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In recent years, there have been many studies on the widespread use of liquid fuels derived 

from biomass. A common emphasis in such studies is on fewer exhaust gas emissions and the 

expansion of renewable fuel production. Biodiesel is considered to be an important type of 

biomass fuel that is already produced commercially. But the production of biodiesel is 

laborious and comprises combination of several chemical processes. This study examines the 

effects of using oil used in biodiesel production with oxygen-rich chemicals on combustion (in-

cylinder pressure (Cp), heat release rate (HRR), rate of pressure rise (RoPR), and cumulative 

heat release (CHR)), exhaust emission values, energy and exergy analysis. In this study, the 

effects of butyl di glycol use were also investigated and compared with commercially used 

ethanol and n-butanol. A transesterification method produced from canola oil the biodiesel 

used in the experiments. The experimental fuels were mixed volumetrically. For this purpose, 

experiments were carried out with canola biodiesel produced at 20% (D80B20) in diesel fuel 

and the results of the experiments were recorded. Under the same conditions, experiments 

were carried out by adding ethanol (D60C20E20), n-butanol (D60C20B20), butyl di glycol 

(D60C20G20) at a rate of 20% by volume to the canola oil added to the diesel fuel. The lowest 

values in terms of thermal and exergy efficiency were obtained in D60C20G20 fuel at all engine 

loads. Also, the highest entropy generation was calculated at all engine loads for this fuel 

blend. 

Keywords: Biofuels; Biodiesel; Canola oil; Oxygenated fuels; Butyl di glycol; Energy and 

exergy 

1. Introduction 

The conventional fossil fuels, such as diesel 

and gasoline, have been used in internal 

combustion (IC) engines for more than a century 

[1], and their use is expected to continue even in 

2040 [2],[3]. However, in addition to having 

limited lifetimes of fossil fuel sources, it pollutes 

the atmosphere and leads to serious 

environmental problems [4]–[6]. This situation 

has led most researchers to seek renewable and 

environmentally friendly alternative fuels. 

Biofuels such as alcohols and biodiesel are 

recommended as alternative fuel to internal 

combustion engines. Biodiesel, seen as a 

renewable fuel with the potential to help reduce 

exhaust emissions and total carbon dioxide (CO2) 

emissions, can reduce net CO2 emissions by 78% 

on a life-cycle basis compared to conventional 

diesel fuel [7]–[9].  

Biodiesel is a renewable biofuel that can be 

produced from vegetable oil, waste vegetable oil, 

and animal fats [10]. Due to its good solubility with 
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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 

D80C20 80% diesel, and 20% canola oil 

D80C20E20 60% diesel, 20% canola oil, and 20% 

ethanol 

D80C20B20 60% diesel, 20% canola oil, and 20% 

n-butanol 

D80C20G20 60% diesel, 20% canola oil, and 20% 

butyl di glycol 

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 tead center 

 

diesel fuel, biodiesel can be used as an additive to 

conventional diesel fuel at any mixing ratio [11]. 

According to Rakopoulos et al. [12], cotton seed 

biodiesel/diesel blends in a single-cylinder, four-

stroke diesel engine performance and exhaust 

emissions examined the impact on diesel-

biodiesel the average effective pressure, brake 

thermal efficiency were obtained with a mixture 

of higher and higher. It was stated that 

hydrocarbon, carbon monoxide, and particulate 

matter emissions decreased with the use of 

biodiesel. However, it is indicated that biodiesel 

production is a time-consuming and expensive 

process [12], and financial support from the local 

government is required to promote biodiesel 

production [13]. Studies have been conducted on 

the use of oils as fuel in diesel engines without 

converting them to biodiesel [14], [15]. Some 

research that vegetable oils used in the engine in 

the long term can cause serious engine deposits, 

piston ring jamming and injector clogging 

problems due to high viscosity and low volatility 

[16]. In order to prevent negative effects that may 

occur by improving the viscosity values of oils by 

heating and/or with fuels with lower viscosity 

(diesel, alcohols, etc.) it is used by creating 

mixtures [17]. 

Deepanraj et al. [18] investigated the effect of 

pre-heating palm oil (PCPO) and palm oil methyl 

ester (POME) on the performance and emissions 

of a single-cylinder, four-stroke diesel engine. The 

highest brake thermal efficiency (B) is achieved 

with diesel fuel, while the POME and fuel blends 

exhibit higher BTE than PCPO fuel for most 

engine loadings. Also, the highest cylinder 

pressure (Cp) was achieved with diesel fuel, while 

POME exhibited a higher Cp than PCPO. 

