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A B S T R A C T

The growing need for sustainable and eco-friendly fuels aligns with global efforts to achieve the United Nations 
Sustainable Development Goals (SDGs), particularly SDG 7 (Affordable and Clean Energy), SDG 13 (Climate 
Action), and SDG 12 (Responsible Consumption and Production). This study addresses these goals by investi
gating the potential of biodiesel blends supplemented with innovative fuel additives to improve engine perfor
mance and reduce environmental impact. Specifically, the effects of diglyme (DG) and cumene (CU) as fuel 
additives on the combustion, performance, and emission characteristics of diesel engines fueled with jojoba 
methyl ester (JME), polanga oil methyl ester (PME), and their blended variant mixed methyl ester (MME) were 
evaluated. Experiments were conducted on a single-cylinder, 4-stroke, water-cooled, direct injection diesel en
gine operating at a constant speed of 1500 rpm and injection timing of 21ºbTDC under varying load conditions 
(0–5.02 kW). DG (5 % vol./vol.) was used as a cetane improver, while CU (5 % vol./vol.) functioned as an 
antioxidant. The results demonstrated that the blends MME15+CU5 and MME15+DG5 exhibited superior 
thermo-chemical properties and engine performance. MME15+CU5 achieved an 8.77 % increase in brake 
thermal efficiency (BTE), along with reductions in brake-specific energy consumption (BSEC) (5.64 %) and 
exhaust gas temperature (EGT) (12.02 %) at peak load. Similarly, MME15+DG5 delivered a 15.78 % 
improvement in BTE, with reductions in BSEC (17.11 %) and EGT (5.48 %). Emission analysis revealed signif
icant reductions in CO (53.52 %), HC (81.25 %), NOx (26.11 %), and smoke opacity (25.79 %) for MME15+DG5 
compared to diesel. These findings underscore the potential of (diglyme and cumene) additives enhanced bio
diesel blends as sustainable, efficient alternatives to conventional diesel, contributing to the reduction of 
greenhouse gas emissions (SDG 13) and fostering responsible energy production and consumption (SDG 12), 
while promoting access to clean energy solutions (SDG 7).

1. Introduction

Industrialization and growing urbanisation raise air pollution levels, 
a major contributor to which is carbon dioxide (CO2) emissions, which 
result in climatic conditions change as well as global warming [1]. One 
method of reducing CO2 emissions is to increase productivity by altering 
the engine’s configuration or parametric conditions. The alternative is to 
change the fuel’s composition by utilising a fuel blend with CO2 
emission-restricting additives or different fuel [2]. Biologically derived 

fuels gaining popularity now a days they have reduced greenhouse gas 
emissions, which mitigates the consequences of global warming. 
Numerous studies have shown renewable and biodegradable biofuels 
made from diverse plant sources, including alcohols, vegetable oils, and 
biodiesel etc. Vegetable oil has been widely used in compression ignition 
(CI) engines in recent years owing to its wide range of availability [2,3]. 
Jatropha, karanja, mahua, and neem vegetable oils, among others, are 
tested in a standard CI engine. The majority of these investigations state 
that the fuel’s intrinsic oxygen content, which facilitates burning of fuel, 
led to a decrement in hydrocarbon (HC) and carbon monoxide (CO) 
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emissions. The process of atomizing fuel and blending air with fuel is 
impacted by vegetable oils’ increased viscosity and low volatility. As a 
result, employing it directly in CI engines results in the degradation of 
overall performance and, over time, issues including piston ring sticking 
and injector clogging [4–6]. In order to avoid this, vegetable oils are 
transformed into biodiesel via. the transesterification technique thereby 
lowering fuel’s viscosity in order to meet the requirements of CI engines 
[7,8]. The majority of research concludes that blending 20 % biodiesel 
with diesel will improve engine efficiency and emissions. Nowadays, 
researchers are concentrating on employing fuels in CI engines which 
have lesser viscosities as well as cetane index fuels [9].Injection of such 
fuels into diesel vehicles helps enhance their A/F mixing, evaporation as 
well as fuel atomization. Additionally, it adds enough time delay and 
lowers the A/F equivalence ratio in order to restrict the particulate 
emissions without hampering engines’ efficiency [6,10].CI engines are 
used to evaluate a variety of low viscous and cetane indexed fuels, 
including pine oil, camphor oil, jojoba oil, polanga oil etc. In recent 
research, a single cylinder, four stroke diesel engine with varying 
loading conditions was evaluated using high viscous cashew nut shell oil 
and less viscous camphor oil. According to reports, the engine efficiency 
was improved since camphor oil has superior volatility and reduced 
viscosity. Based upon the results of this investigation, it was determined 
that 30 % biodiesel blend was ideal since it produced emissions and 
engine performance that were equivalent to those of conventional diesel 
[11]. Prahmana et al., 2024 in their study examines Acetylene Black 
(AB) as an additive to Pure Palm Oil (PPaO) for diesel engines. AB 
improved engine power and torque by 11.43 % at 60 % load and 
enhanced specific fuel consumption (SFC) by 9.2 % at 10 % load. 
Thermal efficiency rose by 17.7 % at 20 % load, with significant re
ductions in carbon deposits and improved spray characteristics, sug
gesting AB’s potential as a promising additive for cleaner and more 
efficient diesel engine operations [12]. Swarup and Devarajan (2024) 
conducted experimental investigations on a diesel engine using various 
ignition improvers. Their findings revealed that the BD20+DTBP20 
blend exhibited a 2.83 % reduction in brake thermal efficiency and a 
9.67 % increase in brake-specific fuel consumption at maximum load. 
Emission analysis indicated notable reductions of 58.52 % in carbon 
monoxide (CO), 41.17 % in hydrocarbons (HC), and 33.89 % in smoke, 
accompanied by a marginal 1.97 % increase in nitrogen oxides (NOx). 
Combustion analysis demonstrated a significant 68.65 % extension in 
ignition delay, highlighting the blend’s potential for balancing perfor
mance and emissions in diesel engines [13] Hamzah et al., 2024 study 
highlights advancements in using nano-additives as diesel fuel modifiers 

for compression ignition (CI) engines. Nano-additives enhance thermo
physical properties, promote combustion, and reduce emissions. 
Optimal dosages improve ignition and performance. Experimental and 
theoretical studies on nanoparticles reveal mechanisms for advancing 
efficient and eco-friendly CI engine technologies, aligning with sus
tainable fuel strategies [14]. Similarly, another paper showcased the 
effects of mixing Karanja biodiesel with low carbon fuel injected onto a 
diesel engine. The results depicted an increase in oxides of nitrogen 
pollutants at a price of improved engine performance; however, adding 
low carbon fuel to Karanja biodiesel helped diminish CO2 emissions. 
Whenever low viscous and cetane index fuels were utilized in 
compression ignition engines, the ignition delay and start of combustion 
(SOC) are both delayed. Following the ignition delay phase, combustion 
occurs closer to TDC with an enhanced peak heat release rate, which 
results in increased NOx emission [15]. The ignition delay and start of 
combustion (SOC) are crucial factors in CI engines. According to [16], 
low-viscosity fuels prolong the ignition delay phase, enabling combus
tion closer to TDC with an enhanced peak heat release rate. This char
acteristic increases NOx emissions but improves engine performance. 
Such findings emphasize the need for novel fuel additives, including 
diglyme (cetane improver) and cumene (antioxidant), to balance emis
sions and efficiency in biodiesel applications. Fuel additives can be used 
with low viscous fuels to enhance ignition features and lower NOx 
emissions [10,17]. Research on low-carbon fuel additives further reveals 
improved performance metrics. For instance, in [18], combining karanja 
biodiesel with low-carbon fuels improved engine performance and 
reduced CO emissions, albeit at the cost of increased NOx emissions. One 
more way to raise these fuels’ cetane index and eliminate the cold start 
issue would be to have a cetane booster or cetane enhancer including 
like di-ethyl ether, di-methyl ether, di-methyl carbonate, di-ethyl glycol 
etc. [19]. Di-methyl ether has earlier been investigated for its possible 
usage, and past research found that it improved combustion. One more 
way to reduce NOx may be by combining antioxidants with low volatile 
and cetane indexed fuel. As because antioxidants prevent the production 
of NOx at high combustion temperature by lowering the O2 level in the 
combustion chamber [20]. Past literature [21] have shown that 
employing antioxidants enhances ignition delay and lowers NOx pro
duction, while [22] demonstrated that cetane boosters improve 
cold-start performance and combustion efficiency in CI engines. A re
view of past literature highlights that using low-viscosity fuels in 
compression ignition engines enhances engine performance, prolongs 
the start of combustion, and increases the ignition delay period. This, in 
turn, results in a more pronounced heat release rate, leading to higher 

