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Abstract: This study investigates the improvement of combustion performance, engine
emissions, energy, exergy, and thermodynamic efficiencies by adding oxygenated additives
to diesel/biodiesel blends. Five different fuel mixtures (D100, D80B20, D50B50, D30B50S20,
and D30B50G20) were tested in a diesel engine. The positive effects of the additives on
engine efficiency became evident. In terms of combustion performance, the maximum
in-cylinder pressure was observed with D100; however, a decrease of 11.51% was noted
with the D50B50 mixture, while an increase of 7.51% was achieved with the addition of
butyl diglycol. The addition of butyl diglycol also increased the heat release rate by 34.36%.
Regarding exhaust emissions, the D30B50G20 fuel produced the lowest CO emissions
(0.02%), while HC emissions decreased by 80% compared to D100. Smoke opacity was also
found to be lower with D30B50G20. However, these additives led to a 2.65% decrease in
certain performance metrics. On the other hand, the sustainability analysis revealed that
the most efficient fuel mixture was D30B50G20.
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1. Introduction
In recent years, it has been noted that the increasing use of fossil fuel sources has

led to a rise in pollutant emissions and that this situation has reached levels that will
cause global climate change [1]. It is believed that a significant portion of global air
pollution originates from machines equipped with internal combustion engines used in
the transportation sector [2]. Machines using internal combustion engines continue to be
predominantly preferred across various fields, from the transportation sector to agriculture
and healthcare [3]. For this reason, countries are imposing certain restrictions to reduce
exhaust emissions from motor vehicles. These regulations are pushing companies and
researchers to engage in production aimed at reducing emissions. Most researchers believe
that these restrictions can be overcome by utilizing renewable energy sources. Therefore,
there is a focus on reducing exhaust emissions by using plant or animal oils or alcohols of
renewable origin in internal combustion engines [4–7].

Biodiesel has an important place in biomass-based fuels. It is a significant alternative
to petroleum, which can be produced by reacting a raw material with a biomass source
that has oil characteristics with alcohol. Biodiesel fuel is not dependent on geography,
unlike petrol [8]. Biodiesel can be produced by growing plants such as soybean, canola, and
safflower as raw materials [9]. In addition, biodiesel can be mixed with diesel fuel in any
ratio [10]. The use of biodiesel is increasing due to its high cetane number and low emission
values. However, researchers mention the low emission values of biodiesel. Although
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this is considered a significant disadvantage, the improvement in exhaust emissions can
compensate for the amount of fuel consumed [11].

In addition, due to the differences in the types of raw materials used in biodiesel
production, viscosity and density values can sometimes be higher than those of diesel
fuel [12]. Furthermore, the fact that biodiesel has a cloud point and freezing point at higher
temperatures compared to diesel fuel can lead to the clogging of vehicle filters [13]. These
issues have prompted increased research into the use of additives to enhance the viscosity,
density, cloud point, and freezing point of biodiesel. Additionally, some researchers have
indicated that oxygen-containing additives can improve the combustion characteristics of
biodiesel and enhance combustion efficiency [14]. Xiao et al. [3] studied the effects of adding
10%, 20%, and 30% iso-butanol to pure biodiesel on engine performance and exhaust gas
emissions. They reported that increasing the amount of iso-butanol added to biodiesel en-
hanced the evaporation and atomization of fuel mixtures, leading to improved combustion.
They noted that ignition delay and combustion time decreased with a higher iso-butanol
content in biodiesel. Compared to diesel fuel, in-cylinder pressure values increased with
the addition of iso-butanol. While NOx emissions rose, particulate emissions decreased
with the incorporation of iso-butanol. Huang et al. [2] examined the effects of adding 10%
and 20% methanol to pure soybean oil biodiesel to enhance combustion efficiency. An
increase in in-cylinder pressure values and heat dissipation rates was observed with the
addition of methanol to biodiesel. There was a rise in HC emissions and a decrease in CO
emissions with the addition of methanol. Kumar et al. [15] studied the effects of adding
diethyl ether and cerium oxide (CeO2), a nanoparticle, to biodiesel derived from waste oils
on engine performance and exhaust gas emissions. They found that the additives incor-
porated into biodiesel increased thermal efficiency, reduced HC and soot emissions, and
partially raised NOx emissions. Kumar et al. [16] conducted a study to reduce the exhaust
gases of biodiesel by adding solketal. For this purpose, 9%, 10%, 12%, and 15% solketal
were added to biodiesel by volume. They reported that the addition of solketal increased
specific fuel consumption, elevated NOx and CO2 emissions, and decreased HC, CO, and
soot emissions. Chang et al. [17] added acetone-butanol-ethanol (ABE) to the fuel mixture
to enhance the combustion efficiency of a blend of biodiesel and diesel fuel. They reported
that the addition of ABE to the diesel/biodiesel fuel blend improved combustion efficiency
and reduced NOx and polycyclic aromatic hydrocarbon (PAH) emissions. Şimşek and
Çolak [18] investigated exhaust gas emission values and engine performance metrics by
incorporating 10% and 20% propanol alcohol into biodiesel. They reported that the addition
of propanol positively affected engine power and fuel consumption values. They also found
that CO, NOx, and soot emissions decreased while HC emissions increased with a higher
propanol ratio in fuel mixtures. Masera et al. [19] studied the effect of the addition of 15%
by volume of 2-Butoxyethanol into biodiesel produced from waste frying oil and rapeseed
oil to enhance the effects of its high viscosity and combustion properties on fuel charac-
teristics, engine performance, and exhaust gas emissions. They stated that the addition of
2-Butoxyethanol improved combustion efficiency and reduced exhaust gas emissions. Nabi
and Resul [20] carried out an exergy analysis using fuel blends obtained by mixing pure
diesel with waste cooking oil and macadamia (Macadamia integrifolia) biodiesel. They
reported that total unburnt hydrocarbons (THC), carbon monoxide (CO), and particulate
matter (PM) emissions decreased, while NOX emissions increased in biodiesel/diesel fuel
blends compared to pure diesel. In the study, it was explained that the highest exergy
efficiency achieved was 30%. Sekmen and Yılbaşı [21] conducted an experimental study
on an engine using biodiesel and pure diesel fuels, comparing these fuels through exergy
analysis. They reported that the exergy efficiencies of biodiesel and diesel fuel were 28.94%
and 27.52%, respectively. When the energy distribution in biodiesel was analyzed, it was



