – – – –

Water content ppm <500
Latent heat vaporization kJ/kg 250 – 308 – – – –

* 3 h at 50 �C.

Fig. 1. Schematic representation of the test setup.
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a constant speed (1500 rpm under four different engine load
operating conditions: full load (100%), three-quarters load
(75%), half load (50%), and quarter load (25%). The afore-
mentioned values represent the engine load conditions of 15,
11, 7.4, and 3.7 kg, respectively. During the experiments,
the environmental conditions were measured as atmo-
spheric temperature T0 = 25 �C and relative humidity
between 40% and 50%. However, the experiments were
repeated three times, and calculations were made with the
average of the results obtained. The experimental procedure
described in this section was repeated for all fuel samples
and the effects of alternative fuels on engine performance
and pollutant emissions were determined. Thermodynamic
and economic analyses were accomplished using the data
recorded.

3 Thermodynamic analysis

First law of thermodynamics expresses the conservation
and transformation of energy. First law states that energy
cannot be created out of anything. Energy can only trans-
form into another form of energy. Second law of thermody-
namics states that energy has a quality and that the quality
of energy will decrease during changes of state. To better
understand ICEs, energy, and exergy analysis should be
applied together [42].

Figure 3 shows a schematic representation of the control
volume used in the thermodynamic analysis. The energies

entering the control volume are the energy from the chemical
energy of the fuel and the energy from the incoming air. The
energy of the fuel and air entering the engine is used to
generate power from the crankshaft. Thermal losses occur
during power generation. These thermal losses are heat
transfer from the engine body, energy transferred to the cool-
ing water, and exhaust energy. Apart from these, friction,
uncontrolled combustion, etc. losses are not included in the
calculations but are shown as other total losses. Since the
temperature and pressure of the incoming air are the same
as the dead ambient conditions, the energy of the incoming
air is equal to zero. Therefore, the energy of the incoming air
is considered zero in energy and exergy calculations [43].

After the complete combustion of fuel and water, CO2,
and nitrogen are emitted. It is formulated as shown in
equation (1):

CnHmð Þ þ n þm
4

� �
� O2 þ 3:76N2ð Þ ! n � CO2ð Þ

þ m
2
� H2O

� �
þ n þm

4

� �
� 3:76N2

h i
: ð1Þ

3.1 Energy analysis

First law of thermodynamics expresses the law of conserva-
tion and transformation of energy and highlights that energy
is a property of thermodynamics. According to the law of
conservation and transformation of energy, energy cannot
be destroyed or created out of nothing, but it is transformed
from one form of energy to another form through various
physical and chemical processes. During this transforma-
tion, the amount of energy remains constant [42].

In the ICEs, the mass conservation law in a control
volume under continuous conditions:X

_min ¼
X

_mout: ð2Þ

The expression of the energy conservation law:

_Q � _W ¼
X

_mouthout �
X

_minhin; ð3Þ

where ṁ, h, _Q, and W refer to the mass flow rate,
enthalpy, heat, and power, respectively [44].

In the ICEs, the energy balance takes into account
the power and losses acquired from the fuel entering the
engine [45]:

_E f ¼ _W þ _Eex þ _Ecw þ _E loss: ð4Þ
As given in equation (5), Ėf, Ėex, Ėcw, and Ėloss point out
the energy of the fuel, exhaust energy, cooling water energy,
and losses. The energy of the fuel can be determined using
the mass flow rate (ṁfuel) and lower heating value (Hu) of
the fuel. Energy losses refer to the total losses that occur
in the engine in different ways such as friction and heat
transfer, etc., and are complicated to quantify [46].

_E f ¼ _mfHu: ð5Þ
The losses from the control volume are plotted in Figure 3
[47]:

_E loss ¼ _E f � _ðW þ _Eex þ _EcwÞ: ð6Þ

Table 2. Technical specifications of the test engine.

Test engine

Items Specifications
Brand-Model Kirloskar-TV1
Ignition Compression-ignition
Engine speed 1500 rpm
Cylinder number 1
Stroke number 4
Cooling system Water-cooled
Maximum power 5.2 kW
Aspiration Naturally-aspirated
Bore � Stroke 87.50 mm � 110.00 mm
Displacement 661.45 cc
Fuel injection timing 23� bTDC
Nozzle opening pressure 200 bar
Fuel type Multi-fuel
Compression ratios 12:1–18:1
Fuel tank capacity 15 L
Intake valve closing delay 35.5� aBDC
Intake valve opening advance 4.5� bTDC
Exhaust valve closing delay 4.5� aTDC
Exhaust valve opening advance 35.5� bBDC
Fuel injection type Direct-injection
Injector Denso
Connecting rod length 234 mm
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The exhaust gas energy [48]:
_Eex ¼ _mf þ _mairð Þcex T exin � T oð Þ; ð7Þ

where m_air, cex, Texin, and To indicate the air flow rate,
exhaust gas specific heat, exhaust gas inlet temperature,
and is ambient temperature.