Nomenclatures and Abbreviations

DG Diglyme
CU Cumene
JME Jojoba methyl ester
PME Polanga oil methyl ester
MME Mixed methyl ester
◦bTDC degree before top dead centre
MME15+DG5 Mixed methyl ester(15 %)+ diglyme(5 %)+ diesel(80 

%)
JME15+DG5 Jojoba methyl ester(15 %)+ diglyme(5 %)+ diesel(80 

%)
PME15+DG5 Polanga methyl ester(15 %)+ diglyme(5 %)+ diesel 

(80 %)
BTE Brake thermal efficiency
CI Compression ignition
SOC Start of combustion
BDC Bottom dead centre
HRR Heat release rate

CD Combustion duration
MME15+CU5 Mixed methyl ester(15 %)+ cumene(5 %)+ diesel(80 

%)
JME15+CU5 Jojoba methyl ester(15 %)+ cumene(5 %)+ diesel(80 

%)
PME15+CU5 Polanga methyl ester(15 %)+ cumene(5 %)+ diesel 

(80 %)
BSFC Brake specific fuel consumption
BSEC Brake specific energy consumption
EGT Exhaust gas temperature
CO Carbon monoxide
CO2 Carbon dioxide
NOx Oxide of nitrogen
HC hydrocarbon
A/F Air-fuel ratio
TDC Top dead centre
ASTM American society for testing and materials
IDP Ignition delay period
In-CP In-cylinder pressure
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NOx emissions.

1.1. Research gaps obtained from past literature’s

From the review of past literature, several research gaps emerged 
that motivated the authors to undertake the current study. Firstly, while 
numerous studies have explored the use of biodiesel in diesel engines, 
the combined effects of innovative fuel additives like diglyme (DG) and 
cumene (CU) on engine performance, combustion behavior, and emis
sions remain largely unexplored. Existing research primarily focuses on 
conventional biodiesel blends, but limited attention has been given to 
the potential synergistic benefits of combining a cetane booster (DG) 
with an antioxidant (CU) in biodiesel blends. Furthermore, past studies 
often emphasize individual biodiesel feedstocks such as jojoba methyl 
ester (JME) or polanga oil methyl ester (PME), but there is a lack of 
investigation into mixed methyl ester (MME) blends that leverage the 
complementary properties of different biodiesels. Additionally, while 
reductions in specific emissions like CO and NOx have been reported, a 
comprehensive evaluation of emissions across multiple pollutants, along 
with detailed thermochemical analysis, is seldom performed. The 
absence of studies under a controlled, systematic experimental setup 
addressing varying load conditions at constant speed and injection 
timing also highlighted a critical gap. These gaps collectively necessi
tated the present research, which aims to provide holistic insights into 
the role of DG and CU in biodiesel-enhanced diesel engines.

1.2. Objective and novelty of the current research

The primary objective of this research is to evaluate the use of mixed 
methyl esters (MME) in a diesel engine without requiring any engine 
modifications. To the best of the authors’ knowledge, a compression 
ignition engine has not previously been tested with MME supplemented 
by fuel additives. The second major objective is to evaluate the effects of 
diglyme (DG) and cumene (CU) as innovative fuel additives on the 
combustion, performance, and emission characteristics of diesel engines 
fueled with jojoba methyl ester (JME), polanga oil methyl ester (PME), 
and their blended variant, mixed methyl ester (MME). This study ad
dresses critical research gaps identified in past literature, particularly 
the limited exploration of the combined effects of cetane boosters and 
antioxidants in biodiesel blends and the lack of studies focusing on 
mixed methyl esters under controlled experimental conditions. The 
novelty of this research lies in its pioneering investigation of the syn
ergistic role of DG, a cetane booster, and CU, an antioxidant, in 
enhancing the thermo-chemical properties, combustion performance, 
and emissions of biodiesel blends. Unlike previous studies that primarily 
analyzed individual biodiesel feedstocks, this research introduces MME, 
a blend of JME and PME, to optimize the complementary properties of 
these biodiesels. Additionally, the study systematically evaluates the 
additives’ impact under constant speed, fixed injection timing, and 
varying load conditions, providing a comprehensive understanding of 
their performance and emissions characteristics.

Aligned with the United Nations Sustainable Development Goals 
(SDGs), this research contributes to SDG 7 (Affordable and Clean En
ergy) by advancing cleaner and more efficient biodiesel technologies. It 
supports SDG 13 (Climate Action) by achieving significant reductions in 
greenhouse gas emissions such as CO, HC, and NOx, thereby mitigating 
the environmental impacts of traditional diesel engines. Furthermore, 
by promoting innovative uses of biodiesel and its blends, this study 
addresses SDG 12 (Responsible Consumption and Production), fostering 
the development of sustainable fuel alternatives that reduce dependence 
on fossil fuels while ensuring improved energy efficiency and reduced 
environmental impact.

2. Material and methods

In the present research, the primary fuel for evaluation in a 

compression ignition engine includes petro-diesel, JME, PME and MME 
blends. In this experiment, researchers intended for using prepared 
blends in compression ignition engine by mixing it with appropriate 
additives. This is generally acknowledged that NOx increases whenever 
low viscous and low cetane fuels are being used in conventional 
compression ignition engine. Additives including diglyme and cumene 
were combined with prepared blends to reduce such shortcomings 
without affecting the engine’s power and efficiency. For current 
research, prepared blends include MME15+DG5, MME15+CU5, 
JME15+DG5, JME15+CU5, PME15+DG5, PME15+CU5. In case 
MME15+DG5 represents 15 % mixed oil methyl ester + 5 % diglyme +
80 % diesel respectively that are prepared on volume basis. No apparent 
dissociation has been seen upon keeping the fuel mixtures for a couple of 
hours, confirming that almost all test fuels remain stable. The thermos- 
physical characteristics of conventional fuel, MME, JME, PME, diglyme 
and cumene blending are displayed in Table 1.

The kinematic viscosity of fuels is conventionally measured at 40 ◦C 
in alignment with international standards, such as ASTM D445, which 
establishes 40 ◦C as the reference temperature for viscosity measure
ments of fuels and lubricants. This standardized approach ensures the 
data’s comparability with other studies and adherence to industry 
norms. Additionally, prior experimental setups and literature on bio
diesel and its blends frequently report fuel properties at 40 ◦C, facili
tating benchmarking and comparative analysis of the authors’ findings 
with existing research [2,13]. The kinematic viscosity and density of 
MME15+DG5 and MME15+CU5 are at par to those of diesel, which 
might contribute towards the enhancement of fuel spray and charac
terization, dispersion and A/F mixture. Although a mechanical direct 
injection system has been utilised throughout this experiment, it is 
believed that these physico-chemical characteristics have an impact on 
the combustion process. This is anticipated that mixed oil methyl esters 
including an intrinsic oxygen molecule will enhance ignition and reduce 
smoke concentrations. Despite the aforementioned benefits, MME seems 
to have low heating value over diesel since O2 is a natural part of its 
composition. In addition,contrast to conventional fuel, MME has 
diminished cetane value. Diglyme fuel additiveencourages both ignition 
as well as combustion process since it has O2 molecule inside its 
configuration. Cumene, on either side, works as an anti-oxidant to limit 
the amount of O2 present throughout the chamber during burning 
thereby reducing the oxides of nitrogen pollutants. Diglyme and cumene 
also have a great ability to substantially lower NOx and soot opacity. 
Once mixed to MME, JME and PME, both diglyme and cumene fuel 
additives perform a particular action to enhance the overall engine’s 
efficiency under integrated control circumstances.