Hydrocarbon (HC) and carbon monoxide (CO) 

emissions of PCPO, POME and their blends are 

lower than pure diesel due to of excess oxygen. 

Martin et al., [19] in the study, it was aimed to 

reduce viscosity by heating cottonseed oil and 

creating a blend of pure diesel fuel. It was seen 

that, the engine performance improved with 

preheated CSO and diesel-CSO blend compared 

to neat CSO. Rakopoulos et al., [20] investigated 

the effect of blends of vegetable oils and biodiesel 

derived from these oils with diesel fuel on engine 

performance and emissions in a direct injection 

diesel engine. It made a comparison between 

vegetable oil-diesel fuel blends and biodiesel-

diesel fuel blends. Emissions of smoke and carbon 

monoxide (CO) decreased with the use of 

biodiesel mixtures, while they increased with the 

use of vegetable oil mixtures. Nitrogen oxides 

(NOx) emissions, according to neat diesel fuel, 

increased at low blend rates of vegetable oil and 

biodiesel, while decreased at high blend rates. In 

terms of engine performance, vegetable oil blends 

and biodiesel blends have shown a similar trend. 

Ravi et al., [21] investigated the effect of n-butanol 

contribution to peanut oil-diesel fuel blends on the 

combustion, performance and emissions 

characteristics of a single-cylinder diesel engine. It 

was stated that the addition of n-butanol to fuel 

blends caused an insignificant decrease in 

cylinder pressure (Cp) and heat release (HRR) 

values. Furthermore, it was indicated that NOX, 

CO and HC emissions decreased significantly. El-

Seesy et al. [22] examined the combustion and 

emission parameters of a compression ignition 

(CI) engine running with diesel-jojoba oil blends 

and n-butanol additives. It was indicated that the 
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cylinder pressure (Cp) and heat release rate (HRR) 

values increased with the addition of n-butanol to 

diesel-jojoba oil blends. Moreover, in this study, 

CO, HC and NOX emissions were lowered with 

introducing n-butanol to diesel-jojoba oil blends. 

Geo et al. [23] investigated the effects of adding 

ethanol to rubber seed oil (RSO) and rubber seed 

oil biodiesel (RSOME) on combustion, 

performance, and exhaust emissions in a single-

cylinder diesel engine. It was observed that the 

addition of ethanol to RSO and RSOME increased 

brake thermal efficiency and decreased smoke 

emissions. Sathiyamoorthi and Sankaranarayanan 

[24] blended ethanol with lemon grass oil (LGO)-

diesel fuel blend and investigated the effects of 

ethanol concentration on combustion, 

performance, and emissions in a direct injection 

diesel engine. It was stated that ethanol-blended 

fuels exhibited a higher combustion pressure, heat 

release rate (HRR), brake specific fuel 

consumption (BSFC) and brake thermal efficiency 

(BTE) than diesel and LGO25 (75% pure diesel + 

25% pure lemon oil). Furthermore, it was reported 

that while smoke and HC emissions decreased 

with the addition of ethanol, NOX and CO 

emissions increased.  

Compression ignition engines, not all of the 

mechanical energy obtained by the combustion of 

fuel can be converted into useful work due to 

various losses. With the energy analysis, the 

change in the useful work obtained from the 

engine is determined according to the energy of 

the fuel [25]. Energy analysis is used to determine 

the efficiency of fuels in internal combustion 

engines [26]. In internal combustion engines, 

energy is conserved. But the exergy is not 

preserved [27]. The maximum work that can be 

obtained from a particular system is defined as 

exergy [28]. With the exergy analysis, the work 

capacity and quality of the energy of the fuel used 

in engines can be determined [29], [30]. The 

unusable part of the energy in the engine and in 

which parts and in what amount there are losses 

caused by irreversibilities can be determined [31]. 

In the literature, energy and exergy analysis 

studies have been carried out in diesel, biodiesel, 

and alcohol-based fuels [32]–[39]. In these studies, 

exergy efficiencies of fuels were calculated by 

considering exergy losses and entropy generation.  

In the literature review, it was observed that 

pure vegetable oils were used as alternative fuels 

in diesel engines by improving some fuel 

properties with different techniques without 

converting them to biodiesel. However, no 

detailed study was found in the literature in 

which the effects of canola oil and ethanol, n-

butanol, butyl di glycol blends and canola oil 

biodiesel on combustion, engine performance and 

harmful exhaust emissions were presented 

comparatively, and exergy analyses were 

examined. The aim of this study is to blend canola 

oil and ethanol, n-butanol and butyl di glycol and 

to investigate the potential for direct and more 

efficient use in a single-cylinder, four-stroke diesel 

engine without converting canola oil to biodiesel. 