Sustainability 2025, 17, 3146 3 of 26

explained that exergy destruction was 47%, useful work was 28.95%, exergy loss due to heat
transfer was 7.3%, and exhaust exergy was 16.7%. Odibi et al. [22] evaluated waste cooking
biodiesel and diesel fuels through exergy analysis. It was explained that waste cooking
biodiesel exhibited the lowest exhaust loss rate and was 6% more thermally efficient than
pure diesel fuel. It was reported that very high exergy destruction of 55% occurred due to
the use of waste cooking biodiesel. Yeşilyurt and Arslan [13] produced biodiesel from a
mixture of waste cooking oil and canola oil and performed exergy analysis. They reported
that the maximum exergy efficiency was 20.52% when biodiesel was used as fuel in the
engine. Additionally, the exergy destruction of biodiesel fuel was calculated to be between
58.9% and 62.8%.

In their study, Paul et al. [23] used ternary fuel blends obtained from diesel, ethanol,
and Pongamia pinnata methyl ester (PPME) fuels in various ratios. It was stated that exergy
efficiency increased with rising engine load for all fuel blends. It was explained that the
highest exergy efficiency was achieved at 31% with D35E15B50 fuel. Furthermore, it was
noted that D35E15B50 fuel exhibited a 22.02% reduction in exergy destruction rate and a
21.06% reduction in entropy production rate compared to pure diesel fuel. Madheshiya
and Vedrtnam [24] conducted an experimental study using biodiesel derived from waste
cooking oil/mustard oil and pure diesel fuels. The exergetic evaluation of these fuel blends
was performed using the results obtained in the experimental study. It was reported that
biodiesel fuels demonstrate significant energy performance when utilized as an alternative
to diesel fuel. It was stated that the cooling water exergy of WCO30 fuel is 5% higher than
that of pure diesel fuel. Kul and Kahraman [25] conducted experimental studies utilizing
diesel, biodiesel, and bioethanol fuels in different ratios within a compression ignition
engine. Exergy analysis was conducted using the results obtained from the experimental
study. At an engine speed of 1400 rpm, the maximum thermal efficiency was 31.42% for
D100 fuel and 28.68% for D92B3E5 fuel. Hoseinpour et al. [26] performed an exergy analysis
using data obtained from tests on a compression ignition engine using waste cooking oil,
biodiesel, and diesel blends. It was reported that thermal and exergy efficiencies increased
with increasing engine load for all fuel blends. The highest exergy efficiency was calculated
at 42% for B20 fuel at a pressure of 6 bar. Sanli and Uludamar [27] carried out an exergy
analysis in a diesel engine utilizing pure diesel, biodiesel made from hazelnut oil, and
biodiesel derived from canola oil. The lowest exergy destruction in canola biodiesel was
reported as 47.41% at an engine speed of 1800 rpm. At the same engine speed, the lowest
entropy production was 0.15 kW/K in canola biodiesel. Khoobbakht et al. [28] investigated
the exergy efficiency at different engine speeds using triple-fuel blends comprising diesel,
biodiesel, and ethanol fuels. According to the results from the energy and exergy analyses
obtained in the study, it was reported that 43.09% of the fuel exergy was destroyed, with
the average thermal efficiency being approximately 36.61% and the exergy efficiency being
approximately 33.81%.

The literature summary indicates that researchers have focused on the effects of
additives added to fuel to improve the fuel properties of biodiesel. Additionally, it has been
determined that the mixing of oxygen-rich substances (such as butanol, ethanol, methanol,
etc.) or solvents (such as heptane, hexane, and diethyl ether) affects the exhaust gas
emissions and performance characteristics of biodiesel. Solketal is an oxygen-rich fuel, and
butyl diglycol is a solvent with a high calorific value and cetane number. Limited research
has been conducted on the effects of adding solketal and butyl diglycol to biodiesel fuel
concerning performance, combustion, and emission characteristics. Furthermore, studies
conducted on biodiesel have reported that a mixture of 20% biodiesel with diesel fuel
(D80B20) yields the best results concerning engine performance, fuel consumption, and
exhaust gas emissions [29–31]. This study aims to increase combustion efficiency and



Sustainability 2025, 17, 3146 4 of 26

reduce harmful exhaust emissions by adding various additives to a D50B50 fuel, which is
achieved by adding a higher proportion (50%) of biodiesel to diesel fuel. It has also been
determined that energy and exergy analysis studies have not been carried out to evaluate
the effects of solketal and butyl diglycol additives on engine performance characteristics
in internal combustion engines. For this purpose, different fuel mixtures (D100, D80B20,
D50B50, D30B50S20, and D30B50G20) were prepared using diesel, canola biodiesel, solketal,
and butyl diglycol, and their effects on engine performance characteristics were investigated
in detail. Engine tests were repeated for each fuel mixture at an engine speed of 3000 rpm
under motor loads of 1.6 Nm, 3.2 Nm, 4.8 Nm, 6.4 Nm, 7.9 Nm, 9.5 Nm, and 11.1 Nm.
During the engine tests, pressure values in the cylinder and fuel line, exhaust emission
values, brake-specific fuel consumption, and exhaust gas temperature values were recorded.
Additionally, energy and exergy analyses were conducted using data obtained from the
experimental studies.