3. Experimental setup

The single-cylinder, diesel engine utilised throughout this research is 
a Kirloskar make, TV-1 type. The engine produces a rated power of 5.02 
kW@1500 rpm and is connected to an eddy current dynamometer. The 
engine has a17.5:1 compression ratio, and the required turbulence is 
produced by using a hemispherical chamber (HCC). Table 2 provides an 
overview of the engine’s additional parameters. This includes a three 
nozzle-injector arrangement as well as a conventional fuel injector 
including a pump. A graduated glass tube and chronometer are used to 
calculate the energy consumption by calculating how long it takes to 
discharge 20cm3 of fuel out from container. The test rig and configu
ration have been depicted in a simplified layout in Fig. 1.

The combustion characteristics are recorded using a single-phase 
engine combustion analyzer model ECA 1.0.1. Kistler 6613 CQ09 
transducers were used to detect the in-cylinder pressure, and even a 
crank angle encoder mounted in the crankshaft had been used to 
determine the appropriate crank angle. To determine the HRR and ID, 
the pressure result was logged for 50 successive cycles and indeed the 
observed results were examined employing ECA software. The AVL 444 
di-gas analyzer, which uses the non-dispersive infrared technology, has 
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been used to detect emissions into the atmosphere such as carbon 
monoxide, carbon dioxide, oxides of nitrogen and unburnt hydrocarbon.

The AVL 437 smoke metre having measuring range from 0 to 100 
HSU (Hartrige smoke unit) which operates on the light absorption 
principle, is used to determine the amount of smoke. All of the prepared 

test blends have been used in the diesel engine throughout the ongoing 
investigation under minimal to peak loading conditions, with braking 
powers (BP) of 0, 1.26, 2.51, 3.77-, and 5.02-kW maintaining injection 
timing (21◦bTDC), injector opening pressure (210 bar), compression 
ratio (17.5:1), speed (1500 rpm) without any sort of engine 
modifications.

In present work, each measurement was performed for six times 
each, and indeed the average result has been used to compute the 
associated variables. Since prepared test blends (especially mixed oil 
methyl ester with additives) having the low cetane index in contrast to 
diesel, if used as plain pilot fuel, the engine may expect to have cold 
starting issues. In order to avoid such situation, first analysis was carried 
out using petro-diesel as such primary fuel under varied load situations. 
MME+DG or MME+CU were used only after engine had reached a 
proper operating temperature, which prevented the cold starting prob
lems. The experimental stability of the system and its individual com
ponents was assessed through a combination of repeated measurements, 
stress testing, and control tests. Repeated measurements of combustion 

Table 1 
Physico-chemical characteristics of prepared test fuel blends as per ASTM d-6751 standard.

Fuel type Density@ 40 ◦C (kg/m3) Viscosity @ 40 ◦C (mm2/s) HV (MJ/kg) FP ( ◦C) FiP 
( ◦C)

CN PP 
( ◦C)

CP 
( ◦C)

Ash content 
(% w/w)

Acid value 
(mgKOH/g)

Diesel 829.6 3.06 46.24 68.5 72.4 50 − 4.0 − 2.0 0.02 0.21
JME 100 879.3 4.88 38.35 157 170 59 7.0 9.0 0.027 0.47
PME 100 880.4 4.65 39.17 152 163 58 6.0 7.0 0.024 0.44
MME 100 876.2 4.17 40.08 143 154 56 4.0 5.0 0.022 0.41
Diglyme 935.4 1.17 34.4 57 63 91 NA NA NA NA
Cumene 889.7 0.89 41.8 46 52 17 NA NA NA NA
JME15+DG5 851.9 3.21 43.09 119 124 51 1.0 4.8 0.01 0.27
JME15+CU5 862.7 3.34 42.13 121 132 50 2.0 5.6 0.01 0.29
PME15+DG5 848.6 3.17 43.97 123 129 47 1.0 3.7 0.009 0.22
PME15+CU5 852.0 3.19 42.72 127 135 49 1.8 3.2 0.009 0.24
MME15+DG5 832.4 3.09 45.28 98 106 43 0.0 2.5 0.008 0.17
MME15+CU5 838.9 3.11 44.84 103 111 45 1.0 2.9 0.007 0.21

HV- heating value; FP- flash point; FiP- fire point; CP- cloud point; PP- pour point; CN- cetane number; NA- Not available.

Table 2 
Engine specification and details.

Make and Model Kirloskar TV-1

Rated power 5.02 kW @ 1500 rpm
Configuration 1-cylinder 4-stroke vertical water-cooled diesel engine
Bore x Stroke 87.5 mm x 110 mm
Cylinder 01
Displacement 661 mL
Compression ratio 17.5:1
Injection timing 22◦bTDC
Injector opening pressure 210 bar
Nozzle configuration 3 hole (φ 0.2 mm)

Fig. 1. Engine test rig.
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pressure, emissions, and performance parameters were conducted under 
identical operating conditions, and the consistency of results was eval
uated using statistical metrics including standard deviation and coeffi
cient of variation. System components, including the fuel injection 
system and emission analyzer, were periodically calibrated and moni
tored to ensure accurate and reliable operation. Additionally, baseline 
tests with diesel fuel were used to establish reference values for 
detecting potential anomalies in the system’s behavior.

3.1. Uncertainty and error analysis

Experimental measurements inherently carry potential sources of 
error and uncertainty that cannot be entirely eliminated. However, 
careful selection of equipment, calibration protocols, measurement 
techniques, and analysis strategies can significantly minimize these 
inaccuracies. These efforts are critical to ensuring the reliability, accu
racy, and reproducibility of the final results obtained in this study. To 
quantify and address the uncertainty associated with the experimental 
data, Holman’s method was employed for uncertainty analysis. This 
involved a systematic evaluation of errors from key parameters, 
including smoke opacity, engine speed, time measurement, exhaust gas 
temperature, manometer readings, pressure transducer output, angle 
encoder accuracy, and emissions such as NOx, CO, and unburnt hy
drocarbons. The overall uncertainty for the study was calculated as the 
square root of the sum of the squares of individual uncertainties for these 
variables. The analysis considered both normal and full-load operating 
conditions, ensuring a comprehensive assessment of the system’s per
formance across varying scenarios. The results of this uncertainty 
analysis provide confidence in the experimental methodology, with the 
computed uncertainties well within acceptable limits for combustion 
and engine performance research. This rigorous approach underlines the 
robustness of the findings presented in the study. Table 3 lists the names 
of the equipment that were employed in the current investigation, along 
with the metrics for accuracy along with uncertainty. In the current 
study, 12 sets of measurements have been employed to obtain uncer
tainty assessment, while the average level of uncertainty accomplished a 
value of approximately 2.16 %. Table 3 displays overall degree of un
certainty for different equipment employed throughout the present 
research.

4. Results and discussion

This section presents a detailed analysis of the experimental results, 
focusing on the impact of fuel blends and additives on engine perfor
mance, combustion characteristics, and emissions. This section aims to 
correlate the observed phenomena with the underlying thermophysical 
and chemical properties of the prepared test fuel blends. The discussion 
is divided into subsections to systematically address combustion 
behavior, engine efficiency, and emission trends under various loading 
conditions. This approach provides a comprehensive understanding of 
the effects of diglyme and cumene (antioxidant) in enhancing fuel 
properties and achieving optimal performance with minimal 

environmental impact.

