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A B S T R A C T

This study investigates the dual-fuel operation of a single-cylinder, four-stroke, 5.2 kW variable compression 
ratio (VCR) diesel engine fueled with a 20 % blend of waste cooking oil ethyl ester (WCOEE_20) and diesel as 
pilot fuel, and biogas (1.2 kg/h) as the inducted secondary fuel. The study aims to integrate renewable fuels into 
conventional diesel engines, promoting both efficiency and sustainability. Biogas was introduced through the 
intake manifold, while WCOEE_20 was directly injected into the combustion chamber. Experiments were per
formed at 1500 rpm and a compression ratio of 17.5:1, across varied injection timings (21◦, 23◦, 25◦, and 27 ◦CA 
bTDC) to identify the optimal operating condition for enhanced combustion, performance, and emission 
behavior. Among all test cases, WCOEE_20+DFM25 ◦CA exhibited the best performance with a brake thermal 
efficiency (BTE) of 27.55 %—an improvement of 10.51 % over WCOEE_20+DFM23◦, while 7.61 % lower than 
diesel operated in natural aspirated mode. This configuration reduced brake specific fuel consumption (BSFC) by 
15.33 %, and exhaust gas temperature (EGT) increased by 3.28 %, compared to WCOEE_20+DFM23◦ while, 
34.77 % increase in BSFC and 2.24 % decrease in EGT observed for plain diesel, respectively. Emission analysis 
showed reductions in CO (15.79 %), HC (16.0 %), NOx (17.41 %), and smoke opacity (28.49 %) relative to diesel 
fuel. Compared to WCOEE_20+DFM23◦, smoke opacity decreased by 5.52 %, while NOx increased slightly by 
9.67 %. Combustion analysis revealed that WCOEE_20+DFM25◦ caused a 0.83 % and 2.27 % increase in ignition 
delay period (IDP) over diesel and WCOEE_20+DFM23◦, respectively, and combustion duration (CD) increased 
by 6.97 % and decreased by 2.76 %. Heat release rate (HRR) and cylinder pressure (CP) were found to be 3.58 % 
and 13.22 % higher than WCOEE_20+DFM23◦, while 1.88 % lower and 10.02 % higher than normal diesel fuel 
in natural mode of aspiration. These findings demonstrate the potential of WCOEE_20+DFM25◦ as a cleaner and 
efficient alternative for diesel engine operation, supporting the United Nations Sustainable Development Goals 
(SDG) 7 (Affordable and Clean Energy) and SDG 13 (Climate Action).

Abbreviations: WCO, Waste cooking oil; WCOEE, Waste cooking oil ethyl ester; WCOEE_20, 20 % waste cooking oil ethyl ester; DFM, Dual fuel mode; IT, Injection 
timing; DI, Direct injection; VCR, Variable compression ratio; CR, Compression ratio; BTE, Brake thermal efficiency; BSFC, Brake specific fuel consumption; EGT, 
Exhaust gas temperature; CD, Combustion duration; IDP, Ignition delay period; HRR, Heat release rate; LHV, Lower heating value; NDIR, Non-dispersive infrared; Cv, 
Specific heat at constant vol.; DAQ, Data acquisition system; CA, Crank angle; NH3, Ammonia; GWP, Global warming potential; A/F, Air/fuel ratio; CO, Carbon 
monoxide; HC, Hydrocarbon; NOx, Oxides of nitrogen; Smoke opacity, Exhaust smoke emission; CH4, Methane; CO2, Carbon dioxide; bTDC, Before top dead center; 
SDG, Sustainable Development Goal; SDG7, Sustainable Development Goal - Affordable and clean energy; SDG13, Sustainable Development Goal - Climate action; 
IOP, Injector opening pressure; ASTM, American society for testing and materials; B.gas, Biogas; SCO, Start of combustion; Cp, Specific heat at constant pressure; H2S, 
Hydrogen sulfide; N2O, Nitrous oxide; CNG, Compressed natural gas; aBDC, After bottom dead center.
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1. Introduction

Global energy sector is being significantly impacted by the quick 
decline of oil and gas reserves, rising costs of fuel, alongside increasing 
concern about harmful emissions. Petroleum-based energy sources that 
have driven economic development for more than a century are con
ventional and generate significant greenhouse pollutants, particularly 
carbon dioxide (CO₂), oxides of nitrogen (NOₓ), and particulate matter 
(PM), that trigger global warming along with healthcare issues [1,2]. 
This development has encouraged scientists, researchers, legislators, 
and industries around the globe to increase their search for alternate, 
sustainable, as well as ecologically friendly energies. The increasing 
expense of traditional energies emphasizes the necessity of expanding 
energy resource assets using renewable sources [3]. With growing 
emphasis on wind and solar energy—technologies known for their 
carbon-neutral and renewable attributes—biodiesel has simultaneously 
gained interest as a liquid biofuel compatible with existing internal 
combustion engines [4]. Biodiesel sourced through a diverse range of 
bioenergy feedstocks—including agricultural trash, waste cooking oils, 
algae, alongside non-edible oil seeds—provide substantial benefits with 
regard to sustainability, decentralization, and compliance with pres
ently employed diesel-powered vehicles [5,6]. Biomass-derived fuels 
offer a potential carbon-neutral or carbon-negative pathway, as the CO₂ 
emitted during combustion is approximately offset by that absorbed 
during biomass cultivation [7,8]. Furthermore, biomass reserves are 
generally common across suburban and rural places, providing energy 
access to dispersed and impoverished regions [9]. Alternative fuels, 
available in liquefied as well as gaseous forms, can provide viable op
tions for the automotive and electricity-producing industries, assisting 
worldwide attempts to make the shift with regard to renewable energies, 
notably in accordance with SDGs 7 and 13 [10]. At present, several 
noticeable biomass-derived biodiesel are being thoroughly investigated 
to be potential substitute fuels over diesel-powered vehicles including 
alcohols, especially ethanol and methanol, noted for their elevated O2 
concentrations and clean-burning attributes; secondly, biodiesel pro
duced from plant-based and animal-derived fats through trans
esterification process delivering a lesser greenhouse gases; alongside 
biogas, which is mainly comprised of methane, accomplished via 
anaerobic digestion of organic matter, offering a sustainable gaseous 
fuel which minimizes reliance upon petroleum-based natural gas while 
enhancing energy efficiency [11,12]. In most economically developed as 
well as developing nations, biodiesel mixing has emerged as an effective 
means to reducing dependency on petroleum and natural gas while 
lowering automobile exhaust pollutants. In recognition of its significant 
octane number as well as inexhaustible nature, ethanol has commonly 
mixed with liquid fuel in amounts that vary between 10–15 % 
(E10-E15), resulting in enhanced combustion performance and reduced 
carbon monoxide and hydrocarbon emissions [13,14]. In a comparable 
manner biodiesel, which is commonly mixed into petroleum-based fuel 
at a range of 5–10 % concentration (B5-B10), provides benefits 
including increased lubrication, sustainability, alongside lower 
pollutant emissions [15]. Biodiesel, made from sustainable organic 
materials like plant-based oils as well as animal-based fats, is known for 
its high biodegradability, non-toxicity, environmental compatibility, 
and low flammability rendering it an ideal substitute to traditional 
petroleum-based diesel. It has low sulfur concentration as well as 
oxygenated molecules, which contribute to better ignition and 
decreased levels of carbon monoxide, hydrocarbons, and particulates. 
Biodiesel is capable of being used in its purest state (BD100) or blended 
into different proportions with standard diesel (e.g., BD05, BD10, BD15, 
BD20 etc..) without requiring significant changes to existing diesel en
gine systems, fuel injection devices, or storage infrastructure—allowing 
for a smooth transition towards more sustainable energy sources [16,
17]. Biogas, a sustainable energy source largely consisting of methane 
(CH₄ and CO₂), possesses a comparatively high octane value, often 
reaching 120. The high octane value indicates excellent resistance to 