2. Materials and Methods
2.1. Biodiesel Generation

In this study, canola oil biodiesel, solketal, and butyl diglycol were blended with diesel
fuel. Diesel fuel was purchased from a local OPET gas station, and canola oil was obtained
from a nearby market. The transesterification method, which is widely utilized in biodiesel
production, was applied. The transesterification reaction was carried out using 20% by
volume (v/v) methanol and 0.5% by weight (w/w) NaOH. The reaction temperature was
60 ◦C, the reaction time was 1.5 h, and the stirring speed was 800 rpm. At the end of the
reaction, biodiesel and glycerin phases were separated after allowing the mixture to rest in
a separatory funnel for 12 h. The obtained biodiesel was washed three times with distilled
water at 55 ◦C. The biodiesel was dried at 110 ◦C for 1 h to remove any remaining water.

The test fuels used in the experimental studies conducted within this scope consist of
80% diesel fuel–20% canola oil biodiesel (D80B20), 50% diesel fuel–50% canola oil biodiesel
(D50B50), 30% diesel fuel–50% canola oil biodiesel–20% solketal (D50B50S20), and 30%
diesel fuel–50% canola oil biodiesel–20% butyl diglycol (D50B50G20). The detailed ratios
of the mixtures and the abbreviations used in the graphs are presented in Table 1. Some
properties of the test fuels were determined at the Scientific and Technological Research
Council of Turkey—Marmara Research Centre (TUBITAK-MAM) and are shown in Table 2.

Table 1. The blending concentrations of the test fuels.

No Abbreviation Diesel Biodiesel Solketal Butyl Diglycol

1 D100 100% - - -

2 D80B20 80% 20% - -

3 D50B50 50% 50% - -

4 D30B50S20 30% 50% 20% -

5 D30B50G20 30% 50% - 20%

Table 2. The properties of test fuels.

Fuels Density
(15 ◦C, kg/m3)

Viscosity
(40 ◦C, mm2/s)

Thermal
Value

(MJ/kg)

Flash Point
(◦C)

Cetane
Number

Test Method ASTM D4052 ASTM D445 ASTM D240 ASTM D93 -

Diesel 831.7 2.58 45.98 63 56

Biodiesel 890 3.9 40.01 140 58.6
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Table 2. Cont.

Fuels Density
(15 ◦C, kg/m3)

Viscosity
(40 ◦C, mm2/s)

Thermal
Value

(MJ/kg)

Flash Point
(◦C)

Cetane
Number

Solketal * 1071.1 5.21 25.91 84 -

Butyl diglycol ** 960.6 3.654 32.0 99 54

D80B20 843.36 2.844 44.786 78.4 56.52

D50B50 860.85 3.24 42.995 101.5 57.3

D30B50S20 908.73 3.766 38.981 105.7 -

D30B50G20 886.63 3.4548 40.199 108.7 56.9
* Ref. [32]. ** CAS-No:112-34-5.

2.2. Experimental Setup

In the experimental study, a naturally aspirated, four-stroke, air-cooled, single-cylinder,
compression-ignition (CI), direct-injection (DI) diesel engine was used. The main character-
istics of the diesel engine used in this study are shown in Table 3.

Table 3. The technical specifications of the diesel engine used in the experimental studies.

Diesel Engine

Parameters Specifications

Model 186 FAG

Number of cycles 4

Number of cylinders 1

Maximum engine power 7 kW (3600 rpm)

Type of fuel Diesel fuel

Type of ignition Compression ignition

Type of fuel injection Direct injection

Intake system Naturally aspirated

Engine speed 3000 rpm

Swept volume 418 cm3

Stroke 70 mm

Bore 86 mm

Cooling system Air-cooled

Injector nozzle number 4

Pressure of injection 19.6 ± 0.49 Mpa

Fuel delivery advance angle 22 ± 1 (◦CA) BTDC

Compression ratio 18:1

All tests within the scope of this study were conducted at a constant speed of
3000 rpm and with different engine loads (1.6 Nm, 3.2 Nm, 4.8 Nm, 6.4 Nm, 7.9 Nm,
9.5 Nm, and 11.1 Nm). Fuel consumption was determined by mass using an electronic
scale with an accuracy of 0.01 g. In-cylinder pressure values were measured with a Kistler
4065B0200DS1 model pressure sensor. Fuel line pressure was measured using an Oprant
AutoPSI-A model pressure sensor. The crankshaft position was determined by an FNC
50B incremental optical encoder. Exhaust gas temperature was measured using a K-type
thermocouple. Data from the sensors were collected using a 4-channel PicoScope 2406B
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oscilloscope. Each in-cylinder pressure and fuel line pressure value was obtained by aver-
aging 100 cycles with 0.25 ◦CA precision. The heat release rate for each crank angle was
calculated using Equation (1).

dQ
d∅ =

k
k − 1

(
P

dV
d∅

)
+

1
k − 1

(
V

dP
d∅

)
(1)

where dQ/dØ is the heat release rate (J/KMA), k is the ratio of specific heats (Cp/Cv), P is
the cylinder pressure (Pa), and V is the variable cylinder volume (m3).

A Mobydic 5000 COMBI exhaust emission device was used to measure exhaust
emissions. The technical specifications of the exhaust emission device are presented in
Table 4. The schematic view of the experimental setup is given in Figure 1.

Table 4. Technical properties of the exhaust emissions device.