The energy lost by the cooling system of the engine:
_Ecw ¼ _mcwccw T cw1 � T cw2ð Þ; ð8Þ

where, m_cw, ccw, Tcw1, and Tcw2 are the cooling water
flow rate, the specific heat of cooling water, the inlet

temperature of cooling water, and the outlet temperature
of cooling water [49].

Thermal efficiency (g) which is the ratio of the power
generated in the engine to fuel energy in ICEs [50]:

g ¼
_W
_E f

: ð9Þ

3.2 Exergy analysis

Exergy analysis takes place if first and second laws of ther-
modynamics are satisfied. Exergy is a reversible process.

Fig. 2. Flowchart of the present study.
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Maximum work is achieved when the environment is in
equilibrium with the exergy. We can define exergy as the
usable part of the energy and express it as availability [51].

All energy and exergy analysis calculations of the test
fuels were calculated by making some assumptions. It is
assumed that the engine system is an open system in a
steady state and that the inlet air and exhaust gas are ideal
gas mixtures. Since the amounts of the kinetic and potential
energy of the system are very small compared to the total
amount of the system, they are not taken into account in
the calculations and their contribution to the system is
neglected. In the calculations, the reference ambient
temperature and pressure values were taken as T0 =
298.15 K and P0 = 100 kPa, respectively, and were assumed
to remain the same throughout the experiment. In addition
to the aforesaid assumptions, the reference environment
was considered to be an ideal gas [52–55].

In order to understand how efficient the energy conver-
sion is in ICEs, exergy analysis should also be performed in
addition to energy analysis. Since exergy analysis is based
on the second law of thermodynamics, it generally provides
better detection of inefficiencies in the process than energy
analysis. In engines, the entrance of the fuel into the engine
cylinder, the combustion process, the release of the products
from the engine to the external environment after the com-
bustion reaction, friction, and heat transfer result in
irreversibilities. These irreversibilities lead to a considerable
percentage of the fuel exergy being released outside during
power generation. The increase in irreversibilities reduces
performance and exergy efficiency. Exergy analysis is

performed to figure out the irreversibilities. The optimum
engine operating conditions can be determined with the
aforementioned analysis.

In this regard, exergy balance in ICEs [44]:X
_Ex in ¼

X
_Exout þ _Exdest; ð10Þ

where Ėx demonstrates the exergy flow rate. In addition,
the subscripts of in, out, and dest refer to the inlet, outlet,
and destruction, respectively. If air enters the control vol-
ume under dead-state conditions (usually at atmospheric
conditions), Ėxair is accepted as zero. However, if the air
is admitted under conditions other than dead air, the
exergy of the air must be calculated from the following
formula:

_Exair ¼ _maircair T air � T 0 � T 0 ln
T air

T 0

� �
þ _mairRT 0 ln

Pair

P0
;

ð11Þ
where m_air, cair, Tair, and Pair show the flow rate of the air,
the specific heat of the air, the temperature of the air, and
the pressure of the air, respectively.

To conclude, the exergy balance for the test engine:

_Exair þ _Ex f ¼ _Exwork þ _Exex þ _Excw þ _Exheat þ _Exdest;

ð12Þ
where Ėx demonstrates the exergy flow rate. Besides that,
the subscripts of air, f, work, ex, cw, and heat point out

Fig. 3. Schematic representation of the control volume.
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the fuel, work, air, exhaust, cooling water, and heat trans-
fer, respectively. In the meantime, the exergetic net-work
is equal to the brake power generated from the test engine
(Ėxw = Ẇ) [56].

In the present analysis, the exergy factor (u) for liquid
fuels:

u ¼ 1:0401þ 0:1728
h
c
þ 0:0432

o
c
þ 0:2169

a
c

1� 2:0628
h
c

� �
;

ð13Þ
where, h, c, o, and a indicate the proportions of hydrogen,
carbon, oxygen, and sulfur in the fuel, respectively. The
mass fractions of the test fuels used in the present analyses
are shown in Table 3.