spontaneous ignition and engine knocking making it particularly bene
ficial for diesel-powered vehicles with higher compression ratios [18]. In 
contradiction to low-octane energy sources, which typically pre-ignite 
during compression, biogas enables improved ignition timing along
side higher compression levels avoiding the possibility of knocking, 
allowing the combustion system to attain greater thermal performance. 
Increased thermal performance leads to better energy transformation 
towards productive mechanical work with lower brake specific fuel 
consumption (BSFC) [19]. Additionally, the ignition parameters of 
biogas are fundamentally different than those found in ordinary diesel. 
Being a lean-burn energy source, biogas assists in reducing ignition 
temperature, which helps to reduce the amount of nitrogen oxide (NOx) 
formation—one of the major emissions produced by diesel-powered 
vehicles. In the similar manner, consumption of biogas reduces emis
sions of smoke owing to its gaseous alongside oxygen-rich nature, so 
assisting in mitigating the classic NOx-smoke tradeoff which frequently 
confronts diesel vehicle pollution management [20,21]. Biogas is espe
cially appropriate for diesel engines when employed as part of dual-fuel 
mode, in which a tiny amount of high-cetane fuel (e.g., diesel or bio
diesel) serves as an initial source of combustion while biogas is supplied 
via the inlet manifold alongside ambient air. This dual-fuel technique 
necessitates only minor engine changes, usually restricted to changes 
within the inlet manifold that enable biogas infusion [22]. The diesel 
fuel provides consistent burning, whilst the injected biogas contributes 
to the primary ignition process, leading to less polluting and more 
efficient energy production. This combination enables biogas an 
appropriate replacement fuel for reducing greenhouse gas emissions in 
line with sustainable development along with ecological goals [23]. In a 
dual-fuel diesel engine, advancing the pilot injection timing increases 
the ignition delay period (IDP) because fuel is introduced through the 
combustion zone prematurely whilst both in-cylinder temperature as 
well as pressure are comparatively lower [24]. This prolonged premixed 
mixture stage enables for additional fuel-air blending, which results in 
an extremely intensive and quick burning when ignited. As a result, peak 
cylinder pressure (PCP) increases noticeably as more fuel ignites within 
a shorter period of time. This occurrence has a substantial impact on 
ignition behavior, improving thermal performance but possibly 
increasing NOx emissions due to higher in-cylinder temperatures [25]. 
Increasing IT in dual-fuel engines resulted in significant gains across 
engine efficiency, especially at minimal workload. At lesser loads, 
advancement of pilot fuel injection causes premature start of combus
tion (SOC), resulting in an extended premixed stage and improved 
air-fuel combination. This culminates into a more thorough and pro
ductive combustible process, which improves both brake thermal effi
ciency (BTE) alongside total ignition stability [26]. Increased 
combustion performance additionally serves to reduce carbon monoxide 
(CO) and unburned hydrocarbon (HC) pollutants by oxidizing additional 
fuel inside the combustion zone [27]. However, exceeding the optimal 
injection timing might cause a premature combustion of the pilot fuel 
when operating at more profound in-cylinder pressure along with 
reduced temperatures, particularly when performing at moderate as 
well as full-load conditions. This causes a substantial boost in the rate of 
pressure rise alongside peak cylinder pressures (PCP), that might result 
in knocking, accompanied by anomalous ignition noise and consequent 
wear and tear on the engine’s components. Knocking not only reduces 
engine longevity; it also restricts the extent to which injection timing 
might be modified [27,28]. Furthermore, the synthesis of nitrogen ox
ides (NOx) rises during advancement in IT because of higher in-cylinder 
temperature alongside longer dwell time of combustion exhaust at 
higher temperatures, that promote thermal synthesis of NOx [29]. 
Advanced injection leads to elevated carbon dioxide (CO₂) outputs due 
to more efficient combustion completion. Although this is beneficial for 
thermal performance, it also means that the fuel’s carbon content is 
converted into CO₂, a gas that causes global warming. As a result, there 
is a trade-off among maximizing efficiency while decreasing greenhouse 
gases, demanding precision injection timing optimization for balancing 
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efficiency, performance, and greenhouse gases [30]. Emitted smoke 
levels have been reported to be lower during advanced pilot injection 
timing because of improved premixed mixture of the fuel-air charge, 
that encourages more thorough burning thus reduces the generation of 
apparent smoke [31]. Meanwhile, as IT advanced, particulate matter 
(PM) outputs increased. This increase is mostly due to partial combus
tion produced by lower in-cylinder temperatures and pressures during 
the initial phases of the fuel injection process, which results in concen
trated fuel-rich regions. Such circumstances encourage the clustering 
alongside coagulation of small fragments, increasing the amount of PM 
regardless of a noticeable drop in smoke opacity during advanced 
combustible settings [32,33].