4.1. Combustion characteristics

4.1.1. In-cylinder pressure
In-cylinder pressure is one of the most critical parameters in evalu

ating the combustion characteristics of an engine. The pressure inside 
the combustion chamber reflects the efficiency of the combustion pro
cess, fuel-air mixing, ignition delay, and the timing of combustion 
events. In-cylinder pressure is a key indicator of combustion behavior, 
reflecting the efficiency and timing of the combustion process [23]. 
In-cylinder pressure variations for conventional diesel, MME15+DG5; 
MME15+CU5; PME15+DG5; PME15+CU5; JME15+DG5 and 
JME15+CU5 at higher loads are shown in Fig. 2 with reference to crank 
angle. As engine load increases, in-cylinder pressure rises due to the 
higher fuel injection and greater energy required to overcome the load. 
Biodiesel blends (JME, PME, and MME) exhibit slightly higher peak 
in-cylinder pressures than diesel due to their higher oxygen content and 
cetane number, which accelerate combustion [24]. The addition of fuel 
additives further modifies the combustion process; diglyme, as a cetane 
booster, leads to higher in-cylinder pressures by reducing ignition delay 

and promoting faster combustion, particularly at higher loads [25]. 
Cumene, as an antioxidant, helps stabilize combustion, reducing 
in-cylinder pressure peaks. The timing of peak pressure is typically 
delayed with biodiesel blends and additives, as their efficient combus
tion process results in smoother and more complete combustion [26]. 
Owing to its superior physio-chemical characteristics, MME15+DG5 has 
a 5.7 % greater peak in-cylinder pressure over diesel. Although 
MME15+DG5′s reduced viscosity made for superior fuel homogenisa
tion, the reduced heating value is anticipated to enhance fuel absorption 
and indeed the ensuing phase of blending air - fuel mixture [27,28]. As a 
result of the enhanced complete combustion, MME’s in-cylinder pres
sure is greater. Using MME15+DG5, the fuel’s sensitivity has been 

Table 3 
Degree of uncertainty for different equipment employed.

Measurement type Measuring technique Accuracy Uncertainty 
(%)

Carbon monoxide NDIR Principle ±0.02 % ±0.2 %
Hydrocarbon ±20 ppm ±0.2 %
Carbon dioxide ±0.03 % ±0.15 %
Oxides of nitrogen Electrochemical 

Measurement
±15 ppm ±1.5 %

Smoke Opacity meter ±1.0 % ±1.0 %
Pressure Piezoelectric sensor ±1.0 bar ±2.0 %
Crank angle Magnetic pickup ±2.0 ◦ ±0.4 %
Load Strain gauge type load 

cell
±0.1 kg ±0.2 %

Speed Magnetic pickup ±10 rpm ±0.1 %
Exhaust gas 

temperature indicator
K-type thermocouple ±1.0 ◦C ±0.15 %

Manometer Balancing liquid column 
principle

±1.0 mm ±1.0 %

Experimental uncertainty =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Smoke opacity)2
+ (Engine speed)2

+ (Time)2
+ (Exhaust gas temperature)2

+(Manometer)2
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increased and so its peak in-cylinder pressure seems to be on equal level 
with diesel. Almost all of the work has been performed owing to the 
downward piston movement with PME15+CU5 and JME15+CU5, 
ignition takes place after TDC, which lowers maximum pressure [19].

4.1.2. Heat release rate
Heat Release Rate (HRR) is a crucial parameter in understanding the 

combustion behavior of fuels in compression ignition (CI) engines. HRR 
represents the rate at which energy is released during combustion and is 
directly related to the in-cylinder pressure and temperature profiles. 
Variations in HRR can indicate differences in the combustion process, 
including the ignition delay, combustion duration, and the efficiency of 
the burning process [29]. Heat release rate variations for conventional 

diesel, MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 at higher loads are shown in Fig. 3 with 
reference to crank angle. Biodiesel blends such as JME, PME, and MME 
exhibit higher peak HRR values compared to conventional diesel, pri
marily due to their higher oxygen content and cetane number. Following 
direct injection, overall heat release rate typically decreases as a result of 
fuel evaporation, which is acceptable including all fuel blends. Each of 
these fuels exhibit premixed plus diffused ignition phases of heat release, 
which are characteristic for compression ignition engine’s combustion. 
As compared to conventional fuel at peak charge, MME15+DG5 has a 
17.3 % greater heat release rate. Although MME15+DG5 and 
MME15+CU5have significantly reduced heating value in contrast to 
diesel, it has a greater HRR over diesel because of its desirable fuel 

Fig. 2. In-cylinder pressure variations for prepared fuel blends.

Fig. 3. Heat release rate variations for prepared fuel blends.
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characteristics [30]. The addition of fuel additives like diglyme (a cetane 
booster) and cumene (an antioxidant) affects the HRR profiles. Diglyme 
increases the peak HRR by accelerating combustion, while cumene 
moderates the heat release, leading to a more controlled burn [8,29].

Owing to MME’s lower cetane value, start of combustion is delayed 
for same injection timing. The prolonged ignition delay gives the air and 
fuel ample time to mix, but as already mentioned, the favourable physio- 
chemical characteristics of MME further facilitate the homogeneous 
mixing process [4,8]. All of these increased the maximum HRR by 
intensifying premixed phase of ignition. Due to the larger delay period 
inside the premixed phase of ignition contrasted to diffused ignition, the 
overall amount of fuel burned for low cetane fuels is often higher [31]. 
The very same concept stands true for the ongoing investigation, inside 
which MME burns more fuel during the premixed stage of ignition. 
Furthermore, overall spontaneity of fuel blends significantly enhanced 
in where the cetane value gets restored once 5 %v/v of DG is introduced 
into MME. The unpaired oxygen molecules inside the combustion 
booster, DG released to produce free radicals when it has been combined 
to MME during formation. The graph makes it evident that the 
maximum HRR and start of combustion of MME15+DG5 are equivalent 
to those of diesel. Furthermore, none of the blending fuels exhibit low 
temperature heat release, as ignition occurs near to TDC, when the 
in-cylinder temperature is greater to prevent low-temperature heat 
release.For JME15+DG5, the start of combustion delayed, accompanied 
by JME15+CU5; PME15+DG5 and PME15+CU5 accordingly.Addi
tionally, the poor ignition caused by PME’s and JME’s enhanced vis
cosity results in lower heat release rates for DG5 and CU5 as contrasted 
to other fuel blends.

4.1.3. Ignition delay and combustion duration
The ignition delay period is the time between the start of fuel in

jection and the onset of combustion, which is a crucial factor in the 
combustion process of compression ignition (CI) engines. This param
eter directly influences engine performance, emissions, and fuel effi
ciency. The ignition delay is influenced by various factors, including fuel 
properties (such as cetane number), engine operating conditions (like 
load, speed, and temperature), and the presence of additives. According 
to recent findings in [29,30], biodiesel blends, such as JME, PME, and 
MME, exhibit shorter ignition delays compared to conventional diesel. 
This is primarily attributed to their higher cetane numbers and oxygen 
content, which facilitate quicker ignition. The addition of fuel additives, 
such as diglyme, further reduces ignition delay by enhancing the cetane 

number, thereby promoting faster ignition. On the other hand, cumene, 
an antioxidant, exerts a less significant effect but contributes to stabi
lizing the combustion process [26]. Additionally, the ignition delay 
period shows a strong dependency on engine load, with shorter delays 
occurring at higher loads due to increased in-cylinder temperatures and 
pressures. Fig. 4 displays the ROHR-derived ignition delay and com
bustion duration with reference to brake power for conventional diesel, 
MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 at higher loads. The time from the 
beginning of injection to start of combustion is known as the ignition 
delay. Diesel has a 11.67 CAD delay period, whereas MME15+DG5 has a 
10.75 CAD delay period. Owing to the relatively lower cetane value, 
MME has a greater delay period than petro-diesel [11,32]. Furthermore, 
the delay period is reduced and is more like diesel when DG (5 %v/v) is 
added to MME. Gradually, the delay period elevated from JME15+DG5 
to PME15+DG5 to JME15+CU5 and PME15+CU5 accordingly.