Moreover, the thermodynamic evaluation of fuel 

blends was performed by using energy and 

exergy analyses in the study. The results obtained 

are presented comparatively with diesel-biodiesel 

and diesel-canola oil blend. The experimental 

study was carried out at a constant motor speed of 

3000 rpm and at different motor loads of 500 W, 

1000 W, 1500 W, 2000 W, 2500 W and 3000 W. 

 

2. Materials and Methods 

2.1. Test Fuels 

In this study, diesel fuel-canola oil biodiesel, 

diesel fuel-canola oil and diesel fuel-canola oil-

oxygenated fuels (ethanol, butanol and butyl di 

glycol) were used by creating a blend. Diesel fuel 

was purchased from local OPET gas station. 

Canola oil was purchased from a local market. The 

transesterification method, which is widely used 

in the production of biodiesel from canola oil, was 

applied. To carry out the reaction, a 4000 ml three-

necked batch reactor in Figure 1 was used.  

In the transesterification reaction, methanol up 

to 20% (%V/V) of the oil by volume and NaOH up 

to 0.5% (%W/W) of the oil by weight were used 

[40]. The reaction temperature is 60 °C, the 

duration is 1.5 hours and the mixing speed is 800 

rpm. At the end of the reaction, the mixture is 

taken into the separation funnel and left to rest for 

12 hours, and then the biodiesel at the top is 

separated from the glycerin phase at the bottom. 

The obtained biodiesel was washed 3 times (until 

the pH value was neutral) with distilled water at 

55 °C. In each washing process, it was taken to a 

separatory funnel again to separate the water and 

biodiesel. The drying process was applied at 110 

°C for 1 hour against the possibility of water 

remaining in the biodiesel. Finally, it was filtered 
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under vacuum, taken into amber bottles and 

stored in a refrigerator at 4 °C until engine tests 

and fuel analysis. After all these processes, it was 

seen that 963 ml of biodiesel could be produced 

from 1000 ml of oil. In this biological condition, 

diesel survival was calculated as 96.3%. Some 

physical and chemical properties of fuels and 

chemicals used in experimental studies are given 

in Table 1. 

The amount and data of the fuels produced are 

suitable for use in Table 2. 

Fuel blends were created according to the 

ratios specified in Table 2 and placed in special 

bottles, and kept under suitable conditions for one 

week against the possibility of phase separation. It 

was observed that no phase separation occurred 

at the end of one week. The images of the fuels 

used in experimental studies in special bottles are 

shown in Figure 2. Afterward, the fuel blends in 

the amount required for the engine tests were 

prepared before starting the experiments, and the 

prepared fuels were finished during the 

experiment. Some physical and chemical 

properties of all fuels and fuel blends are 

presented in Table 3.  

 

 
Figure 1. Reactor for transesterification reaction. 

 

Table 1. Properties of diesel, canola oil, canola oil methyl ester and chemicals 

Fuel Properties Diesel Biodiesel Canola oil Ethanol* Butanol** Butyl di glycol 

Kinematics viscosity (mm2/s), 

at 40 °C 
3.43 4.68 31.23 1.2 2.63 3.15 

Density (g/cm3) at 15 °C 0.834 0.83 0.90 0.786 0.81 1.18 

Lower heating value (MJ/kg) 43.08 38.93 40.12 28.4 33.2 59.59 

Flash point (°C) 66.0 162 234 15 35 99 

Cetane number 59.5 56.8 - 6 17-25 61 

*Ref [2], **Ref [41]  

 

Table 2. The blending concentrations of the test fuels 

No Abbreviation Diesel Biodiesel Canola oil Ethanol n-butanol Butyl di glycol 

1 D100 100% - - - - - 

2 D80B20 80% 20% - - - - 

3 D80C20 80% - 20% - - - 

4 D60C20E20 60% - 20% 20% - - 

5 D60C20B20 60% - 20% - 20% - 

6 D60C20G20 60% - 20% - - 20% 

 

 
Figure 2. Test fuels used in experimental studies 
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Table 3. The physical and chemical properties of test fuels and blends 

Properties D100 D80B20 D80C20 D60C20E20 D60C20B20 D60C20G20 

Kinematics viscosity (mm2/s), at 40 °C  3.43 3.68 8.99 8.54 8.83 8.93 

Density (g/cm3) at 15 °C 0.834 0.83 0.85 0.84 0.84 0.92 

Lower heating value (kJ/kg) 43.08 42.25 42.49 39.55 40.51 45.79 

Flash point (°C) 66.0 85.20 99.60 89.40 93.40 106.20 

Cetan number 59.5 58.96 - - - - 

 