Measurement Measuring Range Resolution Precision

CO (% vol) 0–10 0.01 ±1%

CO2 (% vol) 0–20 0.01 ±0.5%

HC (ppm) 0–20,000 1 ±12

NOX (ppm) 0–5000 1 ±10

O2 (% vol) 0–21 0.01 ±0.5%

Smoke opacity (%) 0–20 0.01 ±2
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2.3. Thermodynamic Analysis

In these engine experiments, a diesel engine consistently operated at 3000 rpm while
varying the load in increments of 1 kW, ranging from 1 kW up to 5 kW. Fuel consumption
was measured by timing how long it took for the engine to consume 10 g of fuel, using
a highly precise electronic scale with an accuracy of 0.01 g. The exhaust gas temperature
was monitored using a K-type thermocouple. Emissions of hydrocarbons (HCs), carbon
monoxide (CO), carbon dioxide (CO2), and smoke were analyzed utilizing a Mobydic 5000
COMBI exhaust gas analyzer. The experimental studies were carried out under dynamic
test conditions to evaluate engine performance and emissions based on thermodynamic
principles. The following assumptions were made:

1. The gases entering and exiting the cylinder are assumed to behave as ideal gases;
2. The temperature of the cylinder walls remains constant during the experiments;
3. Ambient conditions are maintained at 20 ◦C and atmospheric pressure (1 atm);
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4. The engine is assumed to operate under continuous, steady-state conditions.

Technical specifications and uncertainty analyses of the measurement devices are
detailed in Table 4. A schematic diagram of the experimental setup is presented in Figure 2.
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2.4. Energy Analysis

The total amount of energy in internal combustion engines consists of the sum of
kinetic (ekn), potential (ept), physical (ephy), and chemical (echm) energies. In this study, kinetic
and potential energies in the control volume were neglected [34].

e = ekn + ept + ephy + echm (2)

Physical energy is the sum of internal and flow energies. This sum is expressed with
enthalpy (h). In this study, the variation of specific heat (cp) with temperature at constant
pressure was neglected. For burn gases, chemical energy is equal to the sum of the enthalpy
of gas formation and its physical enthalpy [34].

ephy = u + pv (3)

h2 − h1 = cp(T2 + T1) (4)

The energy balance can be written according to the first law of thermodynamics,
or in other words, the conservation of energy principle, for a control volume given in
Figure 1 [33]. ( .

Qin −
.

Qout

)
+

( .
Win −

.
Wout

)
= ∑

.
mouthout−∑

.
minhin (5)

The energy generated per unit time as a result of the combustion of blends in the
cylinder was calculated with the following expression using the lower heating value (Hu)
and mass flow rate (

.
m f uel) of the fuel [35].

.
E f uel =

.
m f uel Hu (6)

The engine’s output power is measured using a dynamometer during the tests. Ther-
mal losses can be found using power and energy flows [36]. Furthermore, the exhaust
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energy was calculated using the mass flow rates of the emissions released from the engine
into the environment in this study.

.
Qlost =

.
E f uel −

.
W (7)

Thermal efficiency is the ratio of the engine’s output power to fuel energy. It
shows how much useful work is obtained from the energy of fuel blends entering the
engine [37–39].

η =

.
W

.
E f uel

(8)

2.5. Exergy Analysis

Based on the second law of thermodynamics, energy conversion and heat transfer
between energy sources and systems are inherently limited in efficiency. In this framework,
exergy serves as a key indicator, quantifying the portion of transferred energy that can be
converted into useful work. The exergy balance is expressed as follows [40].

.
Exair +

.
Ex f uel =

.
Exw +

.
Exex +

.
Exheat +

.
Exdest (9)

Fuel exergy (
.
Ex f uel), the exergy of heat lost from the engine body (

.
Exheat), the exergy

of exhaust gases released into the environment, and exergy (
.
Exex) destruction are key

components in exergy analysis. Since the air entering the engine is sourced directly from
the environment, its exergy contribution is assumed to be zero [41]. The exergetic power
(

.
Exw) corresponds to the engine’s output power. The exergy of liquid fuel is determined

using the following equation [42].

.
E f uel =

.
m f uel φLHV f uel (10)

Here, (φ) is the exergy factor. The exergy factor is calculated using the data obtained
by analyzing the fuel [43].

φ = 1.0401 + 0.1728
h
c
+ 0.0432

o
c
+ 0.2169

α

c

(
1 − 2.0628

h
c

)
(11)

Calculating the exhaust exergy is a complex step in exergy analysis. It begins with
measuring emissions, followed by formulating the actual combustion equation based on
the proportions of fuel, air, and emissions. From this equation, the mole fraction of each
gas is determined. The total exhaust gas flow rate (

.
mtotal) is estimated as 98% of the fuel

flow rate entering the control volume [44]. The exhaust gas exergy is then calculated by
summing the physical exergy (εp) and chemical exergy (εc) of each component.

.
Exex,i = ∑

(
εp + εc

)
i (12)

Chemical and physical exergies were calculated using the equations given in
Equations (10) and (11) [45].

εp = [ (h − T0s)− (h0 − T 0s0)] (13)

εch = RT0ln
1
ye (14)

The chemical exergy calculations were based on the literature values for atmospheric
gas percentages (ye) [46]. Furthermore, the temperature of the engine casing was recorded
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during the experiments to determine the exergy of heat transferred from the engine casing
to the surroundings, as described in Equation (14) [47].

.
Exheat = ∑

(
1 − T0

Ts

)
.

Qloss (15)

where (Ts) is the engine casing temperature. The entropy produced can be determined
according to Equation (15) given below [48].