The specific exergy (ef):

ef ¼ Huu: ð14Þ
The exergy of fuel can be calculated with equation (15)
using the specific exergy (ef) and the lower heating value
[57]:

_Ex f ¼ _mfef : ð15Þ
The exhaust exergy which is the sum of the physical (ephy)
and chemical (ech) exergies of each component (i) [19–22]:

_Exex ¼
X

ephy þ ech
� �

i: ð16Þ

Physical exergy [19–22]:

ephy ¼ h � T 0sð Þ � ðh0 � T 0s0Þ
� 	

: ð17Þ
Chemical exergy [19–22]:

ech ¼ RT 0 ln
1
ye

; ð18Þ

where s, h, R, and T show the specific entropy, enthalpy,
gas constant, and temperature, respectively. In addition,
the index “0” and “e” indicate the dead state and environ-
ment, respectively. To calculate the chemical exergy, the
amounts of gases used in chemical exergy calculations
are assumed to be 75.67%, 20.35%, 0.0345%, 3.03%, and
0.91455% for N2, O2, CO2, H2O, and other gas compo-
nents, respectively. [55].

The cooling water exergy [44, 45]:

_Excw ¼
X

1� T 0

T av

� �
_Qcw: ð20Þ

The average cooling water temperature (Tav):

T av ¼ T cwin þ T cwout

2
; ð21Þ

where the subscripts of cwin and cwout refer to the inlet
and outlet of the Cooling water, respectively.

Exergy losses occurred during heat transfer [46–48]:

_Exheat ¼
X

1� T 0

T s

� �
_Qloss; ð22Þ

where Ts is the engine surface temperature.
Exergy efficiency (w) [56, 57]:

w ¼
_Exw
_Ex f

: ð23Þ

Exergy destruction [58, 59]:

_Exdest ¼ ð _Exair þ _ExfÞ � ð _Exwork þ _Exex þ _Excw þ _ExheatÞ:
ð24Þ

Entropy generation (Ṡgen) [59, 60]:

_Sgen ¼
_Exdest
T 0

: ð25Þ

3.4 Exergoeconomic analysis

In exergoeconomic analyses, economic and energy-energy
analyses are used together to figure out the actual product
costs of the systems. In the current analysis, exergy values
are considered to be the real data that can be used to deter-
mine the interaction of the thermal system with its environ-
ment and the cost of thermodynamic inefficiencies within
[58]. Fuel flow rate and engine power must be calculated
before exergoeconomic analysis is carried out. Moreover,
the exergy analysis has to detect the fuel exergy, the exer-
gies of losses, and the exergy lost [57].

The cost balance for the control volume:
_C f þ _C a þ _Z ¼ _Cw þ _C exh þ _C loss; ð26Þ

where Ċ and _Z represent the specific cost of exergy and
investment cost ratio of the engine, respectively. The sub-
scripts of the present equation are given above. As stated
earlier, the exergy cost of air is accepted to be zero.

The specific cost of exergy (c) for each component
taking into account the cost per unit of exergy [59]:

cf _Ex f þ _Z ¼ cw _Exw þ cexh _Exexhþcloss _Ex loss: ð27Þ
The fuel taken into the cylinder is consumed to produce
power from the engine. In this regard, the cost of the fuel
is incurred to acquire power. Therefore, the exergy cost of
the exhaust gases and the exergy cost of the heat losses from
the engine casing are taken equal per unit of exergy for the
fuel, as demonstrated in equation (28) [60]:

cf ¼ cexh ¼ closs: ð28Þ
The final state of the exergoeconomic balance is given in
equation (29).

Table 3. The mass fractions of the test fuels used in the
present analyses.

Fuel h o c a

B30 0.09952 0.04553 0.85495 0
B30Pt10 0.09125 0.05383 0.85492 0
B30Pt20 0.08275 0.06236 0.85489 0
B30Pt30 0.07402 0.07112 0.85486 0
DF 0.12953 0 0.87047 0
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cf _Ex f þ _Z ¼ cw _Exw þ cf _Exexh þ cf _Ex loss: ð29Þ
The pump prices of DF, PSOB, and n-pentanol in Turkey
are approximately 1.1 $/L, 25.87 $/L, and 21.17 $/L,
respectively. The unit cost of engine power exergy was
calculated from equation (30) [23]:

cw ¼ cf _Ex f � _Exex � _Ex loss
� �þ _Z

_Exw
: ð30Þ

The investment cost ratio for an ICEs [61]:

_Z ¼ _ZCI þ _ZOM; ð31Þ
where _ZCI and _ZOM represent the initial investment cost
and the operating cost of the engine, respectively.

The operating cost of the engine as a function of time
[62]:

_ZOM ¼ 0:004t þ 71:78: ð32Þ
In the calculation of _Z , _ZCI is taken as 6000 $. It is assumed
that the tested engine operates 12 h/day and has an oper-
ating life of 20 years. With this data, the total cost rate
for the engine is calculated to be 6423 $ and _Z is found to
be 0.073 $/h.