2.2. Experimental Setup and Methodology 

Within the scope of this study, a naturally 

aspirated, four-stroke, air-cooled, direct injection, 

single-cylinder diesel engine powered electrical 

generator was used in experimental studies. The 

properties of the diesel engine used in the study 

are given in Table 4. All tests within the scope of 

the study were conducted at a constant engine 

speed of 3000 rpm and different engine loads (500 

W-3500 W, with the 500 W increments). Projectors 

with different powers (250 W and 1000 W) were 

used to apply load to the generator. Fuel 

consumption was determined in mass by the time 

it took to consume 10 g of the fuel on an electronic 

balance with 0.01 g accuracy. Piezo resistor Kistler 

4065B0200DS1 model air-cooled pressure sensor 

was used to measure in-cylinder pressure values. 

Charge amplifier (Kistler 4624AK21) was used to 

amplify the signals from the in-cylinder pressure 

sensor. Oprant AutoPSI-A model air-cooled 

pressure sensor was used to measure the fuel line 

pressure. The crankshaft position was determined 

by an FNC 50B incremental optical encoder. 4-

channel PicoScope 2406B oscilloscope was used to 

instantly monitor and record the data from the 

sensors. Each in-cylinder pressure and fuel line 

pressure values were obtained by averaging 100 

cycles with 0.1 °CA precision. Again, the heat 

release rate analysis (HRR) was carried out using 

the average value of 100 consecutive in-cylinder 

pressures. All losses and leaks were ignored while 

calculating the heat release. The heat release rate 

for each crank angle was calculated using Eq.1.  

The exhaust gas temperature was measured 

using a K-type thermocouple. The exhaust gas 

concentrations of unburned hydrocarbons (HC), 

nitrogen oxide (NOX), carbon monoxide (CO), 

carbon dioxide (CO2) and smoke emission 

concentrations were determined by a Mobydic 

5000 COMBI exhaust gas analyzer. The technical 

specifications of the exhaust emission device are 

presented in Table 5. The schematic view of the 

experimental setup is given in Figure 3. 

Table 4. The technical specifications of the diesel 

engine used in the experimental studies 

Diesel engine 

Parameters Specifications 

Model 186 FAG 

Number of cycle 4 

Number of cylinder 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 

 
𝑑𝑄

𝑑𝜃
=

𝑘

𝑘 − 1
(𝑃

𝑑𝑉

𝑑𝜃
) +

1

𝑘 − 1
(𝑉

𝑑𝑃

𝑑𝜃
) (1) 

where 𝑑𝑄/𝑑∅ 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). 

 
Table 5. Technical properties of the devices used to 

measure exhaust emissions 

Measurement 
Measuring 

Range 
Resolution Precision 

CO (% vol) 0-10 0.01 ± 1% 

CO2 (% vol) 0-20 0.01 ± 0.5% 

HC (ppm) 0-20000 1 ± 12 

NOX (ppm) 0-5000 1 ± 10 

O2 (% vol) 0-21 0.01 ± 0.5% 

Smoke 

opacity (%) 
0-20 0.01 ± 2 

 

2.3. Energy and Exergy Analysis 

Energy and exergy analyses were conducted 

using the data obtained from engine performance 

and exhaust emission tests. In the analyses, it was 

assumed that the engine ran in a steady state, the 
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Figure 3. The schematic view of the experimental setup 

 

combustion air and exhaust gases were ideal 

gases, the combustion took place at a constant 

pressure, and the potential and kinetic energies of 

the combustion air, fuel and exhaust gases were 

zero. In the study, the energy entering the control 

volume, thermal losses and thermal efficiency 

were calculated with the energy analysis. The 

conservation of mass can be calculated using Eq. 2 

and the conservation  by mass of energy using Eq. 

3. Here, �̇�𝑓𝑢𝑒𝑙  refers to the chemical energy of the 

fuel, �̇�  refers to the useful work, and �̇�𝑙𝑜𝑠𝑠 refers 

to the heat losses. Thermal efficiency is the ratio of 

the useful work to the fuel energy entering the 

control volume. 

 
 ∑ �̇�𝑖𝑛 = ∑ �̇�𝑜𝑢𝑡 (2) 

 

�̇�𝑓𝑢𝑒𝑙 = �̇� + �̇�𝑙𝑜𝑠𝑠 (3) 

 

𝜂 =
�̇�

�̇�𝑓𝑢𝑒𝑙

 (4) 

 
The exergy provided to the engine by the fuel, 

effective power exergy (useful work), exhaust 

exergy, exergy occurring with heat transfer, 

exergy destroyed as a result of combustion, and 

exergy efficiency were found with the exergy 

analysis. In the exergy analysis, the formulas in 

the study conducted by Doğan et al. [33] were 

used. 