1.1. Objective and novelty of the current work

Numerous studies have explored dual-fuel strategies using biodiesel 
and gaseous fuels. For instance, several investigations focused on biogas- 
diesel dual-fuel operation [34,35], while others examined biodiesel 
blends with natural gas or LPG [36,37]. However, most of these studies 
employed conventional diesel or edible-oil-based biodiesel as the pilot 
fuel and did not assess injection timing optimization in a variable 
compression ratio (VCR) engine, which adds an additional degree of 
freedom for performance enhancement and emissions control. More
over, limited attention has been paid to the use of waste cooking oil ethyl 
ester (WCOEE)—a second-generation biofuel—in combination with 
biogas under precisely varied pilot fuel injection timings, particularly in 
VCR engine configurations. Existing literature either considers constant 
injection timing or fixed compression ratios, which constrains the full 
exploration of combustion dynamics under dual-fuel strategies. 
Furthermore, studies often lack a simultaneous evaluation of combus
tion, performance, and emissions characteristics with a quantitative 
comparative analysis across multiple injection timings, as conducted in 
current study. In the present investigation, a dual-fuel strategy was 
employed on a variable compression ratio (VCR) diesel engine to explore 
sustainable energy utilization by combining biogas with biofuel derived 
from waste cooking oil. Biogas was introduced through the inlet mani
fold as the primary inducted fuel, while the biofuel—produced via 
transesterification of waste cooking oil—was injected as a pilot fuel to 
initiate combustion. The VCR engine was modified to support dual-fuel 
operation, allowing precise control of the pilot fuel’s injection timing 
(IT) to assess its impact on ignition characteristics. Injection timings 
were varied before top dead center (TDC) to identify the optimal setting 
for improving combustion efficiency. Key engine performance metrics, 
including brake thermal efficiency (BTE) and brake specific fuel con
sumption (BSFC), were evaluated under different load conditions. To 
further analyze combustion behavior across the range of ITs, 
ignition-related parameters such as in-cylinder pressure (CP), heat 
release rate (HRR), combustion duration (CD), and ignition delay period 
(IDP) were measured. Emissions of carbon monoxide (CO), unburnt 
hydrocarbons (HC), nitrogen oxides (NOx), and smoke opacity were also 
monitored and compared with those from standard diesel operation. The 
results revealed significant variations in engine performance under 
dual-fuel conditions, with certain injection timings enhancing thermal 
efficiency while reducing harmful emissions. This study underscores the 
potential of using biogas in combination with waste cooking oil ethyl 
ester as a viable alternative to conventional fossil fuels in VCR diesel 
engines, contributing to the goals of SDG 7 (Affordable and Clean En
ergy) and SDG 13 (Climate Action).

2. Material and methods

2.1. Waste cooking oil ethyl ester preparation and characterization

A base-catalyzed transesterification technique [7,38] has been 
employed to produce biofuel using waste cooking oil, a commonly 
available oil in local restaurants of Bhubaneswar. This method was 

executed utilizing a biodiesel reactor system housed in the building of 
KIIT (Deemed to be University) at Bhubaneswar, which has been 
designed for small-scale to medium-scale biofuel synthesis. In the 
transesterification reaction, waste cooking oil was combined alongside 
ethanol in the presence of a catalyst (potassium hydroxide), yielding 
ethyl ester biodiesel (WCOEE) and glycerol being the byproduct [39]. 
The resulting WCOEE constitutes a sustainable, renewable fuel featuring 
excellent combustible qualities, making it ideal for diesel-powered ve
hicles. The transesterification approach used in the present research 
complies alongside methodologies published in previous studies 
[40–42], resulting in significant yields and high-quality biofuel having 
minimal viscosity along with excellent combustion characteristics. The 
assessment of fuel samples is critical in determining their impact on 
engine efficiency, combustible characteristics, and exhaust properties.

Table 1 summarizes the key physicochemical characteristics of diesel 
and waste cooking oil ethyl ester (WCOEE), whereas Table 2 describes 
the gaseous composition and characteristics of biogas. Density, kine
matic viscosity, flash point, fire point, calorific value, cetane number, 
pour point and carbon residue concentration are critical fuel factors that 
influence combustion performance and spray atomization in injected 
fuels. WCOEE, as a biofuel variant, exhibited higher specific gravity and 
kinematic viscosity over traditional diesel because of its inclusion on 
long-chain fatty acid ethyl esters [43,44]. The flash point of WCOEE was 
substantially greater, signifying increased safety while being handled or 
stored [45]. Despite WCOEE’s lesser heating value in comparison to 
diesel implies a lesser energy content per unit mass, its inherent 
oxygen-rich structure promotes clean burning and decreases carbon-rich 
pollutants. Biogas, on the other hand, is distinguished for its significant 
methane concentration, relatively low density of energy, as well as 
elevated octane number, all of these contribute to its practicality to be 
the principal fuel for dual-fuel arrangements [46]. Biogas’ toxic-free and 
zero-carbon nature emphasizes its significance in energy conservation 
systems, encouraging ecologically friendly engine efficiency in line with 
climate-resilient energy demands [47].

2.2. Biogas collection and characterization

Biogas employed in dual-fuel performance has been purchased 
commercially through Softex Industrial Products Pvt. Ltd. in Kolkata, 
West Bengal, India. A regulated inducement technique was implemented 
for supplying biogas, which is mostly made of methane along with 
carbon dioxide, inside the engine’s inlet manifold [25,32]. The biogas 
functioned as the supplementary fuel, with WCOEE fueled straight in
side the combustion chamber serving the test pilot fuel, resulting in a 
dual-fuel combustion approach. The integration of waste-to-energy 
transformation along with efficient ignition technique exemplifies a 
circular economy concept, which uses recyclable materials to produce 
renewable power. These initiatives not just minimize ecological damage 
triggered by waste cooking oil disposal, additionally they support Sus
tainable Development Goals (SDG) 7 and 13, which promote 

Table 1 
Key physio-chemical characteristics of conventional diesel fuel and waste 
cooking oil ethyl ester_100 and waste cooking oil ethyl ester_20 as per ASTM D- 
6751 standard.

Properties Units Diesel WCOEE_100 WCOEE_20 ASTM D 6751

SG@15 ◦C Kg/m3 829.0 898.0 851.0 D 4052
KV@40 ◦C CSt 2.54 3.71 2.82 D 445
LHV MJ/kg 43.89 39.64 42.13 D 240
FLP ◦C 54.0 114.0 66.0 D 93
FiP ◦C 65.0 121.0 74.0 D 93
Pp ◦C − 6.0 4.0 − 4.0 D 97
CN – 48.0 54.0 50.0 D 613
AcV Mg KOH/g 0.05 0.37 0.14 D 974

** SG- Specific gravity; KV- Kinematic viscosity; LHV- Lower heating value; FLP- 
Flash point; FiP- Fire point; Pp- Pour point; CN- Cetane number; AcV- Acid value.
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accessibility to clean energy alongside mitigation of climate change via 
the use of carbon-free fuels.