The exergoeconomic factor (f) for fuels based on the
investment cost ratio and total exergy losses:

f ¼
_Z

_Z þ cf _Exdest þ _Exex þ _Ex loss
� � : ð33Þ

Relative cost difference (rc) is calculated from equation (34),
as given below.

rc ¼ cw � cf
cf

: ð34Þ

4 Result and discussion

This study was carried out on a single-cylinder CI
engine using different volumetric ratios of DF, PSOB, and
n-pentanol fuel blends at a constant speed of 1500 rpm
and different loads. The data obtained from these tests
are given in Table 4. Energy is released as a result of the
combustion of fuels in the cylinder. The combustion of fuels
takes place with oxygen supplied from the atmosphere. The
combustion of fuel and oxygen in the cylinder releases
energy, CO2, water, and other emissions. These harmful
emissions are discharged into the atmosphere through the
exhaust.

CI engines can emit emissions such as HC, CO, PM, and
NOX. These emissions harm the environment. Therefore,
harmful emissions need to be controlled. In CI engines,
emissions can be reduced by intervening in the combustion
system or fuel. Fuel intervention is the subject of alternative
fuel research. In these studies, the engine system is usually
not modified. In order to get full energy from the fuel,
the fentire fuel must burn with sufficient oxygen. In CI
engines, since the mixture is formed directly in the cylinder,
combustion starts before the mixing of air and fuel is

completed. This situation causes the presence of unburned
gases in the exhaust. Whether the combustion in the engine
is complete depends on the amount of air in the combustion
chamber where the combustion takes place [63]. If the fuel is
not fully combusted as a result of the fuel cycle or if the
combustion is interrupted, products such as CO, H2, and
NO are formed in addition to these components. NOX,
CO, HC, SOX, and soot are the most important pollutant
components in CI engines [64].

In this study, energy and exergy analysis was performed
using engine performance and emission data. m_f, m_air, CO
emission, CO2 emission, Tcw, and Tex were measured for
the five fuel blends and shown in Table 4. Energy and
exergy analysis was performed by utilizing these data. In
the study, fuel energy, fuel exergy, and thermal losses of fuel
blends were calculated. Using equation (5), the energy of
the fuel was determined depending on the lower heating
value and mass flow rate. The increase in engine load causes
an increase in engine torque and power. As can be seen in
Table 5, the highest fuel energy at all engine loads and
the highest fuel consumption is B30Pt30 fuel. Since the dif-
ference between the lower heating values of the fuel blends
is not very high, fuel consumption is an important parame-
ter determining the fuel energy. The lowest fuel energy at
all engine loads is for DF. For DF, it is 7.052, 8.289,
12.141, and 15.014 kW for 25, 50, 75, and 100% engine
loads, respectively. In the triple fuel blends, the PSOB ratio
is taken fixed at 30%. In these fuel blends, the increase in
n-pentanol content promotes fuel consumption and conse-
quently fuel energy. At 100% load, the fuel energy of
B30Pt10, B30Pt20, and B30Pt30 fuels are 17.852, 18.346,
and 20.010 kW, respectively. Under the same conditions,
the inlet energy of B30 fuel is 16.846 kW. The increase in
engine load increases the fuel energy.

Thermal losses in the control volume depend on the
energy of the fuel, engine power, energy of exhaust gases,
and heat transferred to the cooling water. When Table 5
is examined, it is seen that thermal losses increase as the
engine load increases in fuel blends. At 100% engine load
of B30 fuel, the heat transferred to the cooling water and
exhaust energy is 2.401 and 2.438 kW, respectively. Under
the same conditions, B30Pt30 fuel is calculated as 2.731 and
2.752 kW. The addition of n-pentanol in fuel blends
increases fuel consumption and causes an increase in the
combustion temperature in the cylinder. In the study, the
exergy of fuel blends was calculated. Calculations in fuel
exergy are similar to fuel energy. The exergy of fuel is higher
than the fuel energy because the chemical exergy factor is
greater than 1. Although the lower heating value of B30 fuel
is lower than that of DF, the specific fuel consumption
exergy is also higher because the fuel consumption is higher.

The exergy of cooling water varies depending on the
temperature. Higher cooling water exergy is calculated for
the DF-PSOB binary fuel blend compared to DF. The addi-
tion of n-pentanol to this binary fuel blend causes an
increase in the cooling water exergy. The combustion tem-
perature in the cylinder increases due to the oxygen content
of alcohol. However, the lower energy content of n-pentanol
resulted in the engine consuming more fuel to deliver the
same power output. This increases the combustion chamber
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Table 4. Performance and emission data used in thermodynamic analysis.