3. Result and Discussions 

The change in the cylinder pressure (Cp) 

values of the fuels used in the experimental 

studies according to the crank angle is shown in 

Figure 4. It is seen that the combustion profile of 

the additive fuel encounters looks similar from the 

D100. In-cylinder combustion pressure may 

increase as a result of the accumulation of fuel in 

the cylinder and its sudden combustion, 

depending on parameters such as viscosity, cetane 

number, density in addition to the heating values 

of the fuels. Moreover, the in-cylinder pressure 

value may decrease depending on the extension of 

the combustion to the exhaust time with the 

increasing ignition delay. The lowest in-cylinder 

pressure value at all engine loads was obtained as 

36.4 bar with D80C20 fuel blend at an engine load 

of 500 W. Under the same conditions, an in-

cylinder pressure value of 39.3 bar was obtained 

with D100 fuel, while the highest in-cylinder 

pressure value was obtained as 39.6 bar with 

D60C20B20 fuel blend. Considering all engine 

loads, the highest in-cylinder pressure value was 

obtained as 44.9 bar with D60C20B20 fuel blend at 

an engine load of 3000 W. In this case, there was 

an increase of 2.27% compared to D100 fuel. 

Studies indicate that oxygen-rich fuels shorten the 

combustion duration (CD) or accumulate in the 

cylinder, causing sudden combustion and 

increasing the in-cylinder pressure values [42]–

[45].  
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Figure 4. The variation of cylinder pressures depending on the crank angle with test fuels at different engine 

loads 
 

The change in the rate of pressure rise (RoPR) 

value depending on the crank angle for each fuel 

blend is given in Figure 5. According to many 

researchers, the RoPR value is the point where the 

maximum pressure is formed and also the place 

where combustion starts. In internal combustion 

engines, it is reported that the RoPR value should 

be lower than 9 bar/°C for the engine to run 

without knocking [46]. If this value is higher, it 

means that the engine is knocking. In this study, 

at all engine loads and with different fuel blends, 

the rate of pressure rise varied between 1.05 

bar/°C and 1.38 bar/°C. The highest RoPR value 

was obtained as 1.38 bar/°CA with D60C20B20 

fuel at an engine load of 3000 W. Studies have 

reported that fuels with high latent heat of 

vaporization influence the ignition delay time and 

increase the rate of pressure rise due to sudden 

accumulations in the cylinder [47]–[49].  
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Figure 5. The variation of rate of pressure rise (RoPR) depending on the crank angle with test fuels at different 

engine loads 
 

The heat release rate (HRR) values of the fuels 

used in the experimental studies are presented in 

Figure 6. Studies in the literature express HRR as 

the change in the heat generated in the 
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angle [50]. Upon examining the graphs, it was 
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combustion, making it difficult to obtain energy 

from the entire fuel [51]. Therefore, it is observed 
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While the highest HRR value in the study was 

obtained as 19.2 J/°CA with D100 fuel at an engine 

load of 3000 W, the lowest HRR value was 
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blend. It is observed that HRR amounts of alcohol-

added (D60C20B20) fuels are higher at some 

engine loads (1500 W). This situation can be 

expressed by the presence of oxygen in the content 

of fuels. Studies indicate that additives added to 

diesel fuel reduce the cetane number and increase 

the amount of oxygen in the fuel blends, 

increasing the HRR amount [51], [52].  
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Figure 6. The variation of heat release rate (HRR) depending on the crank angle with test fuels at different engine 

loads 

 

Figure 7 presents the cumulative heat release 
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absorbed varies depending on the latent heat of 

vaporization of the fuel. The latent heat of 

vaporization and low heating values of alcohols 

are considerably higher compared to diesel fuel. 

Studies in the literature report that additives with 

low heating values and high latent heat of 

vaporization reduce the CHR value [55]. It is seen 

that the in-cylinder pressure decreases in similar 

studies in the literature [42], [56].  