.
sgen =

.
Exdest

T0
(16)

Exergy efficiency, calculated using Equation (16) [49], represents the ratio between the
system’s input and output exergy values. This metric provides insight into how effectively
the energy within the system is converted into useful work.

ηex =

.
ExW
.
Exin

(17)

3. Results and Discussion
3.1. Combustion Characteristics

In-cylinder pressure curves are an important parameter for understanding the effec-
tiveness of fuels in alternative fuel studies. In this section, heat dissipation, cumulative
heat generation, and pressure increase rates calculated using in-cylinder pressure values
are analyzed in detail. The in-cylinder pressure values of each test fuel for different en-
gine loads are presented in Figure 3. The in-cylinder pressure values decreased with the
addition of biodiesel to diesel fuel. Considering all engine loads, the average reduction
in in-cylinder pressure compared to D100 fuel was 7.44% with D80B20 and 11.51% with
D50B50 fuels, respectively. Biodiesel has a higher viscosity and lower volatility than diesel
fuel. This results in poor atomization of the fuel and an inadequate air–fuel mixture, which
reduces the maximum in-cylinder pressure values [50]. Similar results were obtained by
refs. [51,52].
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Figure 3. The variation in cylinder pressures depending on the crankshaft angle. 
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Figure 3. The variation in cylinder pressures depending on the crankshaft angle.

With the addition of butyl diglycol to the D50B50 fuel mixture, in-cylinder pressure
values increased for each engine load. The average increase in in-cylinder pressure with
the addition of butyl diglycol was 7.51%. Considering all test fuels, the highest in-cylinder
pressure value for each engine load was recorded with D100 fuel, while the second-highest
in-cylinder pressure values were achieved with the D30B50G20 fuel blend. The calorific
values of the blended fuels used in the tests are lower than those of diesel fuel (Table 1).
Studies have reported that fuels with lower calorific values lead to reduced in-cylinder
pressure values [53]. The reason for the higher in-cylinder pressure values obtained with the
addition of solketal and butyl diglycol to the D50B50 fuel mixture can be attributed to the
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increase in the oxygen content of the mixture due to these additives and the improvement in
viscosity and density values. It is reported that oxygen-rich fuels exhibit better combustion
performance and higher in-cylinder pressure values [54].

Figure 4 shows the heat release values of each test fuel at different engine loads. The
highest heat release values for each engine load were achieved with D100 fuel. Lower heat
release values were obtained with D80B20 and D50B50 fuels compared to D100 fuel. Due to
the higher viscosity and lower calorific value of biodiesel compared to diesel fuel, it exhibits
a lower heat release value [55]. The addition of solketal and butyl diglycol to D50B50 fuel
increased the heat release rate. Considering all engine loads, the average increase in the
heat release rate with the addition of solketal and butyl diglycol was 19.78% and 34.36%,
respectively, compared to D50B50 fuel. Higher heat release values were obtained with
the butyl diglycol additive than with the solketal additive; the highest heat release values
were recorded with the D30B50G20 fuel blend after D100 fuel. Studies have reported that
oxygen-rich fuel blends result in higher heat release values by enhancing combustion in
the premixed combustion phase [56,57].

Figure 5 shows the cumulative heat release values of each test fuel for different engine
loads. The highest cumulative heat generation value was obtained with D100 fuel at all
engine loads. Similar to the heat release results, lower cumulative heat release was obtained
with diesel/biodiesel fuel blends (D80B20 and D50B50) compared to D100 fuel. At all
engine loads, the lowest cumulative heat generation value was calculated as 308.34 J with
the D50B50 fuel blend and an engine load of 1.6 Nm, while the highest value was calculated
as 931.19 J with D100 fuel at an engine load of 11.1 Nm. The low cumulative heat generation
with diesel/biodiesel fuel blends can be attributed to their high viscosity, high density,
and low thermal energy content [58]. The addition of solketal and butyl diglycol to the
diesel/biodiesel fuel blend (D50B50) resulted in an increase in cumulative heat generation.
The average increase in cumulative heat release for each engine load was calculated as
33.6% and 34.8% for the additions of solketal and butyl diglycol, respectively. Again, similar
to the heat release rates, slightly higher cumulative heat release was obtained with the
addition of butyl diglycol compared to solketal. The higher cumulative heat release is
believed to result from better combustion due to the oxygen content of the fuel blends [59].
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Figure 6 shows the rate of pressure rise (ROPR) values for each test fuel. As can be
seen from Figure 5, the peak ROPR value generally increased due to the increase in the
amount of fuel taken into the cylinders with increasing loads. Compared to diesel fuel, the
ROPR value decreased with diesel/biodiesel fuel blends. Considering all engine loads, the
average reduction in the ROPR value compared to diesel fuel was 6.35% with the D80B20
fuel and 15.94% with the D50B50 fuel. Diesel fuel possesses a higher heating value and
longer ignition delay than D80B20 and D50B50 fuels. Due to the longer ignition delay,
more fuel accumulates in the combustion chamber, resulting in higher obtained ROPR
values from the sudden combustion of a large amount of fuel [60]. An increase in the ROPR
value occurred with the addition of solketal and butyl diglycol to the D50B50 fuel blend.