2.3. Experimental setup and instrumentation

The test had been carried out on a single-cylinder, four-stroke, var
iable compression ratio (VCR), water-cooled, direct injection (DI) diesel 
engine positioned inside the I.C.Engine laboratory of Kalinga Institute of 
Industrial Technology (Deemed University), Bhubaneswar, Odisha, 
India. The diesel engine had been appropriately tailored to run in dual- 
fuel mode of operation, with waste cooking oil ethyl ester (WCOEE) as 
the pilot fuel and biogas as the major induced gaseous fuel. Fig. 1 depicts 
the testing setup’s schematic arrangement, encompassing fuel delivery 
systems, gaseous fuel inducement methods, AVL 444 di-gas analyser, 
AVL 437-C smoke meter, and data acquisition systems for real-time 
performance and emissions assessment. Table 3 displays the precise 
technical details associated with the diesel-powered vehicle used in the 
current experiment. To simulate alongside modulate the load charac
teristics throughout experiments, an eddy current dynamometer was 
connected to the engine’s output shaft. The dynamometer enabled for 
precision loading along with exact torque and speed monitoring across a 
variety of operational settings. This setup allowed a thorough exami
nation of engine combustion, efficiency, and greenhouse gas charac
teristics for various fueling modes, injection timings, alongside loading 
conditions, resulting in reliable and accurate test outcomes. The en
gine’s air inlet was accurately determined employing an air flow meter 
mounted above the inlet tube attached to the air surge tank, enabling a 
precise calculation of the volumetric air flow rate entering the com
bustion zone. The assessment is crucial for determining the fuel-air ratio, 
particularly in dual-fuel operations wherein biogas is introduced 
alongside inlet air. The storing balloon possessed a volumetric weight of 
3 m³ and comprised with robust synthetic rubber, thereby enabling gas 
impregnation alongside operational security. Biogas employed in dual- 
fuel performance has been purchased commercially through Softex In
dustrial Products Pvt. Ltd. in Kolkata, West Bengal, India, which had 
measurements of (3.04 m in length, 1.42 m in width, and 0.88 m in 
height). The storage facility provided a regulated plus continuous supply 
of biogas into the engine, allowing for equilibrium test operations while 
preserving uniform fuel mix and flow properties throughout dual-fuel 
modes of operation. The biogas retained inside the portable storage 
balloon was introduced into the engine’s inlet manifold at a controlled 
pressure of 2.0 bar via a low-pressure, diaphragm-type gas compressor. 
This compressor provided a continuous and constant flow supply of 
biogas throughout engine operations, that’s crucial in preserving steady 
combustibility in dual-fuel operation. The mass flow rate of biogas had 
been properly measured with a calibrated gas flow meter, enabling for 
precise fuel delivery regulation and subsequent evaluation across 
changing engine loading alongside operational settings. To make certain 
that biogas and intake air are mixed evenly before reaching the com
bustion zone, a Y-shaped gas-air mixing mechanism that functions 
analogous to a carburetor has been incorporated inside the engine’s inlet 
manifold. This blending equipment improved the consistent dispersion 
of the biogas-air mixture, increasing its combustion performance and 
reducing cycle-to-cycle fluctuations. The configuration was intended to 

maximize the equivalency ratio while maintaining a uniform flame front 
throughout the combustion region. The engine’s suction stroke causes a 
substantial pressure decrease within the venturi part of the inlet mani
fold which is caused by the rapid velocity of the fresh air flow. In 
accordance with Bernoulli’s principle, a pressure drop is nearly equal to 
the square of the air entering the system. Since, the venturi’s lower 
pressure zone produces a suction effect, facilitating biogas entrainment 
into the inlet air flow. This process assures that biogas is successfully 
extracted through the gas-air mixing unit alongside evenly mixed 
alongside the intake air, resulting in reliable and effective combusti
bility. A precise glass burette equipped with 2 optical fuel level in
dicators was used to properly measure the rate of ingestion of waste 
cooking oil ethyl ester (WCOEE) and diesel fuel throughout the com
bustion process.

These indicators enabled continuous assessment of gasoline use by 
measuring the fuel levels across two calibrated markings, allowing for 
accurate measurement of volumetric flow rates in the course of time. 
The above setup offered high-quality observations required for perfor
mance assessments over a variety of operational conditions alongside 
fuel mixtures. In-cylinder pressure (ICP) was determined employing a 
high-fidelity quartz piezoelectric pressure transducer. The detailed 
pressure readings allowed a thorough examination of combustion 
properties including ignition delay period (IDP), peak cylinder pressure 
(PCP), and combustion duration (CD), which are crucial for assessing 
fuel behavior and engine performance in dual-fuel operation. To record 
changing pressure differences throughout the combustion chamber, a 
high-precision piezoelectric pressure transducer had been flush- 
mounted onto the engine’s head and directly connected alongside the 
clearance volume. This strategic positioning meant that ignition pres
sure indications were transmitted accurately, despite delay nor distor
tions. The transducer had been linked to a charge amplifier, that 
transformed the low-amplitude piezoelectric impulses onto quantifiable 
voltage output suited for high-fidelity combustible diagnosis. Such 
intensified inputs coordinated via the crankshaft’s rotation to generate 
pressure-crank angle graphs, which allowed for accurate interpretations 
of combustion duration, ignition delay period, and peak pressure 
properties. A high-resolution crank angle encoder has been utilized to 
precisely link cylinder pressure readings alongside crankshaft rotation. 
This encoder had been attached straight with the engine’s crankshaft 
alongside designed to produce signals at predetermined angular in
tervals, usually for each 0.8◦ of crankshaft rotation. During the in- 
cylinder ignition study, the piezoelectric pressure transducer alongside 
crank angle encoder were connected to a high-fidelity charge amplifier 
to accomplish a perfect alignment between pressure and crank angle 
measurements.

The augmented analog outputs were transmitted into a Data Acqui
sition System (DAQ), that encoded and recorded current information for 
every single crankshaft angle increase. This precise information was 
continually captured and saved onto a networked workstation for 
meticulous combustible diagnosis. For comprehending the thermody
namic characteristics of the combustible phenomenon, an additional 
combustion analyzer equipment has been employed. The above system 
used the pressure-crank angle measurements for determining essential 
combustion variables including heat release rate (HRR), start of com
bustion (SOC), and ignition delay period (IDP). These parameters 
enabled a thorough examination of energy release, ignition synchroni
zation along with fuel-air reactions inside the combustion chamber 
yielding significant findings concerning dual-fuel operation. The en
gine’s speed has been precisely determined employing a non-invasive 
optic device placed precisely proximal to the flywheel to track its ro
tary motion refrain from physical intrusion, resulting in exact and 
continuous speed monitoring. Three thermocouples of the K-type have 
been placed at significant locations to measure temperature parameters. 
One thermocouple has been placed inside the exhaust manifold to 
determine the exhaust gas temperature (EGT), providing information on 
combustion effectiveness as well as loss of heat. The second 

Table 2 
Gaseous composition and characteristics of biogas [22].