Fuel Load (%) ṁf (kg/h) ṁair (kg/h) CO (%) CO2 (%) Tcw (�C) Tex (�C)
DF 25 0.574 31.091 0.12 4.47 46.50 185

50 0.675 30.133 0.16 6.40 48.50 260
75 0.989 29.398 0.44 8.58 49.80 340
100 1.223 28.691 1.33 10.98 49.82 386

B30Pt30 25 0.744 31.159 0.22 4.31 50.88 196
50 0.951 29.691 0.18 6.40 55.06 271
75 1.259 29.216 0.22 8.68 58.56 350
100 1.779 28.542 0.58 11.08 62.74 401

B30Pt20 25 0.700 31.044 0.22 6.01 47.70 203
50 0.912 29.922 0.16 5.98 51.33 282
75 1.224 29.102 0.16 6.01 57.25 362
100 1.598 28.542 0.55 11.07 57.38 412

B30Pt10 25 0.680 30.562 0.16 6.01 48.02 216
50 0.802 29.874 0.15 8.43 50.77 293
75 1.181 29.163 0.16 11.12 53.31 371
100 1.524 28.253 0.62 13.64 56.45 421

B30 25 0.611 30.789 0.14 4.43 43.89 231
50 0.776 29.991 0.12 6.50 46.87 332
75 1.039 29.378 0.21 8.64 50.42 385
100 1.410 28.404 0.99 11.21 53.51 440

Table 5. The outcomes obtained from thermodynamic analysis in the present study.

Fuel
Load
(%)

Fuel energy
(kW)

Exhaust energy
(kW)

Coolant energy
(kW)

Fuel exergy
(kW)

Coolant exergy
(kW)

Exhaust exergy
(kW)

DF 25 7.052 1.393 1.423 7.552 0.170 2.544
50 8.289 1.672 1.723 8.877 0.173 2.729
75 12.141 1.916 1.967 13.001 0.360 2.958
100 15.014 2.951 2.080 16.078 0.488 3.174

B30Pt30 25 8.367 1.393 1.579 8.985 0.262 2.515
50 10.700 1.533 1.962 11.490 0.338 2.699
75 14.163 1.916 2.309 15.208 0.498 2.924
100 20.010 2.752 2.731 21.487 0.832 3.103

B30Pt20 25 8.036 1.533 1.584 8.617 0.234 2.562
50 10.466 1.533 1.965 11.223 0.322 2.770
75 14.052 1.916 2.253 15.068 0.481 2.980
100 18.346 2.717 2.290 19.673 0.719 3.105

B30Pt10 25 7.965 1.393 1.555 8.529 0.232 2.605
50 9.396 1.707 1.920 10.061 0.250 2.662
75 13.834 2.055 2.273 14.813 0.481 2.698
100 17.852 2.752 2.657 19.116 0.684 3.076

B30 25 7.303 1.428 1.196 7.808 0.188 2.507
50 9.269 0.941 1.581 9.911 0.244 2.619
75 12.408 1.986 2.021 13.267 0.381 2.797
100 16.846 2.438 2.401 18.012 0.617 2.946
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temperature and increases the amount of heat transferred
to the engine coolant. This increases the energy and exergy
of the water sent for cooling. In Table 4, cooling water
temperatures were determined as 49.82, 62.74, 57.30,
56.45, and 53.51 �C for DF, B30Pt30, B30Pt20, B30Pt10,
and B30 fuels, respectively at the highest load. Cooling
water temperatures were calculated as 48.50, 55.06, 51.33,
50.77, and 46.87 �C for DF, B30Pt30, B30Pt20, B30Pt10,
and B30 fuels, respectively at 50% load. As can be seen,
cooling water temperatures increase as the alcohol content
increases. In Table 5, the cooling water exergy is calculated
as 0.488, 0.832, 0.719, 0.684, and 0.617 kW for DF,
B30Pt30, B30Pt20, B30Pt10, B30Pt10, and B30 fuels at
the maximum load and corresponds 0.173, 0.338, 0.322,
0.250, and 0.244 kW at 50% load, respectively. At all engine
loads, the augmentation in cooling water temperature
increased the cooling water exergy.

Exhaust exergy increases with increasing engine load.
The increase in engine load leads to an increase in fuel con-
sumption. This increases the amount and temperature of
exhaust gases. As the temperature of the exhaust gases
increases, it is inevitable that the exhaust exergy increases.
When the exhaust gas temperature is examined in Table 4;
at 100, 75, 50, and 25% engine loads, the exhaust gas
temperature values for DF were measured as 386, 340,
260, and 185 �C, respectively. At 100, 75, 50, and 25%,
the exhaust gas temperature for B30Pt30 fuel was recorded
to be 196, 271, 350, and 401 �C, respectively. The exhaust
gas exergy in Table 5 shows that the exhaust gas exergy
values for DF were found to be 3.174 kW for 100% load,

2.958 kW for 75% load, 2.729 kW for 50% load, and
2.544 kW for 25% load. For B30Pt30 fuel, it was calculated
as 3.103 kW for 100% load, 2.924 kW for 75% load,
2.699 kW for 50% load, and 2.515 kW for 25% load, respec-
tively. As observed, in the case of increasing the engine load,
the exhaust gas temperature also increases. The increase in
exhaust gas temperature increases the exhaust gas exergy.