Combustion duration, defined as the time interval between the 
initiation and completion of the combustion process in a compression 
ignition (CI) engine, plays a pivotal role in influencing engine perfor
mance, efficiency, and emissions. It is affected by several factors, 
including fuel properties such as cetane number, viscosity, and oxygen 
content, as well as engine operating conditions like load, speed, and 
temperature. Variations in combustion duration can influence heat 
release patterns, peak pressure, and the formation of emissions such as 
NOx and particulate matter. According to [29] biodiesel blends, 
including JME, PME, and MME, generally exhibited longer combustion 
durations compared to conventional diesel. This can be attributed to 
their higher viscosity and oxygen content, which affect the fuel’s com
bustion characteristics. The crank angle upon which 90 % of the fuel 
burns and start of combustion are used to determine the combustion 
duration. The addition of diglyme, a cetane booster, shortened the 
combustion duration by facilitating quicker ignition and more efficient 
combustion. Cumene, an antioxidant, had a less significant impact but 
contributed to enhancing combustion stability by preventing excessive 
oxidation, thus ensuring a more controlled burn [26,33]. Conventional 
fuel and MME15+DG5 have combustion durations of 55.13 CAD and 
46.07 CAD, respectfully.Owing to MME’s increased rate of combustion 
comparable to diesel, combustion durations of MME’s are significantly 
shorter. MME15+DG5 has a shorter combustion period 46 CAD over 
MME15+CU5; JME15+DG5; PME15+DG5; JME15+CU5; PME15+CU5 
and diesel.The diminished combustion duration for MME15+DG5, 
burning process is a sign of enhanced ignition.

Fig. 4. Ignition delay and combustion duration variations for prepared fuel blends at peak loading condition.
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4.2. Performance characteristics

4.2.1. Brake thermal efficiency
Brake Thermal Efficiency (BTE) is a critical parameter that reflects an 

engine’s capability to convert the chemical energy in fuel into useful 
mechanical work. Variations in BTE are influenced by fuel properties, 
combustion efficiency, and operating conditions. Brake thermal effi
ciency variations for conventional diesel, MME15+DG5; MME15+CU5; 
PME15+DG5; PME15+CU5; JME15+DG5 and JME15+CU5 at higher 
loads are shown in Fig. 5 with reference to brake power. Due to 
decreased heat dissipation, vibration plus turbulence, BTE including all 
blended biofuels improves when brake power rises [34]. In this study, 
BTE exhibited notable improvements at higher loads due to enhanced 
in-cylinder temperatures and pressures, which promote more efficient 
combustion. The addition of diglyme as a cetane booster effectively 
reduced ignition delay, resulting in smoother and more complete com
bustion, particularly under high-load conditions. Similarly, cumene, 
with its antioxidant properties, stabilized combustion by mitigating 
deposit formation, indirectly contributing to improved efficiency. These 
findings align with results reported in [29], which highlight the role of 
cetane boosters and antioxidants in optimizing combustion efficiency 
and mitigating ignition challenges in biodiesel-fueled engines. At lower 
loads, reduced in-cylinder temperatures led to incomplete combustion 
and lower BTE, a behavior consistent with the characteristics of bio
diesel blends [27,30]. The performance of methyl ester blends, supple
mented with additives, demonstrated BTE enhancements comparable to 
or exceeding those of conventional diesel, particularly under medium to 
high-load conditions. BTE for diesel and MME15+DG5 are 28.6 % and 
31.11 %, correspondingly, during maximum load. The peak CP brought 
on by the improved physicochemical attributes of MME15+DG5 ac
counts for enhanced thermal efficiency. The improvement in thermal 
efficiency for prepared blend MME as compared to diesel is obviously 
caused by the shorter ignition period indicated earlier [35]. While 
operating at peak loading cases, thermal efficiency for MME15+DG5 
seems to be 31.11 %, which is 8.77 % and 2.53 % more than that of 
diesel and MME15+CU5. Engines performance is enhanced when cetane 
booster is added as it raises the cetane value of MME and promotes fuel 
ignition as well as combustion processes.

The thermal efficiency for MME15+CU5 is 3.34 % which is 6.08 % 
higher than conventional diesel at peak loads. Resulting from natural 
action of reduced oxygen molecules, thermal efficiency is reduced well 

with introduction of an antioxidant [36]. At maximum load, the thermal 
efficiency for JME15+CU5 and PME15+CU5 are 27.6 % and 26.77 % 
that are nearly equivalent to diesel fuel. MME15+DG5 and 
MME15+CU5 possess better thermal efficiency than diesel, however 
PME15+DG5 and JME15+DG5 offer similar thermal efficiency in 
contrast to diesel. At maximum loads of 5.02 kW, brake thermal effi
ciency value for MME15+DG5; JME15+DG5; PME15+DG5; 
MME15+CU5; JME15+CU5 and PME15+CU5 are 31.11 %, 29.37 %, 
27.89 %, 30.34 %, 27.6 % and 26.77 % which are 8.77 %↑, 2.69 %↑,1.67 
%↓, 6.08 %↑, 3.49 %↓ and 6.38 %↓ than conventional diesel.

4.2.2. Brake specific energy consumption
Brake Specific Energy Consumption (BSEC) measures the energy 

input required to produce a unit of useful power. It is a critical parameter 
for evaluating engine efficiency and fuel economy [24]. BSEC decreases 
with increasing load due to improved combustion efficiency at higher 
in-cylinder temperatures and pressures. At low loads, suboptimal com
bustion conditions and the lower calorific value of biodiesel blends 
result in higher BSEC compared to diesel. However, under medium to 
high-load conditions, the oxygen-rich biodiesel blends with additives 
demonstrate comparable or improved BSEC relative to diesel [25]. 
Brake specific energy consumption variations for conventional diesel, 
MME15+DG5; MME15+CU5; PME15+DG5; MME15+CU5; 
PME15+DG5 and JME15+CU5 at higher loads are shown in Fig. 6 with 
reference to brake power. While operating at high loading condition, 
diesel has a specific energy consumption of 12.14MJ/kWh.MME has 
more desirable fueling characteristics, which leads to better combustion. 
The addition of diglyme as a cetane enhancer and cumene as an anti
oxidant further reduces BSEC by enhancing combustion quality and 
minimizing heat losses [23,26]. Once diglyme and MME blends were 
combined, free radicals were created which ignite the mixture by 
breaking down to hydroxyl radical which is a diatomic molecule and 
very stable [37,38]. Because of the accelerated ignition caused by this, 
MME15+DG5, specific energy consumption is 12.02 % lesser than 
conventional fuel.Even while MME15+DG5 has a shorter heat release 
rate, it has a superior thermal efficiency and lesser specific energy 
consumption.The total energy released throughout ignition is increased 
as a result of a much more prominent diffused burning process [35,37]. 
Though the inclusion of ignition boosters to enhance thermal efficiency, 
outcomes of a prominent diffused burning process were already recor
ded in the literature, that increases the reliability of ongoing 

Fig. 5. Brake thermal efficiency variations for prepared fuel blends at different loads.
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investigation [36].The decreased O2 concentration of MME15+CU5, 
causes a longer burning process, which provokes specific energy con
sumption that significantly rise as contrasted to MME15+DG5 blend.At 
maximum load of 5.02 kW, BSEC for JME15+DG5, JME15+CU5, 
PME15+DG5, and PME15+CU5 are 11.66; 12.45; 12.89 and 13.20 
MJ/kWh which are 3.95 %↓, 2.55 %↑, 5.43 %↑ and 8.73 %↑ than con
ventional diesel fuel. The heating value of JME15+DG5, JME15+CU5, 
PME15+DG5, and PME15+CU5 are significantly reduced due to their 
increased viscosity. Due to this, the burning process is influenced, 
therefore at peak load running conditions, the above-mentioned blends 
result in poor engine performance.At maximum loads of 5.02 kW, brake 
thermal efficiency value for MME15+DG5; JME15+DG5; PME15+DG5; 
MME15+CU5; JME15+CU5 and PME15+CU5 are 10.68; 11.67; 12.89; 

11.19; 12.46 and 13.20 MJ/kWh which are 12.02 %↓, 3.95 %↓, 5.43 %↑, 
7.82 %↓, 2.55 %↑ and 8.73 %↑ than conventional diesel.