Properties Biogas

Composition (by vol.) CH4- 67 %; CO2- 31 %; H2S (ppm)
Lower heating value (MJ/kg) 22.84
Specific gravity@15 ◦C (kg/m3) 1.16
Octane number 120.0
Stoichiometric A/F ratio 9.6
Auto-ignition temperature ( ◦C) 650.0
Flame speed (m/sec) 0.25
Boiling point (K) 112.0
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thermocouple has been installed inside the inlet manifold to measure the 
temperature of the incoming air, and this affects air-fuel mixture along 
with volumetric efficiency. The third K-type thermocouple has been 
installed alongside the biogas delivery system to monitor the tempera
ture of biogas delivered into the Y-shape gas carburetor, which is critical 
to comprehending combustion performance during various thermody
namic circumstances. A precise AVL 444 di-gas analyser has been 

employed to evaluate engine-generated greenhouse gases, including CO, 
HC, NOx, CO₂, and O₂, in accordance with ASTM D6751 standards. The 
exhaust emissions subsequently dehumidified alongside tested for CO, 
HC, and CO₂ measurements using a non-dispersive infrared (NDIR) de
tector. Each gas’s thermal absorbing properties have been utilized to 
measure its content. NO emissions have been recorded utilizing an 
electrochemical sensor, that monitors the electrical charge produced 

Fig. 1. Schematic layout diagram of the Test Rig.
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through the interaction of nitric oxide with a known solvent. This 
approach is highly sensitive, making it ideal for low-range NOx mea
surement. Smoke opacity, indicating particulate matter (PM) content, 
has been measured with a AVL 437-C smoke meter, that measures the 
intensity of light absorbed by soot fragments residing in fumes. Those 
extensive tests offer vital information upon combustion performance 
alongside greenhouse gas emissions across various fueling as well as 
injecting circumstances.

2.4. Experimental procedure and design of experiments (DOE)

To achieve precise engine efficiency as well as exhaust pollution 
characteristics assessment, the engine first operated until it attained the 
ideal temperature, resulting in a steady-state operation. This warming- 
up period considered crucial for reducing the impact of transient ef
fects while stabilizing engine characteristics. When steady state had 
been established, baseline emission and ignition measurements were 
obtained employing traditional diesel alongside waste cooking oil ethyl 
ester (WCOEE) biofuels while operating in single-fuel configuration. 
Afterwards, the diesel engine switched towards dual-fuel operation 
through incorporating biogas to be the auxiliary induced gaseous fuel 
and keeping WCOEE-diesel blend being the pilot injection energy 
sources. The biogas was injected at a regulated flow rate of 1.21 kg/h 
across the inlet manifold to achieve moderate ignition, minimal 
knocking, along with improved thermal efficiency. Specifically, a cali
brated gas flow meter was installed in the biogas supply line to measure 
the mass flow rate of biogas with high precision. The biogas was stored 
in a 3 m³ high-strength rubberized storage balloon and was supplied to 
the engine via a low-pressure diaphragm-type gas compressor, which 
maintained a consistent supply pressure of 2.0 bar. This setup ensured 
that the biogas delivery remained stable throughout the test duration. 
Additionally, a Y-shaped gas-air carburettor mixer was used at the 
intake manifold to facilitate homogeneous mixing of biogas with 
ambient air before entering the combustion chamber, thus enhancing 
fuel-air uniformity and combustion stability. Throughout this period, 
the injector timing associated with the WCOEE pilot fuel mixture had 
been progressively changed at various crank angle positions to investi
gate the influence on start of combustion (SOC), ignition delay period 
(IDP), alongside total engine efficiency throughout dual-fuel operations. 
To ensure repeatability and reliability of results, each test point was 
replicated three times under identical environmental and operational 
conditions, and the average values were recorded. Care was taken to 
maintain consistent ambient temperature, fuel properties, and engine 
settings (load, speed, injection timing, etc.) throughout the experiments. 
Prior to every test, the engine was warmed up and stabilized to minimize 
the impact of transient conditions. Every experimental setting remained 
constant until accurate values for ignition pressure, heat expulsion, 
along with greenhouse gases had been obtained. This approach allowed 
for a thorough evaluation regarding the dual-fuel technique based on 
biogas-WCOEE, which contributed to a generation of greener and better 
performing energy-efficient diesel engines. To ensure steady engine 

functioning over changing load along with speed, throughout the ex
amination, exact regulation for the WCOEE-diesel fuel flow rate seemed 
critical. The engine’s integrated mechanical governor, essentially ad
justs the amount of fuel injected in response to the engine’s operating 
needs, was successfully used to accomplish this requirement. The 
governor ensured steady-state functioning during the examination by 
continually modifying the amount of WCOEE-diesel blended fuel, 
depending upon its speed and torque parameters. The injector timing 
was progressively changed in order to examine the pilot injection timing 
influencing ignition along with performance parameters. Steel shims 
with standard thickness were used to change the injector pump’s me
chanical configuration. The average thickness of every single shim uti
lized in the injector pump was 0.3 mm. An extra shim had been 
introduced for delaying the plunger’s lifting power, which caused the 
time of injection to be prolonged by about 2◦ crank angle ( ◦CA). On the 
other hand, the timing of the injection was advanced precisely through 
the same proportion when single shim was removed. This method made 
it possible to precisely and consistently modify the fuel injector sched
uling, which made it possible to thoroughly examine the way that it 
affects the greenhouse gases, ignition delay period (IDP), combustion 
duration (CD), and heat release rate (HRR) for dual-fuel engines.

2.5. Uncertainty analysis

During experimentation, uncertainty assessment acts as a key 
method for determining the accuracy alongside precision of data 
collected. It’s an important statistic for assessing the potential variations 
connected with assessment methods and estimated outcomes. In the 
absence of a quantifiable estimation of the uncertainty, the reliability as 
well as credibility associated with the acquired data becomes ambig
uous, hindering the rigorous scientific methodology of the experiment. 
Uncertainty defines an interval in which the actual value associated with 
a recorded or calculated variable is anticipated to decrease alongside an 
anticipated level of confidence. In the current investigation, an uncer
tainty assessment has been conducted to determine the limits of accu
racy over the engine-test outcomes. This research is especially important 
for comparing engine efficiency, combustibility, along with greenhouse 
gas emissions across different fueling sources including injecting tech
niques. The method used to estimate uncertainty is based on the 
approach suggested by Tiwari et al. [48], taking into account both 
systematic and random error during measurement. The conventional 
equation takes into account the specific uncertainty components of 
every equipment used in collecting information, as well as its sensitivity. 
Table 4 shows the computed uncertainty for every test equipment 
employed in this research, encompassing those that monitor fuel flow, 
air intake, cylinder pressure, exhaust gas composition, alongside tem
perature. Those defined uncertainty increase the reliability associated 
with outcomes of experiments and allow for more accurate analysis of 
the data patterns along with deviations. 

Upp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S2
pp + R2

pp

√

(2.5a) 

Here, Upp represents Uncertainty of physical parameters; Spp and Rpp 
represents systematic uncertainty and random uncertainty 
correspondingly.+

Spp

pp
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
∑n

i=1

(
1
pp

∂pp
∂xi

Si

)2
]√

√
√
√ (2.5b) 

Rpp

pp
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
∑n

i=1

(
1
pp

∂pp
∂xi

Ri

)2
]√

√
√
√ (2.5c) 

Considering the circumstances of the present investigation’s uncer
tainty assessment, the formula used to evaluate uncertainty originates 
using the universal principle of uncertainty propagation. According to 

Table 3 
Specification of the experimental setup.