According to the first law of thermodynamics, energy is
conserved but there is no conservation of exergy. The differ-
ence between the exergy in and exergy out in a system is
exergy dissipation. Exergy dissipation occurs in all real
systems. In the ICEs, the exergy of fuel and air is used to
generate power in the engine. The resulting exhaust and
cooling water losses will have exergy dissipation, which
refers to the exergy of the exhaust and cooling water losses,
as well as other unaccounted-for and undetermined losses.
Figure 4 shows the exergy destruction values of the fuel
blends. Exergy destruction is highest at 100% engine load
for all fuel blends. It is calculated as 7.216, 12.353, 10.650,
10.153, and 9.249 kW at 100% load for DF, B30Pt30,
B30Pt20, B30Pt10, and B30 fuels, respectively.

Figure 5 shows the thermal efficiency results at different
engine speeds. Thermal efficiency values generally decrease
with increasing engine load. As the engine load ascends,
the friction losses increase, resulting in a reduction in thermal
efficiency.However, increasing engine speed can also increase
the amount of power generated by the engine, so the overall
efficiency of the engine can change. The test fuels were
analyzed at four different engine loads (25, 50, 75, 100%).
The highest thermal efficiency was observed for DF.

Fig. 4. Variation of exergy destruction depending on the ranging engine loads.
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At 25% engine load, the thermal power of DFwas 18.43 kW,
while the thermal power of DF at full load was 34.63 kW.
For B30Pt30 fuel, it was calculated as 15.54 kW at 25%
engine load and 25.99 kW at 100% engine load. For all test
fuels, increasing the engine load increased the thermal
efficiency.

Figure 6 displays the exergy efficiency graph at different
engine loads. Engine loads are taken as (25–100%). Among
the fuels, DF has the highest exergy efficiency at all engine
loads. For DF, it was calculated as 32.34 kW at 100%
engine load, 32.29 kW at 75% engine load, 31.37 kW at
50% engine load, and 17.21 kW at 25% engine load.
B30Pt30 fuel was found to have the lowest exergy effi-
ciency. The exergy values of B30Pt30 fuel were 24.20 kW
for 100% engine load, 27.68 kW for 75% engine load,
24.30 kW for 50% engine load, and 14.47 kW for 25%
engine load. As the engine load increased, the exergy values
of all test fuels increased.

Figure 7 presents the fuel cost ratios of the test fuels at
different engine loads. The increase in engine load leads to
an increase in fuel consumption, which in turn increases
the fuel-cost ratio. Attributable to the high pump prices
of PSOB and n-pentanol, the cost ratio is significantly
higher for dual and triple fuel blends than for DF. In B30,
B30Pt10, B30Pt20, and B30Pt30 fuel blends, the commer-
cial DF volumetric ratio is 70%, 60%, 50%, and 40% respec-
tively. Therefore, the fuel cost rate of these fuels is affected
by commercial DF, which has an extremely low pump
price compared to PSOB and n-pentanol. DF has the lowest
cost rate due to its low pump price and the lowest fuel
consumption in engine tests. At 100% engine load, the fuel

cost rates of DF, B30, and B30Pt30 fuels are found to be
1.63, 15.52, and 30.71 $/h, respectively. In PSOB-DF bin-
ary fuel blends, the fuel cost ratio increases with an increas-
ing n-pentanol ratio. When the engine load is 75%, the fuel
cost rates are 14.72, 18.20, and 21.74 $/h for B30Pt10,
B30Pt20, and B30Pt30 fuels, respectively.

The cost of power (cw) from the crankshaft is an
important parameter for the assessment of fuel blends in
alternative fuel research. The goal of the exergoeconomic
analysis is to determine the cw taken from the crankshaft
and losses. In the study, cw taken from the crankshaft
was calculated and given in Figure 8. The increase in engine
load reduced cw taken from the crankshaft. For example, for
B30Pt30 fuel at 25, 50, 75, and 100% loads, cw figures were
found to be 8826, 5712, 5671, and 5297 $/GJ, respectively.
For B30 fuel and DF, cw at 100% engine load is calculated
as 2126.77 and 211.86 $/GJ, respectively. The lower pump
price of DF reduces the power cost of DF. With the addition
of n-pentanol to B30 fuel, cw increases. At 50% engine load,
cw values for B30Pt10, B30Pt20, and B30Pt30 fuels are
3120.5, 4535.36, and 5712 $/GJ respectively. The reason
why B30Pt30 fuel has a very high cost compared to the
others is the low proportion of commercial DF in the fuel
mix.