4.2.3. Exhaust gas temperature
Exhaust Gas Temperature (EGT) reflects the temperature of the gases 

exiting the cylinder, which is influenced by fuel properties, combustion 
efficiency, air-fuel ratio, and operating conditions. The exhaust gas 
temperature (EGT) variation observed in this study is influenced by 
engine load, fuel properties, and the addition of fuel additives. EGT 
increases with load due to higher fuel injection rates and improved 
combustion efficiency, resulting in elevated heat release [39]. Exhaust 
gas temperature variations for conventional diesel, MME15+DG5; 
MME15+CU5; PME15+DG5; PME15+CU5; JME15+DG5 and 

Fig. 6. Brake specific energy consumption variations for prepared fuel blends at different loads.

Fig. 7. Exhaust gas temperature variations for prepared fuel blends at different loads.
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JME15+CU5 at higher loads are shown in Fig. 7 with reference to brake 
power. As compared to diesel, MME’s has a relatively low EGT at higher 
loads. Improved ignition as well as higher thermal efficiency are to 
responsible for drop in EGT for MME’s [38]. The present article’s find
ings support the hypothesis that if thermal efficiency is maximum then 
EGT will reduce. Owing to better burning process carried over by use of 
diglyme fuel additive, EGT is further decreased by 5.51 % in comparison 
to petro-diesel. In contrast to MME15+DG5, EGT for JME15+CU5 and 
PME15+CU5 are greater, however under higher loads, EGT for 
MME15+CU5 is equivalent to that of MME15+DG5. It is anticipated 
that the slower rate of cumene and diglyme combustion plus increased 
latent heat will diminish the chamber inner wall temperature and pro
long start of combustion, leading to reduced exhaust gas temperature 
[40]. At maximum loads of 5.02 kW, smoke opacity value for 
MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 are 480.26 ◦C, 500.41 ◦C, 493.30 ◦C, 
485.01 ◦C, 503.38 ◦C and 496.27 ◦C which are 5.64 %; 1.68 %; 3.08 %; 
4.67 %; 1.14 % and 2.5 % lower than conventional diesel.

4.3. Emission characteristics

4.3.1. Carbon monoxide
Carbon monoxide (CO) emissions are a result of incomplete com

bustion of fuel. Variations in CO emissions depend on fuel properties, 
engine load, air-fuel ratio, and combustion characteristics. Biodiesel 
blends and fuel additives significantly influence CO formation due to 
their oxygen content and combustion-enhancing properties [23]. CO 
emissions decrease with increasing load due to higher in-cylinder tem
peratures and pressures, which enhance combustion efficiency [24]. 
Biodiesel blends (JME, PME, and MME) exhibit lower CO emissions 
compared to diesel because of their higher oxygen content, which fa
cilitates more complete combustion [25]. Fuel additives such as diglyme 
and cumene further reduce CO emissions by improving ignition char
acteristics and stabilizing the combustion process. At low loads, CO 
emissions are relatively higher due to suboptimal combustion conditions 
and lower in-cylinder temperatures [26]. Carbon monoxide variations 
for conventional diesel, MME15+DG5; MME15+CU5; PME15+DG5; 
PME15+CU5; JME15+DG5 and JME15+CU5 at higher loads are shown 
in Fig. 8 with reference to brake power. According to the diagram, CO 

emissions for diesel is viewed to be 0.21; 0.19; 0.14 and 0.17 % vol. at all 
loading condition. The anticipated rise in-cylinder temperature im
proves CO oxidation, thereby reducing CO emissions. Furthermore, 
MME’s excellent physico-chemical attributes help promote thorough 
combustion, thereby lowering CO emissions [34]. In MME15+DG5 case, 
CO emissions at high load is 0.079 which is 53.52 % lower than diesel, 
owing to flame intensification affected by the addition of oxygen mol
ecules in MME15+DG5 respectively [40]. CO emission for 
MME15+CU5 is greater than for MME15+DG5 at higher loads owing to 
the unavailability of an oxygen molecules, which inhibits CO conversion 
[41]. Even though all MME mixtures emit less smoke than diesel, CO 
emissions are greater for PME15+CU5 and JME15+CU5 at all loads 
resulting from partial ignition induced by anticipated moderate cylinder 
inner wall temperature. At maximum loads of 5.02 kW, smoke opacity 
value for MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 are 0 .079 %vol., 0 .099 %vol., 0 .114 % 
vol., 0 .1 %vol., 0 .131 %vol. and 0 .145 %vol. which are 53.52 %, 41.76 
%, 32.94 %, 41.17 %, 22.94 % and 14.76 % lower than conventional 
diesel.

4.3.2. Unburnt hydrocarbon emission (UBHC)
Unburnt hydrocarbon emission variations for conventional diesel, 

MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 at higher loads are shown in Fig. 9 with 
reference to brake power. Unburnt hydrocarbon (HC) emissions result 
from incomplete combustion of fuel, often due to inadequate air-fuel 
mixing, low combustion temperatures, or quenching near cylinder 
walls. The variation in HC emissions depends on the type of fuel, engine 
load, combustion characteristics, and the presence of fuel additives [40]. 
The unburnt hydrocarbon (HC) emissions observed in this study show a 
clear dependency on engine load, fuel composition, and the use of fuel 
additives. HC emissions decrease with increasing load due to improved 
combustion efficiency at higher in-cylinder temperatures and pressures. 
HC emission for diesel at 1.02, 2.51, 3.77 and 5.02 kW loads are found to 
be 41.9 ppm, 30.76 ppm, 15.9 ppm and 27.31 ppm respectively. At low 
loads, HC emissions are relatively higher due to sub-optimal combustion 
conditions, including lower temperatures and wall quenching effects. 
Due to enhanced ignition plus rapid heat release, MME’s emits some
what less hydrocarbon. Apparently, through the use of a injection 

Fig. 8. Carbon monoxide variations for prepared fuel blends at different loads.
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system, the kinematic viscosity has no effect on ignition and therefore 
only specific heat has an effect upon fuels vaporization. Particle diffu
sion plus spray characterization were properly considered that’s because 
a conventional direct injection system has been employed and indeed 
the fuel gets delivered at even a lesser pressure of 210 bar [42]. MME’s 
through the use of a reduced viscosity is designed to promote fuel spray 
and characterization, while its low flash point improves fuel vapor
isation. Although MME blends are thoroughly mixed with air all across 
the prolonged ignition delay, surface dampness plus partial ignition are 
not expected. All of the above elements might have contributed to 
MME’s full ignition and lower HC emissions [40,42]. Additionally, fuel 
additives such as diglyme and cumene effectively reduced HC emissions 
by enhancing ignition quality and stabilizing combustion. These find
ings align with the results reported in [43], which highlight the role of 
oxygenated fuels and ignition improvers in achieving cleaner combus
tion. Whenever DG is combined with MME, ignition advances and 

therefore more effort has been made for fuels oxidation. This might have 
resulted in full ignition, resulting in reduced HC emissions for 
MME15+DG5 as contrasted to other fuel mixes. Furthermore, the oxy
gen concentration in MME and diglyme assists towards increased fuel 
combustion, which reduces HC emissions. JME15+CU5 and 
PME15+CU5 seems to have the lowest heating value over all gasoline 
additives, so when combined to MME, the requisite power generated 
upon ignition is minimized. To achieve nearly identical energy output, 
additional gas is introduced, resulting in a higher fuel-air equivalency 
ratio as well as HC pollution. As a result, particularly contrasted to 
MME15+DG5 and MME15+CU5, JME15+CU5 and PME15+CU5 emits 
more HC as well as CO. At maximum loads of 5.02 kW, hydrocarbon 
emission values for MME15+DG5; MME15+CU5; PME15+DG5; 
PME15+CU5; JME15+DG5 and JME15+CU5 are 5.12 ppm, 9.05 ppm, 
10.32 ppm, 7.67 ppm, 17.96 ppm and 22.01 ppm which are 81.25 %, 
66.87 %, 62.21 %, 71.90 %, 34.23 % and 19.42 % lower than 

Fig. 9. Hydrocarbon variations for prepared fuel blends at different loads.