Sustainability 2025, 17, 3146 13 of 26

With the D30B50S20 and D30B50G20 fuel blends, the average increase in the ROPR value
compared to D50B50 fuel was recorded as 8.38% and 10.13%, respectively. According to
the results obtained, it was observed that the addition of butyl diglycol resulted in higher
ROPR values than the addition of solketal.
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Figure 5. The variation in cumulative heat release (CHR) depending on the crankshaft angle.
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The exhaust gas temperature values of each test fuel for different engine loads are 
provided in Figure 7. Exhaust gas is an indicator of combustion inside the cylinder in 
internal combustion engines. In Figure 7, it was observed that the exhaust gas temperature 
(EGT) decreased with the D80B20 and D50B50 fuel blends compared to diesel fuel. With 
the addition of biodiesel to D100 fuel, the calorific value of the fuel blends decreases. Con-
sequently, the combustion temperature decreases, resulting in lower EGT values [62]. 
Similar results were obtained by refs. [63,64]. EGT values increased with the addition of 
solketal and butyl diglycol to D80B20 and D50B50 fuels. The oxygen content of solketal 
and butyl diglycol is viewed as an important parameter that causes the exhaust gas tem-
perature to rise [45]. The lowest exhaust gas temperature recorded was 232 °C with 
B50D50 fuel at an engine load of 1.6 Nm, while the highest temperature value reached 443 
°C with B30D50G20 fuel. The closest EGT value to B30D50G20 fuel was 431 °C with D100 
fuel at an engine load of 11.1 Nm. 
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The reason for the higher ROPR values obtained with the addition of solketal and
butyl diglycol is the high oxygen content, low viscosity, and flash point of the mixture (see
Table 1). Thus, better volatility and fuel atomization are achieved. Additionally, the oxygen
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content of the mixture is thought to accelerate combustion [61], leading to an increasing
trend in the rate of pressure build-up.

The exhaust gas temperature values of each test fuel for different engine loads are
provided in Figure 7. Exhaust gas is an indicator of combustion inside the cylinder in
internal combustion engines. In Figure 7, it was observed that the exhaust gas temperature
(EGT) decreased with the D80B20 and D50B50 fuel blends compared to diesel fuel. With
the addition of biodiesel to D100 fuel, the calorific value of the fuel blends decreases.
Consequently, the combustion temperature decreases, resulting in lower EGT values [62].
Similar results were obtained by refs. [63,64]. EGT values increased with the addition of
solketal and butyl diglycol to D80B20 and D50B50 fuels. The oxygen content of solketal and
butyl diglycol is viewed as an important parameter that causes the exhaust gas temperature
to rise [45]. The lowest exhaust gas temperature recorded was 232 ◦C with B50D50 fuel
at an engine load of 1.6 Nm, while the highest temperature value reached 443 ◦C with
B30D50G20 fuel. The closest EGT value to B30D50G20 fuel was 431 ◦C with D100 fuel at an
engine load of 11.1 Nm.
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The brake-specific fuel consumption values for each test fuel are presented in Figure 8
for different engine loads. The specific fuel consumption value denotes the amount of fuel
consumed for 1 kWh of useful work in internal combustion engines [64]. As shown in
Figure 8, specific fuel consumption decreased with increasing engine load for each test fuel.
Specific fuel consumption increased with diesel/biodiesel fuel blends (D80B20 and D50B50)
compared to D100 fuel. It also rose with increasing biodiesel content in the blend ratio,
with the highest specific fuel consumption values for each engine load generally occurring
with D50B50 fuel. Biodiesel fuel has lower heating values than diesel fuel. To achieve
the same power output, more fuel is delivered into the cylinder, thus raising the specific
fuel consumption [65]. Additionally, the deterioration of fuel atomization due to the high
viscosity of the fuels is also cited as a reason for the high specific fuel consumption [66].
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3.2. Exhaust Emissions 
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The addition of solketal and butyl diglycol to D50B50 fuel resulted in a reduction
in specific fuel consumption for each engine load. The butyl diglycol additive exhibited
lower specific fuel consumption than the solketal additive. In general, the specific fuel
consumption values obtained with B30D50G20 fuel were below those obtained with D100
fuel. Since solketal and butyl diglycol are oxygen-containing chemicals, they partially
enhance combustion, leading to lower specific fuel consumption [45].