Change in the brake specific fuel consumption 

(BSFC) values of fuels used in experimental 

studies depending on engine load is given in 

Figure 8. While brake specific fuel consumption 

(BSFC) significantly depends on the heating value, 

it also varies depending on parameters such as 

viscosity, density, and cetane number that affect 

the combustion of fuels in the cylinder [57]. It is 

expected that the amount of BSFC will change  

 

  

  

  

 
Figure 7. The variation of cumulative heat release (CHR) depending on crank angle with test fuels for different 

engine loads 
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Figure 8. The variation of BSFC depending on engine 

load 

 

since the oils and alcohols added to diesel fuel 

change the fuel properties (viscosity, density, 

cetane number, and heating value). While the 

lowest fuel consumption amount was obtained 

with D100 fuel at all engine loads, the highest 

consumption value was obtained with D80C20 

fuel blend. While the highest amount of increase 

was 27% at an engine power of 500 W, the lowest 

increase rate was 1% at an engine load of 2000 W 

with D60C20B20 fuel blend. Studies also indicate 

that the amount of oxygen in alcohols partially 

improves combustion. It is stated in many studies 

that fuel consumption values increase by mixing 

fuels with high viscosity and low calorific value 

into diesel fuel. In this respect, the results obtained 

are similar to the studies conducted with such 

fuels in terms of the increase in fuel consumption 

values [58], [59]. 

The change in the exhaust gas temperature 

values of each test fuel used in this study 

depending on the engine load is given in Figure 9. 

Exhaust gas temperature may vary with 

parameters such as heating values of fuels, 

viscosity, cetane number, heating value, and 

oxygen content [60]. Studies have reported that 

fuel blends accumulate in the cylinder, prolonging 

the ignition delay (ID), with the change in the 

properties of fuels, such as cetane number, 

viscosity, density, etc. [61]. The excessive 

prolongation of the ignition delay time causes the 

fuel to be ejected from the exhaust before it is 

burned completely in the exhaust valve timing. In 

this case, it was reported that combustion 

continued in the exhaust, increasing the exhaust 

gas temperature [62]. The lowest exhaust gas 

temperature value was obtained as 201 °C with 

D80C20 fuel blend at all engine loads. In 

comparison with D100 fuel, the highest amount 

was determined to be 10% at an engine load of 500 

W. It is known that the heating value decreases 

and the viscosity and density values increase with 

the direct addition of oil in the fuel blends. All 

these conditions worsened the combustion, 

lowered the end-of-combustion (EOC) 

temperature and thus caused a decrease in the 

exhaust gas temperature. In the case of biodiesel-

added fuel blend and alcohol addition, increases 

were determined compared to diesel fuel, except 

for engine loads of 3000 W and 3500 W. The 

highest exhaust gas temperature was obtained as 

435 °C in D60C20E20 fuel blend. Compared to 

diesel fuel, the highest rate of increase occurred as 

a result of using D60C20E20 fuel blend with a rate 

of 28% at an engine load of 1000 W. It is possible 

to explain the increased exhaust gas temperature 

values despite the decrease in heating values, by 

changing the diffusion combustion process of the 

fuel blends because studies have reported that the 

extension of the diffusion combustion phase 

increases the exhaust gas temperature. Exhaust 

gas temperature continues to increase, resulting in 

a higher combustion rate during the diffusion 

combustion phase with the combined effects of 

higher flame velocity and oxygen content, along 

with the oxygen content of fuels. In previous 

studies, it is frequently stated that high density 

and viscosity values are effective in the 

combustion of fuels. The findings obtained in this 

article are similar to the results of previous high 

viscosity and density fuel mixtures [63], [64].  

 

 
Figure 9. The variation of exhaust gas temperature 

depending on engine load 
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The change in carbon monoxide (CO) emission 

values of fuels used in experimental studies 

depending on engine load is shown in Figure 10. 

The lack of oxygen in internal combustion engines 

affects the formation of CO emissions [60]. 

Although diesel engines run with a high 

percentage of air, CO emissions can occur. CO 

emissions reached the highest values in all 

situations when the engine was not loaded. It is 

understood from this situation that the fuel taken 

into the cylinder cannot burn completely. At low 

engine loads, a small amount of fuel is taken into 

the cylinder, and the lowest combustion 

temperature is obtained. In this case, the in-

cylinder temperature that will completely burn 

the fuel blend cannot be obtained. With the 

increasing engine load, the in-cylinder 

temperature increases, and the blend burns 

completely, causing a decrease in CO emissions. 

With the addition of alcohol to diesel and canola 

oil, CO emissions decreased at all engine loads 

compared to D100 fuel. It is possible to explain 

this situation by the decrease in the amount of 

oxygen and the total number of carbon (C) atoms 

in alcohol fuels. Studies have reported that 

oxygen-rich fuels are effective in reducing CO 

emissions [65]. The highest CO emission was 

obtained with D80C20 fuel at all engine loads. 

Despite the oxygen content of canola oil, the 

increase in CO emissions can be expressed by the 

increased viscosity of the fuel blend and the 

decrease in the heating value. Increasing viscosity 

is thought to worsen combustion. The lowest CO 

emission was obtained with D60C20G20 fuel. 