Make/Model Kirloskar TV1

Engine configuration 1-cylinder, 4-stroke, variable comperssion ratio, air cooled, 
direct injection diesel engine

Rated power 5.2 kW @ 1500 rpm
Speed 1500 rpm
Displacement 

volume
662 cm3

Injection type Direct injection
Stroke * Bore 110 mm * 87.5 mm
Injector opening 

pressure
210 bar

Injector timing 23◦bTDC
Compression ratio 17.5:1
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this composition, "pp" denotes a physical parameter being an outcome 
from one or more factors being measured as Xi. In the formula used to 
evaluate uncertainty, the physical parameter indicated with pp is 
regarded a dependent function of multiple independent experimental 
variables indicated by Xi. The overall uncertainty in the calculated 
component pp, represented as Rpp, is impacted by the degree of uncer
tainty associated with every reported variable, represented by Ri. These 
errors are due to limits in measuring devices, external factors, along with 
data acquisition system accuracy. The degree of uncertainty dissemi
nation has been determined employing the root-sum-square approach, 
in which every component of uncertainty Ri has been squared then 
graded using its sensitivity coefficient (the partial derivative of pp with 
respect to Xi), after which all of these variables are added to give the 
total degree of uncertainty Rpp. For maximal statistical significance 
along with consistency, 25 different sets of measurements have been 
performed using very similar engine running circumstances, which 
include constant speed, load, as well as fuel properties. Repeated mea
surements enabled a more precise evaluation of systematic as well as 
random errors across each observed variables. The research investiga
tive instruments alongside assessments had an overall uncertainty about 

±2.72 %, demonstrating significant accuracy and reliability across the 
records. This validates the integrity of the research findings. The reli
ability studies were performed underneath similar circumstances to 
comprehensively investigate the uncertainty related to important 
operational alongside greenhouse gas characteristics. The variables 
including brake thermal efficiency (BTE), brake specific fuel consump
tion (BSFC), exhaust gas temperature (EGT), hydrocarbons (HC), carbon 
monoxide (CO), oxides of nitrogen (NOx), and smoke opacity had been 
separately investigated for uncertainty through reiterating every 
experiment five times in order to evaluate the results obtained. This 
reproducibility method enabled the detection and characterization of 
random errors in experiments as well as system operation. The standard 
deviation among the recorded data over repetitions has been used as a 
method of estimation for determining the variance, thereby determining 
the output’s confidence range. This investigation considered 
instrument-specific uncertainties, ambient factors, including human 
oversight respectively. The overall uncertainty (Δ) of the experiment 
obtained as ±2.68 %: 

Δ=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
BTE2 +BSFC2 +EGT2 +CO2 +HC2 +Smoke2 +NOx2+ IDP2 +CD2

√

Δ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.652 + 1.52 + 1.02 + 1.02 + 0.52 + 0.82 + 1.02 + 0.82 + 0.52

√

= ± 2.68% 

3. Result and discussion

3.1. Performance analysis

Performance analysis in a diesel engine involves evaluating key pa
rameters including brake thermal efficiency (BTE), brake specific fuel 
consumption (BSFC), and exhaust gas temperature (EGT) to understand 
the engine’s energy conversion efficiency and operational effectiveness. 
BTE measure effectively the chemical energy of fuel converted into 
useful mechanical work. BSFC assesses the amount of fuel consumed per 
unit of power output. EGT provides insights into the thermal loading and 
combustion characteristics inside the cylinder.

3.1.1. Brake thermal efficiency
The Fig. 2 represent the variation of brake thermal efficiency (BTE) 

with brake power output for different fuel modes in a variable 
compression ratio diesel engine operating at a constant speed of 1500 
rpm, injection pressure of 240 bar and a compression ratio of 17.5:1. 
BTE, a key indicator of how efficiently an engine converts the chemical 
energy of the fuel into useful mechanical work, is expressed as a per
centage. Higher BTE value represent more efficient fuel utilization and 
combustion. The fuels tested include baseline diesel, WCOEE_20 (a 20 % 
blend of waste cooking oil ethyl ester with diesel), and other dual-fuel 
modes including (WCOEE_20+DFM21◦; WCOEE_20+DFM23◦; 
WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦) in which biogas is 
induced alongside WCOEE_20 at varying injector timing of 21◦, 23◦, 25◦, 
and 27◦ bTDC, respectively. As brake power increases from 1.28 kW to 
5.12 kW, BTE increases for all fuel types, which is typical behaviour in 
internal combustion engine due to improved combustion efficiency at 
higher loads [49]. At elevated loads, the increase in-cylinder tempera
ture and pressure enhances the combustion of both the main and pilot 
fuels, thereby improving the thermal efficiency [50]. This trend is also 
reflected in the rise in exhaust gas temperature (EGT), which increases 
with load and correlates with better combustion and higher energy 
release [48]. Diesel consistently records the highest BTE across all power 
outputs, starting at 15.08 % at 1.28 kW and peaking at 29.82 % at 5.12 
kW. This is attributed to diesel’s superior combustion characteristics, 
high cetane number, and energy density, which facilitate more complete 
and efficient combustion [51,52]. WCOEE_20, though renewable and 
clean-burning, exhibits slightly lower BTE over diesel across all loads, 
ranging from 13.35 % at 1.28 kW to 27.15 % at 5.12 kW maximum 
loads. The reduction is due to the higher kinematic viscosity and oxygen 
content of biodiesel, which can result in poorer atomization, delayed 
combustion, and increased heat losses at lowest temperatures [53]. 
However, as the load increases, the efficiency gap between diesel and 
WCOEE_20 narrows, indicating that WCOEE_20 performs comparably 
well under optimal thermal conditions. In dual-fuel operational modes 
involving biogas induction, BTE is generally lower contrast to diesel and 
WCOEE_20 single-fuel modes, especially at lower brake powers. 
WCOEE_20+DFM21 records only 9.9 % BTE at 1.28 kW due to biogas’s 
poor auto-ignition properties, low flame speed, and lower calorific 
value, which result in incomplete combustion under low load and 
temperature conditions. This is reflected in the lowest corresponding 
EGT of 147.65 ◦C, confirming sub-optimal heat release and unburnt fuel 
[54]. However, as brake power increases, BTE improves in all dual-fuel 
cases, confirming that higher loads provide better combustion envi
ronments even for low-reactivity fuels including biogas. Among the 
dual-fuel setups, WCOEE_20+DFM25◦ consistently shows higher BTE, 
rising from 13.2 % at 1.28 kW to 27.55 % at 5.12 kW. The peak EGT for 
this case is 362.42 ◦C, slightly lower than diesel but higher than other 
dual-fuel modes, suggesting efficient combustion with minimal 

Table 4 
Assessment of uncertainty over a wide range of testing equipment’s.