3.2. Exhaust Emissions

Figure 9 shows the variation in carbon monoxide (CO) emissions for each test fuel.
CO emissions occur as a result of the incomplete combustion of fuel in the cylinder. Many
studies explain the incomplete combustion of fuel by the lack of oxygen in the cylinder
and the presence of cold regions on the cylinder walls [67,68]. In Figure 9, it was observed
that diesel fuel exhibited higher CO emissions than the other test fuels. Up to an engine
load of 6.4 Nm, the reduction in CO emissions was greater with a higher biodiesel blend
ratio in diesel fuel. At higher engine loads, CO emissions increased slightly with a higher
biodiesel blend ratio. The addition of solketal to the diesel/biodiesel blend caused an
increase in CO emissions up to an engine load of 6.4 Nm; after this point, CO emissions
tended to decrease with increasing engine load. The butyl diglycol additive caused a
decrease in CO emissions at all engine loads, with the lowest CO emission values obtained
from the D30B50G20 fuel. Oxygen-rich fuels are reported to oxidize more carbon (C) atoms
in the cylinder, increasing CO2 emissions and reducing CO emissions [69]. Therefore, it
is expected that CO emissions decrease with the oxygen content of biodiesel compared
to D100 fuel. Similarly, solketal and butyl diglycol are chemicals with oxygen content.
Additionally, butyl diglycol improved the viscosity and flash point values, while solketal
enhanced the flash point values of the fuel (Table 1). Improved viscosity and flash point
values are thought to partially enhance combustion and reduce CO emissions. It has been
found in similar studies that CO emissions improved with the addition of oxygen-rich
additives to biodiesel [70].
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the cylinder, thereby increasing CO2 emissions [72]. Furthermore, it is noted that the in-
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combustion time, thus allowing CO emissions to be converted into more CO2 emissions 
[73]. These results are consistent with those obtained in ref. [19]. 
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Carbon dioxide (CO2) emission values for each test fuel at different engine loads are
presented in Figure 10. According to many researchers, CO2 emissions vary based on the
combustion efficiency in the cylinder [71]. In Figure 10, it was observed that the addition of
solketal and butyl diglycol to the diesel/biodiesel blend resulted in high CO2 emissions.
The highest CO2 value of 2.65% was recorded with D30B50G20 fuel at an engine load of
4.8 Nm. It is indicated that the use of oxygen-rich fuels leads to improved combustion in the
cylinder, thereby increasing CO2 emissions [72]. Furthermore, it is noted that the increased
cetane number of the fuel partially advances combustion and extends the total combustion
time, thus allowing CO emissions to be converted into more CO2 emissions [73]. These
results are consistent with those obtained in ref. [19].
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Figure 11 shows the variation in hydrocarbon (HC) emission values for all test fuels
as a function of engine load. In internal combustion engines, HC emissions are generated
by the expulsion of fuel in the cylinder without complete combustion. Figure 11 indicates
that the highest HC emission values for all engine loads were obtained with D100 fuel. The
addition of biodiesel to diesel fuel caused a decrease in HC emissions. The reduction in HC
emissions with D80B20 and D50B50 fuel blends can be explained by the increased cetane
number and oxygen content of the fuel blends. An increased cetane number enhances the
combustion tendency of fuel blends, and the higher oxygen content facilitates the oxidation
of more fuel within the cylinder, resulting in reduced HC emissions [74]. The addition of
solketal and butyl diglycol to the diesel/biodiesel blend further reduced HC emissions, and
the lowest HC emission values were obtained with the butyl diglycol additive. Solketal and
butyl diglycol are oxygen-containing additives. By adding solketal and butyl diglycol to
the diesel–biodiesel binary-fuel blend, HC emissions reached their lowest levels due to the
increased oxygen content of the blend. Similar results can be found in the literature [19,75].
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Figure 12 shows the variation in the smoke emission values of each test fuel as a
function of engine load. Smoke emissions are stated to be caused by a lack of oxygen
in the cylinder and flame extinction near the cold cylinder walls [76]. Diesel/biodiesel
binary-fuel blends exhibited lower smoke emissions than pure diesel. Biodiesel reduces
smoke emissions by contributing to complete combustion with its high oxygen content [55].

The addition of solketal to the diesel/biodiesel fuel blend caused a slight increase
in smoke emissions. The high density and viscosity of solketal increase the density and
viscosity of the diesel/biodiesel blend. This can adversely affect the homogeneous air–
fuel mixture and ultimately combustion. Therefore, it is thought to reduce the positive
effect of the oxygen content of the fuel mixture, leading to increased soot emissions. On
the other hand, the addition of butyl diglycol to the diesel/biodiesel fuel blend reduced
smoke emissions. For each engine load, the highest smoke emission values were obtained
with D100 fuel while the lowest smoke emission values were obtained with D30B50G20



Sustainability 2025, 17, 3146 19 of 26

fuel. Oxygen enrichment increases the oxygen/fuel ratio, improves fuel oxidation, and
ultimately reduces smoke formation [77]. Similar results were obtained by ref. [78].
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3.3. Energy and Exergy Analyses

In this study, the energy of the fuels entering the cylinder is calculated and given
in Table 5. Fuel consumption and lower heating value determine the energy of the fuels.
D50B50 fuel has the highest fuel energy at all engine torque values. The lower heating
value of D50B50 fuel is lower than D100 fuel. However, since the fuel consumption of the
D50B50 fuel mixture is higher, its energy is higher. Fuel energy decreases with the addition
of solketal and butyl diglycol to diesel blends. With the addition of solketal, the lower
heating value of the fuel blend decreases compared to D100 fuel, but fuel consumption
increases. The D30B50G20 fuel blend has a higher lower heating value but lower fuel
consumption than the D30B50S20 fuel blend.

Table 5. The energy flow of fuel mixtures.

Engine Brake Load
(Nm)

Energy Flow (kW)

D100 D80B20 D50B50 D30B50S20 D30B50G20

1.6 8.010 9.704 10.577 8.649 7.117

3.2 11.567 12.154 13.131 10.034 11.275

4.8 13.559 14.066 14.485 12.414 12.952

6.4 14.257 14.791 14.783 12.530 14.114

7.9 13.689 16.441 15.176 13.867 13.186

9.5 14.704 14.665 15.100 14.589 14.954

11.1 15.974 15.972 17.601 14.175 15.046

The thermal efficiencies of the fuel mixtures used in the engine are given in Figure 13.
Thermal efficiency increases for all fuel blends with increasing engine torque. The power
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obtained from the engine and the energy of the fuel has a positive effect on thermal
efficiency. At all brake power values, the thermal efficiencies of D30B50S20 and D30B50G20
fuels are higher than the D100 fuel and biodiesel/diesel fuel blends. The addition of solketal
and butyl diglycol to diesel/biodiesel blends yields positive results in terms of thermal
efficiency. The highest thermal efficiency is 24.69% for D30B50S20 fuel at an engine torque
of 11.1 Nm. The highest thermal losses occur in the D50B50 fuel mixture, which has the
highest fuel energy among the fuels used in this study. Therefore, its thermal efficiency
is low.
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Figure 13. The variation in the thermal efficiency of fuel blends at different engine brake loads.

The chemical exergy of the fuel blends is given in Table 6. The highest exergy flow
was calculated as 23.446 kW for the D50B50 fuel at an engine torque of 11.1 Nm. In
D30B50G20 and D30B50S20 fuel blends formed by the addition of solketal and butyl
diglycol to diesel/biodiesel fuel blends, a lower exergy flow was calculated compared
to D100 fuel at all engine torques except 1.6 Nm and 7.9 Nm. D50B50 fuel showed an
approximately 2–8% higher exergy flow than D80B20 fuel at all engine torque values except
6.4 Nm and 7.9 Nm. The highest exergy flow is 23.44 kW at an engine torque of 11.1 Nm
for D50B50 fuel.