Fig. 10. Smoke opacity variations for prepared fuel blends at different loads.
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conventional diesel.

4.3.3. Smoke opacity
Smoke opacity is a measure of the light-blocking capacity of exhaust 

smoke, often associated with soot particles formed due to incomplete 
combustion in diesel engines. Smoke opacity emissions from diesel en
gines are influenced by engine load, fuel composition, and the presence 
of fuel additives. The results demonstrate that smoke opacity increases 
with engine load due to the formation of locally rich air-fuel mixtures 
and higher soot generation under these conditions [28]. Biodiesel blends 
(JME, PME, and MME) consistently exhibit lower smoke opacity 
compared to diesel, owing to their higher oxygen content, which pro
motes complete combustion and reduces soot formation [43]. Smoke 
opacity variations for conventional diesel, MME15+DG5; 
MME15+CU5; PME15+DG5; PME15+CU5; JME15+DG5 and 
JME15+CU5 at higher loads are shown in Fig. 10 with reference to 
brake power. Diesel has smoke opacities of 29.86 %, 44.99 %, 51.06 % 
and 67.56 %at 1.02, 2.51, 3.77 and 5.02 kW loads. The pre-mixing phase 
was enhanced by MME’s reduced viscosity and boiling temperature as a 
result, the equivalence ratio of A/F is lowered to minimize smoke 
opacity. Moreover, contrast diesel, MME’s has no aromatic compounds 
inside its structure, and it also has a minimum carbon quantity, both of 
which help to reduce emission levels [44]. Residual O2 molecules further 
aided there in reduction of soot generation by boosting overall com
bustion of soot particles.As per the findings from this investigation, it is 
indeed a point of fact that less reactive fuels, if employed in compression 
ignition engines, usually exhibit lesser soot emissions than diesel. The 
addition of fuel additives such as diglyme and cumene further reduces 
smoke opacity by improving ignition quality and stabilizing the com
bustion process. At low loads, diesel shows higher smoke opacity due to 
suboptimal combustion conditions and the lack of oxygenated com
pounds [43]. Considering that soot combustion was accelerated by the 
noticeable diffused burning process in MME15+DG5, smoke emission 
seems to be significantly lesser, around 25.79 %. Furthermore, 
MME15+CU5 has a smoke opacity of 53.57 %, that is 20.71 % lower 
than diesel and 6.87 % greater than MME15+DG5. Due to insufficient 
O2 molecules, MME15+CU5 produces more soot because of partial 
burning of fuel inside the chamber.As contrasted to diesel, at both 
moderate and maximum loading, all prepared fuel blends reported 
reduced soot emissions. At maximum loads of 5.02 kW, smoke opacity 

value for MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 are 50.13 %; 55.62 %; 59.88 %; 53.57 %; 
62.35 % and 64.68 % which are 25.79 %, 17.67 %, 11.34 %, 20.71 %, 
7.71 % and 4.26 % lower than conventional diesel.

4.3.4. Oxides of nitrogen
Oxides of nitrogen (NOx), primarily consisting of nitric oxide (NO) 

and nitrogen dioxide (NO2), are pollutants formed during high- 
temperature combustion processes, especially in diesel engines. The 
formation of NOx is influenced by several factors, including combustion 
temperature, pressure, air-fuel ratio, and fuel additives [37,40]. NOx 
emissions are highly sensitive to engine operating conditions and fuel 
properties, with higher combustion temperatures and pressures favoring 
the thermal NOx formation mechanism. Oxides of nitrogen emission 
variations for conventional diesel, MME15+DG5; MME15+CU5; 
PME15+DG5; PME15+CU5; JME15+DG5 and JME15+CU5 at higher 
loads are shown in Fig. 11 with reference to brake power.The key con
tributors to NOx generation are inner wall temperature and O2 con
centration. Increasing accretion of air/fuel mixtures over the prolonged 
delay period results in a somewhat more prominent premixed combus
tion phase using MME. Because of the noticeable premixed phase of 
ignition, a maximum HRR is projected to significantly raise the cylinder 
wall temperature. Moreover, start of combustion with MME was 
delayed, and burning occurred nearer to top dead centre, that is antic
ipated would enhance in-cylinder temperature [44,45]. Biodiesel 
blends, such as JME, PME, and MME, typically result in lower NOx 
emissions compared to conventional diesel under moderate engine 
loads. This is primarily due to the higher oxygen content in biodiesel, 
which facilitates more complete combustion and lowers peak combus
tion temperatures. However, at higher loads, the increased combustion 
temperatures in biodiesel blends may lead to a slight increase in NOx 
emissions. The addition of diglyme, a cetane booster, accelerates com
bustion and raises peak temperatures, further increasing NOx emissions 
at higher loads. On the other hand, cumene, an antioxidant, helps 
mitigate NOx formation by stabilizing the combustion process and 
reducing the generation of free radicals, thereby minimizing NOx 
emissions [46]. At maximum loads of 5.02 kW, oxides of nitrogen value 
for MME15+DG5; MME15+CU5; PME15+DG5; PME15+CU5; 
JME15+DG5 and JME15+CU5 are 1310.62 ppm, 1542.56 ppm, 
1632.91 ppm, 1419.04 ppm, 1687.13 ppm and 1701.23 ppm which are 

Fig. 11. Oxides of nitrogen variations for prepared fuel blends at different loads.
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26.11 %, 13.04 %, 7.97 %, 19.97 %, 4.87 % and 4.08 % lower than 
conventional diesel.

4.4. Summary of key findings

The key findings of this study demonstrate the significant impact of 
fuel additives, specifically diglyme (DG) and cumene (CU), on the per
formance and emissions of biodiesel blends in a compression ignition 
engine. The study highlights significant improvements in combustion 
performance and emission characteristics using mixed methyl esters 
(MME) blended with diglyme and cumene additives. Brake thermal ef
ficiency (BTE) increased upto 15.78 % for MME15+DG5 and 8.77 % for 
MME15+CU5 when compared to pure diesel fuel, attributed to 
improved ignition properties and enhanced combustion. Both diglyme 
and cumene additives significantly reduced harmful emissions. 
MME15+DG5 and MME15+CU5 resulted in reductions of CO by 53.52 
%↓ and 40.12 %↓, reduction of UNHC upto 81.25 %↓ and 71.91 %↓, 
compared to diesel fuel owing to better fuel atomization and oxidation. 
Smoke opacity showed a notable reduction of 25.79 % and 20.72 % 
lesser value for MME15+DG5 and MME15+CU5 fuel blends, thereby 
indicating cleanear combustion. Oxides of nitrogen (NOx) emissions 
decreased by 26.11 % and 20.03 % for both the blends, due to cumenes’ 
antioxidative effects. This research highlights the potential of using 
mixed methyl ester biodiesel blends alongside fuel additives brings up a 
promising route for reducing greenhouse gas emissions, contributing to 
global efforts to mitigate climate change and enhance fuel sustainability 
in diesel engines. Table 4 shows an overall comparison of present 
research outputs verses data obtained in past literature upon perfor
mance, emission and combustion behaviour of diesel engine fuelled 
using biodiesel and additives in contrast to conventional diesel fuel.

5. Conclusion and scope of future research

The findings of this research indicate that mixed oil methyl esters 
(MMEs) hold significant potential as a viable alternative to conventional 
diesel fuel. However, the inherent high viscosity and low cetane index of 
the prepared fuels adversely affect self-ignition and contribute to 
elevated NOx emissions when used in compression ignition engines. To 
address these challenges, the addition of 5 % v/v fuel additives, spe
cifically diglyme (DG) and cumene (CU), proved effective in enhancing 
combustion characteristics and reducing emissions. From a combustion 
perspective, the study revealed that the heat release rate (HRR) and in- 
cylinder pressure (In-CP) were notably higher for MMEs compared to 
conventional diesel, attributed to the longer ignition delay period. The 

addition of diglyme significantly shortened the ignition delay and 
extended the combustion duration, resulting in improved performance 
metrics. Among the tested blends, MME15+DG5 outperformed diesel in 
terms of In-CP, net HRR, and the timing of the start of combustion, 
indicating superior combustion behavior.