Butyl di glycol is an important oxygen-containing 

chemical that is also used commercially as a 

solvent. It is thought that the oxygen content of 

butyl di glycol partially improves combustion and 

reduces CO emissions. In comparison with diesel 

fuel, CO emissions increased by 26% at the highest 

rate under the unloaded condition with the use of 

D80C20 fuel blend, while the lowest increase rate 

was observed as 10% at an engine load of 2000 W. 

Among the fuel blends, the lowest CO emission 

was obtained with D60C20G20 fuel blend at a rate 

of 86%. It is thought that the high oxygen level in 

the fuel mixture is effective in this situation. With 

the use of oxygen high fuels in internal 

combustion engines, carbon atoms are fully 

burned, triggering the increase in carbon dioxide 

emissions. In this case, CO emissions are reduced 

[66], [67].   

 

 
Figure 10. The variation of CO emissions depending 

on engine load 

 

The change in carbon dioxide (CO2) emission 
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an engine load of 1000 W. The lowest CO2 

emission value was measured as 1.54% with 

D60C20B20 fuel blend at an engine load of 1500 

W. In the fuel blends used, while the highest 

increase rate was 36% with D60C20B20 fuel blend 

at an engine load of 3500 W, the lowest increase 

was obtained as 1% with D60C20G20 fuel blend 

under the same conditions. In this case, it can be 

stated that better combustion occurs with the 

addition of n-butanol depending on the increased 

amount of fuel, while the addition of butyl di 

glycol partially worsens combustion and, 

accordingly, causes a decrease in CO2 emissions.  
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Figure 11. The variation of CO2 emissions depending 

on engine load 

 

The change in unburned hydrocarbon (HC) 

emission values of the fuels used in experimental 

studies depending on engine load is shown in 

Figure 12. While the lowest HC emission was 

obtained with D60C20G20 fuel blend between 

engine loads of 0-2000 W, it was observed that 

D60C20B20 fuel was more effective with the 

engine load increasing to 2500, 3000, and 3500 W. 

The highest HC emission compared to diesel fuel 

was obtained with D60C20E20 fuel blend. It is 

possible to explain this situation with the heating 

values and evaporation heats of the fuel blends. It 

is reported that the use of chemicals with a high 

heat of evaporation as fuel additives draws more 

heat from the cylinder and creates partially dim 

regions, resulting in an increase in HC emissions 

[70], [71]. Since the oxygen content of fuel 

mixtures improves combustion, it causes a 

decrease in HC emissions. The maximum 

decrease in HC emissions compared to diesel fuel 

was obtained as 89% with D60C20G20 fuel blend 

at an engine load of 1500 W. The change in 

nitrogen oxide (NOX) emission values of the fuels 

used in experimental studies depending on 

engine load is shown in Figure 13.  

The change in the smoke emission values of the 

fuels used in the experimental study depending 

on the engine load is shown in Figure 14. While 

there was a decrease in smoke emissions in 

general with the increasing engine load, an 

increase was observed with D80C20 fuel. 

Furthermore, in all fuel blends in which alcohol is 

used as an additive, a decreasing trend is observed 

in parallel with the engine load. It is possible to 

explain this situation with the increasing amount 

of fuel and the increase in the in-cylinder 

temperatures and, accordingly, the partial 

improvement of combustion. Additionally, it can 

be said that the oxygen content of alcohols 

improves combustion and reduces smoke 

emissions. The obtained data demonstrate that 

blending pure vegetable oil into diesel fuel 

increases smoke emissions at all engine loads. 

However, the smoke emission decreased with the 

addition of alcohols to diesel/oil blends. It is 

possible to explain this situation by the fact that 

the amount of oxygen in alcohol fuels partially 

improves combustion. In general, the lowest 

smoke emission values were obtained with 

D60C20G20 fuel blend. 

 

 
Figure 12. The variation of HC emissions depending 

on engine load 

 

 
Figure 13. The variation of NOX emissions depending 

on engine load 
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was calculated as the highest value at all engine 

loads. While the thermal efficiency of D100 fuel 

was higher at low engine loads, the efficiency of 

D60C20B20 fuel was higher than that of D100 fuel 

with the increasing engine load. The thermal 

efficiency of the canola oil-pure diesel fuel blend 

is higher than the biodiesel-pure diesel blends 

obtained from canola oil. The exergy efficiencies 

given in Figure 16 exhibit similar behavior to the 

energy efficiencies. The total exergy losses 

emerging from the exhaust and heat transfer in the 

fuel blends were calculated with the exergy 

analysis and given in Figure 17. The total exergy 

losses increased with the increasing engine load. 