Measured 
parameter

Instrument used Range Least 
count

Uncertainty ( 
%)

Load (N) Load cell 0–1000 N ±0.1 N ±0.2
Fuel flow rate 

(kg/sec)
Digital weighing 
balance

0–1 kg ±0.01 
kg

±0.5

Air flow rate 
(kg/sec)

U-tube manometer 0–100 mm ±1.0 
mm

±1.0

BP (kW) Torque sensor & 
tachometer

0–10 kW ±0.01 
kW

±0.3

EGT (◦C) K-type 
thermocouple

0–1200 ◦C ±1.0 ◦C ±0.75

CP (bar) Piezoelectric 
pressure sensor

0–100 bar ±0.1 
bar

±0.5

NOx (ppm) AVL 444 di-gas 
analyser

0–5000 
ppm

±10.0 
ppm

±1.0

CO (%) AVL 444 di-gas 
analyser

0–10 % ±0.01 
%

±1.2

HC (ppm) AVL 444 di-gas 
analyser

0–10,000 
ppm

±5.0 
ppm

±1.4

Smoke Opacity 
( %)

AVL 437-C smoke 
meter

0–100 % ±1.0 % ±1.0

Instrument’s overall uncertainty ±2.72 %
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post-combustion energy loss [29]. This advanced injection timing of 25◦

bTDC allows more time for air-fuel mixture and improves ignition 
conditions, resulting in more complete combustion. 
WCOEE_20+DFM27◦,while also using advanced injection timing, shows 
slightly reduced efficiency at higher loads (26.29 % at 5.12 kW). Its EGT 
of 362.42 ◦C, higher than WCOEE_20+DFM25◦, implies increased 
in-cylinder heat and earlier combustion phasing that may have resulted 
in elevated peak pressures before TDC, leading to mechanical losses and 
sub-optimal energy utilization [55]. Conversely, retarded injection 
(DFM21◦) consistently shows lower BTE across all loads due to short
ened ignition delay and poor mixing, which is supported by its relatively 
low EGT of 312.57 ◦C, indicating lower combustion efficiency [56]. 
Thus, the EGT trends affirm that WCOEE_20+DFM25◦ not only shows 
the highest BTE among the dual-fuel cases but also exhibits a thermally 
balanced combustion process, where sufficient ignition delay and 
controlled energy release lead to optimal combustion efficiency. Similar 
findings were reported by Yusuf et al. [57] supporting the consistency of 
present result. At peak load of 5.12 kW, BTE values for WCOEE_20; 
WCOEE_20+DFM21◦; WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and 
WCOEE_20+DFM27◦ are found to be 27.14 %, 23.39 %, 24.93 %, 27.55 
%, and 26.29 % which are found to be 8.99 %, 21.56 %, 16.39 %, 7.61 

%, and 11.83 % lower than diesel fuel (29.82 %) respectively.

3.1.2. Brake specific fuel consumption
The Fig. 3 illustrates the variation in brake specific fuel consumption 

(BSFC) for variable compression ratio diesel engine fuelled with different 
blends and modes, plotted against increasing brake power outputs of 
1.28, 2.56, 3.84 and 5.12 kW respectively. BSFC is a measure of fuel ef
ficiency, is expressed in g/kW.h and represents the amount of fuel 
required to produce one kilowatt of power in one hour. The experiment 
was conducted at a constant engine speed of 1500 rpm, injection pressure 
of 240 bar and compression ratio of 17.5:1. The fuel variants include, 
diesel, WCOEE_20 (a 20 % blend of waste cooking oil ethyl ester with 
diesel), and other dual-fuel modes including (WCOEE_20+DFM21◦; 
WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦) 
in which biogas is induced alongside WCOEE_20 at varying injector 
timing of 21◦, 23◦, 25◦, and 27◦ bTDC, respectively. The overall trend 
observed in the above figure is a constant decline in BSFC with increasing 
brake power for all prepared test fuel blends in both single and dual fuel 
mode of operation, which might be expected due to improved combustion 
efficiency at higher loads [58]. As the load increases, the combustion 
becomes more complete due to elevated in-cylinder temperature and 

Fig. 2. Effect of test fuel blends with varying injector timing on BTE (%) vs. BP (kW).

Fig. 3. Effect of test fuel blends with varying injector timing on BSFC (g/kW.h) vs. BP (kW).
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pressure, thereby leading to improved atomization and fuel-air blending, 
which leads to more complete combustion. These effects are supported by 
rising exhaust gas temperature (EGT) values, which indicate higher 
post-combustion energy release [59]. Quantitatively, diesel exhibits the 
lowest BSFC values across all outputs- 554.93 g/kW.h at 1.28 kW, 
reducing to 284.54 g/kW.h at 5.12 kW- but also shows a corresponding 
increase in EGT from 172.58 ◦C at minimum load to 370.74 ◦C at full load, 
reflecting superior combustion quality and energy conversion efficiency 
highlighting its superior energy density and combustible characteristics 
[56]. In contrast, WCOEE_20 demonstrates a higher BSFC values at all 
loads, ranging from 653.9 g/kW.h at 1.28 kW to 328.72 g/kW.h at 5.12 
kW. This increase is attributed to the lower heating value and higher ki
nematic viscosity of WCOEE_20 blend, which impairs its atomization and 
combustion efficiency [53,59]. The induction of biogas in dual-fuel 
operational mode significantly elevates BSFC across all workloads, with 
the most pronounced effect observed at lower brake power. For instance, 
at 1.28 kW, BSFC values reach 1085.13 g/kW.h; 982.66 g/kW.h for 
WCOEE_20+DFM21◦ and WCOEE_20+DFM23◦, compared to 653.9 
g/kW.h for WCOEE_20 alone. The rise in BSFC in dual-fuel modes of 
operation is primarily due to biogas’s lower energy density and poor 
combustion characteristics under lower load conditions, resulting in 
incomplete ignition and higher fuel consumption [60]. Injection timing 
plays a vital role in optimizing BSFC in dual-fuel operations. Retarded 
injection timing (21◦ bTDC) results in highest BSFC values, indicating 
poor combustion efficiency due to reduced ignition delay and inadequate 
mixing-with an associated EGT of 147.65 ◦C at low load and 312.57 ◦C at 
peak load—indicative of sub-optimal combustion. Advancing the injec
tion timing progressively to 23◦, 25◦ and 27◦ bTDC improves combustion 
by allowing more time for air-fuel mixture before ignition, with a corre
sponding EGT increase from 175.14 ◦C to 366.26 ◦C, supporting the 
observed improvement in combustion efficiency—thereby reducing 
BSFC. At 5.12 kW, BSFC drops from 448.89 g/kW.h for (DFM21◦) to 
383.51 g/kW.h for (DFM25◦), demonstrating the benefit of advanced 
injection timing. However, excessively advanced timing of (DFM27◦) 
slightly increased BSFC (402.95 g/kW.h), likely due to premature igni
tion, increased heat losses, and reduced effective power output [61]. 
Thus, WCOEE_20+DFM25◦ shows the most favourable BSFC among the 
dual-fuel modes, particularly at higher loads, implying 25◦ bTDC as the 
best injection timing for biogas-inducted dual-fuel operation. These 
findings are in alignment with those reported by Prasad et al. [62], further 
emphasizing the potential of biodiesel-biogas dual-fuel systems. At peak 
load of 5.12 kW, BSFC values for WCOEE_20; WCOEE_20+DFM21◦; 

WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦

are found to be 328.72 g/kW.h; 448.89 g/kW.h; 425.92 g/kW.h; 383.51 
g/kW.h and 402.95 g/kW.h which are found to be 15.53 %, 57.77 %, 
49.68 %, 34.77 % and 41.63 % higher than diesel fuel (284.54 g/kW.h) 
respectively.