In the economic analysis of ICEs, evaluations based on
the initial investment cost lead to misguidance. Operating
and maintenance costs throughout the life of an engine
are more important than the initial investment cost. The
exergoeconomic factor (f) calculated in exergoeconomic
analysis shows the relationship between initial investment
cost and operation and maintenance costs. In this study,

Fig. 5. Variation of thermal efficiency depending on the ranging engine loads.
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Fig. 6. Variation of exergy efficiency depending on the ranging engine loads.

 

Fig. 7. Variation of fuel cost rate depending on the ranging engine loads.
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different fuels were tested without any modifications to the
engine. Therefore, the initial investment cost of the engine
is taken constant for all fuel blends. Therefore, the change
in f depends on the cost of exergy losses. In this case,
f depends on the exergy losses. If two fuels with the same
exergy losses are considered, the cost of exergy losses of
the fuel with higher pump prices will be higher. Since the
cost of exergy losses is in the denominator in equation
(33), f will decline as the cost of these losses increases.
f values of all fuels in the study are given in Figure 9. At
100% engine load, f of DF is about 11 times higher than
B30 fuel. This is assignable to fuel pump prices. The addi-
tion of n-pentanol to B30 fuel results f to decline. f of B30
Pt10 fuel at 100% engine load is about 2 times that of
B30Pt30 fuel. Cavalcanti et al. [27], in their study, calcu-
lated f between 0.3555% (D95B5) and 0.1613% (B100) for
9 kW. As the biodiesel concentration increases, the amount
of oxygen in the DF structure and the combustion charac-
teristics of the fuel change, which may have an impact on
engine performance and exhaust emissions. Therefore, they
found the lowest f values of pure biodiesel (0.1613, 0.1322,
and 0.1107% for 9, 18, and 27 kW respectively). The
researchers noted that these results show the worst perfor-
mance in exergoeconomic terms. Açıkkalp et al. [65] made
calculations according to traditional exergoeconomic analy-
sis. f is a concept that evaluates the energy efficiency and
economic performance of a system together. The research-
ers encountered the maximum f to be 0.355. Aghbashlo
et al. [28] found f to be as low as 4.27% for B5W5m at
100% load and 23.60% for B5W3m fuel at 25% engine load.
Yildirim and Gungor [66] calculated f of a CI engine as
79.86%.

Figure 10 demonstrates the variation of relative cost
difference (rc) for tested fuel blend types depending on the
ranging engine loads. rc would increase as the unit cost of
the engine’s exergetic power increases. It will decrease when
the losses increase to the exergy cost. A higher rc means
that the fuel will be used at less cost. Therefore, the lowest
rc value is calculated for DF at all engine loads. rc descends
as the engine loads increase. As n-pentanol is added to B30
fuel, rc increases as the proportion of commercial DF in the
mixture decreases. At 100% engine load, rc for B30Pt10 and
B30Pt30 fuels are 1.957 and 2.378, respectively. When the
engine load is 25% for the same fuels, rc is calculated as
3.393 and 3.784, respectively. Aghbashlo et al. [1], for exam-
ple, reported that the efficient use of fuel increases as the
engine load increases, resulting in smaller rc at higher loads.
In order to understand how different fuel blends and engine
conditions affect work exergy unit costs, they reported that
motor vehicles, power plants, and other motorized systems
can help in determining the most economical option when
making fuel selection. They also calculated that the relative
cost differences of fuel blends applied for dissimilar loads
and speeds ranged from 0.87 to 4.22. Cavalcanti et al. [27]
indicated that rc decreased as the load rose. For 9 kW, it
could be concluded that rc varies between 3.18 and 3.128
for different fuels. On the other hand, rc value ranged
between 1.396 and 1.44 for 27 kW.

The cw generated from an ICE is much higher than
the initial investment cost. Therefore, the sustainability of
the fuel employed is important for engine operation. As
known, sustainable development is a strategy that consoli-
dates economic progress, social comfort, and environmental
concern. In this sense, the augmentation in the energy

Fig. 8. Variation of unit cost of shaft work exergy depending on the ranging engine loads.

The Author(s): Science and Technology for Energy Transition 78, 40 (2023) 17



Fig. 9. Variation of exergoeconomic factors depending on the ranging engine loads.