The highest total exergy loss was found as 4.28 kW 

in D60C20E20 fuel at an engine load of 3000 W. 

Entropy generation originates from exergy 

destruction of fuel blends. As seen in Figure 18, the 

highest entropy generation occurs in D60C20G20 

fuel at all engine loads.  

 

 
Figure 14. The variation of smoke opacity emissions 

depending on engine load 

 

 
Figure 15. The variation of thermal efficiency of fuel 

blends at different engine loads 

 
Figure 16. The variation of exergy efficiency of fuel 

blends at different engine loads 

 

 

Figure 17. The variation of exergy losses of fuel blends 

at different engine loads 

 

 
Figure 18. The variation of entropy productions of fuel 

blends at different engine loads 

 

4. Conclusions 

This study, experimentally investigated the 

effects of binary or ternary fuel blends obtained 

using diesel fuel-canola oil biodiesel blend, diesel 

fuel-pure canola oil blend, and ethanol, n-butanol, 

and butyl di glycol additives on engine 
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performance and exhaust emissions in a four-

stroke, compression ignition engine. Furthermore, 

energy and exergy analyses were also examined 

using the experimental results obtained in the 

study. According to the results obtained: 

• For each engine load, D80C20 and D80B20 fuel 

blends exhibited lower combustion 

performance (Cp, RoPR, and HRR) than pure 

diesel fuel. 

• D80C20 fuel blend exhibited lower Cp and 

RoPR values in general than D80B20 fuel. 

Combustion performance improved with the 

addition of oxygen-containing fuel. 

Considering all fuels, the highest Cp value was 

obtained with D60C20G20 fuel at an engine 

load of 3500 W, and the highest RoPR value 

was obtained with D60C20B20 fuel at an 

engine load of 2500 W. 

• D80C20 and D80B20 fuel blends, in general, 

showed lower HRR and CHR than D100 fuel 

for each engine load. The HRR value increased 

with the addition of oxygen-containing fuel to 

D80C20 fuel. While CHR decreased at low 

engine loads with the addition of oxygen-

containing fuel, it increased at high engine 

loads. It was observed that the highest HRR 

and CHR values according to all fuels were 

obtained with D60C20E20 fuel at an engine 

load of 3500 W.  

• While the lowest brake specific fuel 

consumption was obtained with D100 fuel at 

all engine loads, the highest was obtained with 

D80C20 fuel. With the addition of oxygen-

containing fuel to D80C20 fuel, the specific fuel 

consumption decreased, and the lowest 

specific fuel consumption was obtained with 

D60C20G20 at an engine load of 3500 W. 

• The lowest exhaust gas temperature value was 

obtained as 201 ℃ with D80C20 fuel blend at 

all engine loads. Exhaust gas temperatures 

increased with the addition of oxygen-

containing fuel, and the highest exhaust gas 

temperature was obtained as 435 ℃ with 

D60C20E20 fuel. 

• The highest CO emission for each engine load 

was obtained with D80C20 fuel. However, CO 

emissions decreased with the addition of 

oxygenated fuels to D80C20 fuel. The lowest 

CO emission values among all fuels were 

obtained with D60C20G20 fuel. 

• While D80C20 fuel exhibited lower CO2 

emissions than D100 and D80B20 fuels, CO2 

emissions increased with the addition of 

oxygen-containing fuel to D80C20 fuel. 

Considering each test fuel, the highest CO2 

emission was obtained with D60C20G20 fuel. 

• Except for butyl di glycol, with the addition of 

other oxygen-containing alcohol-based fuels to 

D80C20 fuel, HC emissions increased at low 

engine loads and decreased at high engine 

loads. Among all test fuels, HC emissions were 

the lowest at low engine loads with 

D60C20G20 fuel. At high engine loads, the 

lowest HC emissions were obtained with 

D60C20B20. 

• The highest smoke emissions for each engine 

load were obtained with D80C20 fuel. Smoke 

emissions decreased with the addition of 

oxygen-containing fuel to D80C20 fuel. 

Considering all test fuels, it was observed that 

the lowest smoke emissions were obtained 

with D60C20G20 fuel. 

• The highest thermal and exergy efficiency in 

fuel blends were calculated for D60C20B20 

fuel, respectively. 

• The highest total exergy loss was found as 4.28 

kW in D60C20E20 fuel at an engine load of 

3500 W. The lowest total exergy loss occurred 

in D100 fuel at all engine loads.  

Entropy generation increases with the 

increasing engine load. The highest entropy 

generation was calculated as 0.052 kW/K in 

D60C20G20 fuel at an engine load of 3500 W. 
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