In terms of engine performance, MME15+DG5 demonstrated an 8.77 
% increase in brake thermal efficiency (BTE) while achieving reductions 
in brake-specific energy consumption (BSEC) and exhaust gas temper
ature (EGT) by 12.02 % and 5.64 %, respectively, at peak loads. This 
improvement can be attributed to the enhanced ignition and combustion 
characteristics provided by the diglyme additive. Emission analysis 
further highlighted the advantages of the fuel additives. Compared to 
petro-diesel, the opacity of exhaust smoke decreased by 25.79 % for 
MME15+DG5 and by 20.72 % for MME15+CU5. NOx emissions were 
also reduced significantly, with reductions of 26.11 % and 19.97 % for 
diglyme and cumene, respectively.

These reductions were primarily due to the improved ignition 
characteristics, which facilitated more complete combustion and 
simultaneously lowered NOx formation and smoke opacity. Addition
ally, hydrocarbon (HC) and carbon monoxide (CO) emissions were 
markedly reduced for both MME15+DG5 and MME15+CU5. Specif
ically, MME15+DG5 achieved reductions of 81.25 % in HC and 53.52 % 
in CO, while MME15+CU5 achieved reductions of 71.92 % and 40.12 %, 
respectively, when compared to diesel under maximum load conditions. 
These results underscore the environmental benefits of using MMEs with 
fuel additives in compression ignition engines. Overall, the introduction 
of diglyme and cumene fuel additives effectively enhances the perfor
mance and emission characteristics of mixed oil methyl esters, making 
them a sustainable alternative to conventional diesel. The use of 
diglyme, in particular, addresses challenges such as cold starts and 
elevated NOx emissions, thereby significantly improving engine effi
ciency and environmental performance.

5.1. Articulation of contribution

This study introduces several novel contributions to the field of 
alternative fuels and diesel engine performance optimization, particu
larly through the innovative use of fuel additives in biodiesel blends. 
One of the key contributions is the use of diglyme, a relatively unex
plored cetane booster, to improve the combustion characteristics of 
mixed methyl esters (MME). Diglyme enhances the cetane number of the 
biodiesel blend, resulting in a shorter ignition delay, better fuel atomi
zation, and more complete combustion. This directly leads to improved 
brake thermal efficiency (BTE) and a reduction in harmful emissions 
such as unburnt hydrocarbons (UHC) and carbon monoxide (CO). The 
second major contribution is the incorporation of cumene as an anti
oxidant in the biodiesel blend. Antioxidants are known for their ability 
to reduce oxidative reactions during combustion, which, in this study, 
effectively lowers oxides of nitrogen (NOx) emissions—a common 
challenge associated with biodiesel use. By mitigating the formation of 
NOx without compromising engine performance, cumene demonstrates 
its potential as an essential additive for biodiesel applications. 
Furthermore, the study is unique in its approach of using these additives 
synergistically. The combined effects of diglyme and cumene are 
analyzed comprehensively, showcasing significant improvements in 
both combustion efficiency and emission reductions compared to bio
diesel without additives. The study’s findings provide a novel frame
work for optimizing biodiesel formulations to address long-standing 
challenges such as increased NOx emissions and suboptimal perfor
mance in diesel engines.

5.2. Limitations of present research

The experimental setup employed a single-cylinder diesel engine, 
which, while suitable for controlled laboratory studies, may not accu
rately represent the performance characteristics of larger, multi-cylinder 

Table 4 
Comparison of present research outputs verses data obtained in past literature 
upon performance, emission and combustion behaviour of diesel engine fuelled 
using biodiesel and additives in contrast to conventional diesel fuel.

Parameters / Engine 
characteristics

Present research for 
MME15+DG5 vs diesel

Jeykumar and Bose, 2019 for 
RSOME20+DGM10 vs diesel

Brake thermal 
efficiency

8.77 %↑ 4.01 %↑

Brake specific energy 
consumption

5.64 %↓ 7.14 %↓

Exhaust gas 
temperature

12.02 %↓ NA

Carbon monoxide 53.52 %↓ 30.7 %↓
Unburnt 

hydrocarbon
81.25 %↓ 56.9 %↓

Oxide of nitrogen 26.11 %↓ 15.89 %↓
Smoke opacity 25.79 %↓ 10.2 %↓
Ignition delay period 8.56 %↓ NA
Combustion 

duration
16.43 %↑ NA

Heat release rate 11.87 %↑ 16.39 %↑

*NA- not avaliable.
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engines typically used in industrial or automotive applications. This 
limitation constrains the external validity of the findings to broader, 
real-world applications. Moreover, the study was conducted under a 
limited set of experimental conditions, focusing on specific fuel blends 
and additives. While these conditions provided valuable insights, they 
may not capture the full range of variations in engine operation or fuel 
compositions. The variability in the biofuels used, such as Jojoba oil 
methyl ester and Polanga oil methyl ester, poses another challenge. 
Differences in the composition of these biofuels, influenced by their 
sources and processing methods, could affect the reproducibility of re
sults in other experimental or real-world settings. Additionally, the 
study primarily addressed short-term combustion and emission char
acteristics without exploring long-term durability aspects, such as en
gine wear and maintenance. Evaluating the extended operational effects 
of these fuels and additives remains an area for future research.

Finally, the absence of advanced statistical analyses, including 
regression models, confidence intervals, and hypothesis testing, limited 
the quantitative rigor of the findings. Incorporating such methodologies 
in future studies would enhance the robustness and generalizability of 
the conclusions.

5.3. Scope of future research work

Future research in this area could benefit from several key directions 
to further explore and optimize the use of biodiesel blends with addi
tives. First, testing should be conducted using multi-cylinder, four-stroke 
diesel engines to better represent real-world operating conditions and 
assess the scalability of the results. Long-term durability studies are 
essential to evaluate the impact of biodiesel blends with diglyme and 
cumene additives on engine components, fuel system wear, and overall 
engine longevity. Additionally, advanced statistical analyses, including 
regression models, confidence intervals, and uncertainty quantification, 
should be incorporated to improve the robustness of the findings and 
provide more accurate predictions. Future studies could also explore the 
effects of different fuel additives in combination, as well as alternative 
feedstocks for biodiesel, to assess potential improvements in combustion 
efficiency and emission reductions. Finally, environmental and eco
nomic assessments, including lifecycle analyses, should be performed to 
evaluate the sustainability and feasibility of implementing these bio
diesel blends at a larger scale.

5.4. Broader implications of the present research

The findings of this study have significant broader implications in the 
context of the United Nations Sustainable Development Goals (SDGs), 
particularly Goal 7 (Affordable and Clean Energy) and Goal 13 (Climate 
Action). By improving the performance and reducing emissions of bio
diesel blends, this research contributes to the development of cleaner 
alternative fuels that can help reduce the carbon footprint of diesel- 
powered engines. The use of biodiesel blends with diglyme and 
cumene additives enhances fuel efficiency and lowers harmful emissions 
such as carbon monoxide (CO), unburnt hydrocarbons (UHC), and ox
ides of nitrogen (NOx), thereby supporting efforts to mitigate air 
pollution and its associated health risks. Furthermore, biodiesel derived 
from renewable sources supports SDG 12 (Responsible Consumption and 
Production) by promoting sustainable bioenergy solutions. This aligns 
with the global transition towards renewable energy sources and the 
reduction of dependency on fossil fuels, contributing to the achievement 
of a low-carbon, circular economy. The research also indirectly con
tributes to SDG 9 (Industry, Innovation, and Infrastructure) by fostering 
innovation in the biofuel sector, encouraging further advancements in 
sustainable energy technologies.
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