Fig. 10. Variation of relative cost difference factor depending on the ranging engine loads.
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requisition in the world will result in hard on account of
arriving at the targets. Therefore, it has evolved into an obli-
gation for countries in order to encourage sustainable devel-
opment. This fact is that ascending energy and exergy
efficiency, supporting the utilization of sustainable energy
sources, practically declines the influence of energy requests
all over the world. SI is a significant parameter in order to
compare various fuels used in the engine. If this index is
greater than 1, the use of the fuel is considered appropriate.
In the study, as shown in Figure 11, SI ascends as the
increase in engine load positively affects the exergetic effi-
ciency. SI of DF is higher than that of B30 fuel. At the high-
est load, SI figures of DF and B30 fuels were calculated to be
1.478 and 1.406, respectively. SI reduces with the infusion of

n-pentanol to B30 fuel. At 100% load, the SI of B30Pt10 and
B30Pt30 fuel blends are 1.374 and 1.319, respectively. A
compatible outcome was presented by Uysal et al. [67]
who calculated that D85B15 fuel has the highest improve-
ment potential values at all engine loads. They also noted
that D85B15GO100 has the lowest improvement potential
at every engine load except 6 Nm. This case indicates that
D85B15GO100 was the most efficient fuel. The researchers
observed at the load of 3 Nm the improvement potential
as 3.4928 kW for DF, 3.6396 kW for D85B 3.5477 kW for
D85B15GO500, 3.4111 kW for D85B15GO100, and
3.6080 kW for D85B15GO1000. The researchers notified
the SI value for D85B15 fuel to be 1.144, 1.245, 1.323, and
1.348 under the load of 3 6, 9, and 12 Nm, respectively.

Fig. 11. Variation of sustainability index depending on the ranging engine loads.

Table 6. Comparison of findings coming from the present study (lowest to highest).

Parameter Order

Energy efficiency B30Pt30 < B30Pt20 < B30Pt10 < B30 < DF
Exergy efficiency B30Pt30 < B30Pt20 < B30Pt10 < B30 < DF
Exergy destruction DF < B30 < B30Pt10< B30Pt20 < B30Pt30
Fuel cost rate DF < B30 < B30Pt10< B30Pt20 < B30Pt30
Unit cost of shaft work exergy DF < B30 < B30Pt10< B30Pt20 < B30Pt30
Exergoeconomic factor B30Pt30 < B30Pt20 < B30Pt10 < B30 < DF
Relative cost difference factor DF < B30 < B30Pt10< B30Pt20 < B30Pt30
Sustainability index B30Pt30 < B30Pt20 < B30Pt10 < B30 < DF
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5 Comparison of present findings with latest
literature

Table 6 tabulates the comparison of findings coming from
the experimental study (lowest to highest) at the following
operating conditions: varying engine loads (from 25% to full
load) and constant speed (1500 rpm). It is to be noted that
all thermodynamic and economic parameters have been
comprehensively compared for each fuel. All the parameters
have been demonstrated in ascended order for better evalu-
ation. As observed, DF is the best fuel in terms of energetic
and exergetic performance in the CI engine. On the other
hand, the price of n-pentanol and poppy seed oil can result
in a decrease in the fuel cost rate. In this sense, more sus-
tainable fuel combinations can be obtained shortly. Besides
that, attaching several renewable energy technologies to the
biodiesel production units has to be taken into considera-
tion as a remarkable research direction so as to increase
the sustainability and renewability of the aforementioned
systems.

6 Conclusions

Due to constantly decreasing fossil sources, rising energy
prices, and environmental issues, the attention to alterna-
tive energy resources increases day by day in the world.
This extension has come to the fore, especially for vegetable
oils with a high scope of services. Being an agricultural
country, it has great potential to exhibit force under the
gasoline chamber, which makes it possible to make the
device possible of vegetable oils as fuel. For the use of fuel
in transportation and industrial applications, economics is
as important as performance and emissions. Today, the
costs of alcohol and PSOB production are higher than the
costs of fossil fuels. Therefore, the cost is seen as the biggest
obstacle to the usage of alternative fuels in CI engines. In
the present examination, five different fuel blends prepared
using DF, PSOB, and alcohol were tested in a CI engine at
a stable speed (1500 rpm) and different engine loads.
Energy, exergy, and exergoeconomic analyses were con-
ducted using the test data. In this context, the highest
exergy efficiency for binary and ternary fuel blends is
28.87% for B30 fuel at the maximum load. At the same
engine load, it is 24.20% for B30Pt30 fuel. Compared to
commercial DF, the exergetic efficiency of B30 and
B30Pt30 test fuels were found to be 10.73% and 25.73%
lower, respectively at the same engine load. When cw taken
from the crankshaft was analyzed, the cost of B30 and
B30Pt30 fuels was observed to be very high compared to
DF at all engine loads. While there are not very high differ-
ences in the exergy efficiency of commercial DF with binary
and ternary blends, this difference in cw from the crankshaft
can be eliminated by reducing the cost of PSOB and alcohol
production.
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