Table 6. The chemical exergy flows of fuel mixtures.

Engine Brake Load
(Nm)

Exergy Flow (kW)

D100 D80B20 D50B50 D30B50S20 D30B50G20

1.6 10.803 12.964 14.090 11.583 9.263

3.2 15.600 16.236 17.492 13.437 14.675

4.8 18.287 18.791 19.295 16.625 16.858

6.4 19.228 19.759 19.693 16.780 18.370

7.9 18.461 21.964 20.216 18.571 17.163

9.5 19.831 19.591 20.115 19.537 19.464

11.1 21.544 21.338 23.446 18.983 19.583
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In this study, the total exergy loss was calculated as the sum of the exhaust exergy
of the fuel blends and the exergy losses due to heat transfer, and the values are given
in Figure 14. D50B50 fuel showed the highest total exergy losses at all brake powers.
D30B50S20 and D30B50G20 fuels have lower total exergy losses at all brake powers than
other fuel blends. The lowest total exergy loss is 2.63 kW for D30B50G20 fuel at an engine
torque of 1.6 Nm.
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The entropy production of fuel blends based on exergy destruction is calculated and
given in Table 7. The highest entropy production was calculated as 0.052 kW/K for D50B50
fuel at an engine torque of 11.1 Nm. D30B50S20 and D30B50G20 fuels have the lowest
values in entropy production at all engine brake powers. This indicates that the addition of
solketal and butyl diglycol to fuel blends is exergetically favorable.

Table 7. Entropy generation.

Engine Brake Load
(Nm)

Entropy Generation (kW/K)

D100 D80B20 D50B50 D30B50S20 D30B50G20

1.6 0.025 0.031 0.034 0.027 0.021

3.2 0.037 0.038 0.042 0.031 0.034

4.8 0.043 0.044 0.045 0.038 0.039

6.4 0.044 0.045 0.045 0.037 0.041

7.9 0.041 0.050 0.045 0.041 0.037

9.5 0.043 0.042 0.044 0.042 0.042

11.1 0.047 0.046 0.052 0.040 0.041

The most important output of exergy analysis is the exergy efficiency. The exergy
efficiencies of the fuel mixtures used in this study are given in Figure 15. For all fuel blends,
the exergy efficiency is lower than the thermal efficiency. This is because the exergy flow of
fuels is higher than the energy flow. Among the fuel blends, the exergy efficiency of the fuels
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with added solketal and butyl diglycol is higher than the other fuels. In diesel–biodiesel
binary-fuel blends, exergy efficiency varies according to the D100 fuel. The highest exergy
efficiency is 18.43% for D30B50S20 fuel at an engine torque of 11.1 Nm.
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4. Conclusions
In this study, tests were carried out at seven different engine torques at a constant

engine speed of 3000 rpm in a compression-ignition engine using five different fuel blends.
Lower in-cylinder pressure values were obtained in the dual- and triple-fuel blends used in
this study compared to D100 fuel. The lowest in-cylinder pressure values were observed
in D50B50 fuel. The fuels obtained with the addition of solketal and butyl diglycol to the
blends showed a decrease in in-cylinder pressure values compared to D100 fuel. After
D100 fuel, the highest heat generation occurred in the oxygen-rich D30B50G20 fuel. Ex-
haust gas temperatures were found to increase with the addition of solketal and butyl
diglycol to diesel-biodiesel blends. The highest exhaust gas temperature was 443 ◦C for
D30B50G20 fuel.

The addition of solketal and butyl diglycol to fuel blends causes CO, HC, and smoke
opacity emissions to decrease and CO2 emissions to increase. In this study, the lowest
CO emission was measured as 0.02% in D30B50G20 fuel at engine torques of 1.6 Nm and
11.1 Nm. At an engine torque of 11.1 Nm, HC emissions of 95 ppm and 19 ppm were
measured for D100 and D30B50E20 fuels, respectively.

D30B50S20 and D30B50G20 fuel blends showed the best performance in thermal
efficiency and exergy efficiency. At an engine torque of 11.1 Nm, the highest thermal and
exergy efficiencies of D30B50S20 fuel were calculated as 24.69% and 18.44%, respectively.

As a result of engine performance and emission tests and thermodynamic analyses, it
is evaluated that the addition of solketal and butyl diglycol to diesel/biodiesel fuel blends
is appropriate. In future studies, it would be appropriate to carry out economic analyses
of solketal and butyl diglycol and to give importance to studies to increase production
capacity for fuel purposes.
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Nomenclature

BSFC Brake-specific fuel consumption (g/kWh)
BTE brake thermal efficiency
C15H25 diesel
CA crank angle
CD combustion duration (◦CA)
CHR cumulative heat release (J)
CI Compression ignition
CO carbon monoxide
CO2 carbon dioxide
Cp in-cylinder pressure (bar)
DI Direct injection
D100 100% diesel
D80B20 80% diesel and 20% biodiesel
D50B50 50% diesel and 50% biodiesel
D30B50S20 30% diesel, 50% biodiesel, and 20% solketal
D30B50G20 30% diesel, 50% biodiesel, and 20% butyl diglycol
EOC end of combustion (◦CA)
HC hydrocarbon
HRR heat release rate (J/◦CA)
H2O water
ICE internal combustion engine
ID Ignition delay
NOX nitrogen oxide
O2 oxygen
RoPR rate of pressure rise (bar/◦CA)
TDC top dead center
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