3.1.3. Exhaust gas temperature
The Fig. 4 elaborates the variation of exhaust gas temperature (EGT) 

with brake power output for all prepared fuel blends in a VCR diesel 
engine operated at constant speed of 1500 rpm, an injection pressure of 
240 bar, and a compression ratio of 17.5:1. Exhaust gas temperature is a 
critical parameter in engine diagnostics and performance, analysis, as it 
reflects the thermal load on engine components and offers insights into 
combustion efficiency [63]. Generally, higher EGT indicates higher 
combustion temperatures, which can either imply improved combustion 
or, if excessively high, imply incomplete combustion or delayed heat 
release. In this investigation, 6 fuel modes are examines, diesel, 
WCOEE_20 (a 20 % blend of waste cooking oil ethyl ester with diesel), 
and other dual-fuel modes including (WCOEE_20+DFM21◦; 
WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦) 
in which biogas is induced alongside WCOEE_20 at varying injector 
timing of 21◦, 23◦, 25◦, and 27◦ bTDC, respectively. As brake power 
increases from 0 to 5.12 kW, the EGT consistently rises for all fuel 
modes, reflecting the increase in fuel supply and combustion heat 
release associated with higher engine loads. Diesel exhibits a gradual 
increment in EGT from 150.2 ◦C at idle (0 kW) to maximum of 370.7 ◦C 
at full load (5.12 kW). This trend reflects diesel’s efficient combustion 
characteristics under increased loading conditions, where more fuel is 
injected and efficiently burned, leading to higher heat release [64]. 
WCOEE_20 shows slightly higher EGT across all loads compared to 
diesel fuel, ranging from 164.3 ◦C at idle to 409.7 ◦C at peak load. The 
elevated temperature range might be due to its inherent oxygen content, 
which promotes prolonged and more complete combustion, thus 
increasing in-cylinder temperature and leading to higher EGT [57]. 
Additionally, biodiesel’s higher kinematic viscosity can cause delayed 
combustion, resulting in extended post-combustion heat release that 
might also contribute to higher EGT [65,66]. Among the dual fuel 
modes, WCOEE_20+DFM21◦ (retarded injection timing) consistently 
shows the lowest EGT values at all loads, from 128.5 ◦C at idle to 312.6 
◦C at maximum loading condition. This is primarily due to the retarded 
injection causing poor fuel-air mixing and delayed ignition, leading to 
incomplete combustion and lower peak combustion temperatures [67]. 

Fig. 4. Effect of test fuel blends with varying injector timing on EGT (◦C) vs. BP (kW).
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The limited reactivity of biogas also plays a role, as its low flame speed 
and high ignition delay contribute to lower in-cylinder temperatures and 
reduced heat transfer to exhaust gases. As injection timing advances to 
23◦, 25◦ and 27◦ bTDC, the EGT values progressively rises. 
WCOEE_20+DFM23◦ records EGTs from 146.4 ◦C at idle to 350.9 ◦C at 
maximum load, while WCOEE_20+DFM25◦ shows range of 156.6 ◦C to 
350.9 ◦C, and WCOEE_20+DFM27◦ yields the highest EGT among 
dual-fuel configurations, from 159.2 ◦C at idle to 366.3 ◦C at peak loads. 
These increments can be attributed to enhanced combustion due to 
better air-fuel mixing and increased residence time before TDC, enabling 
more complete combustion and greater heat release within the engine 
cylinder, thereby increasing EGT [68,69]. Interestingly, while 
advancing injection timing improves combustion quality, and hence 
increases EGT, excessively advanced injector timing of 27◦ bTDC, may 
push combustion closer to the compression stroke, resulting in increased 
heat losses to cylinder walls and potentially reduced net work output 
despite higher temperatures. Nevertheless, these higher EGTs indicate 
more energetic combustion events, albeit with possible trade-offs in 
engine efficiency and thermal stresses. In general. The biogas-induced 
dual-fuel modes shows lower EGTs than pure WCOEE_20 in single fuel 
modes and diesel fuel at lower loads due to biogas’s lower calorific value 
and reactivity. However, as load increases, the combustion environment 
becomes more favourable for biogas oxidation, and the EGT rises, 
especially when injection timing is optimized [70]. Similar findings 
were reported by Marikatti et al. [71] supporting the consistency of 
present result. At peak load of 5.12 kW, EGT values for WCOEE_20; 
WCOEE_20+DFM21◦; WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and 
WCOEE_20+DFM27◦ are found to be 409.73 ◦C, 312.57 ◦C, 350.92 ◦C, 
362.43 ◦C, and 366.26 ◦C which are found to be 10.52 % higher while, 
15.69 %, 5.35 %, 2.24 %, and 1.21 % lower than diesel fuel (370.74 ◦C) 
respectively.

3.2. Emission analysis

Emission analysis in a diesel engine focuses on measuring and un
derstanding the levels of key pollutants including carbon monoxide 
(CO), unburnt hydrocarbon (HC), oxides of nitrogen (NOx) and smoke 
opacity. These emissions are crucial indicators of combustion quality, 
fuel efficiency, and environmental impact. CO and HC emissions pri
marily result from incomplete combustion, often caused by poor fuel-air 
mixing, insufficient temperature or rich fuel mixtures. NOx, emission on 
other hand, are formed by high combustion temperature and presence of 
excessive oxygen content, following thermal NOx formation mechanism. 
Smoke emission is the indicator of soot particles generated owing to 

partial combustion of fuel, especially in fuel-rich zones.

3.2.1. Carbon monoxide emission (CO)
The Fig. 5 presents the variation in carbon monoxide (CO) emissions 

in grams per kilowatt-hour (g/kW⋅h) as a function of brake power output 
for different fuel blends and dual-fuel combustion modes in a single- 
cylinder diesel engine operating at a constant speed of 1500 rpm, in
jection pressure of 240 bar, and compression ratio of 17.5:1. Carbon 
monoxide is a by-product of incomplete combustion and serves as an 
indicator of the combustion efficiency of the fuel-air mixture. The tested 
fuel modes include conventional diesel, WCOEE_20 (a 20 % blend of 
waste cooking oil ethyl ester with diesel), and four dual-fuel variants 
using WCOEE_20 and biogas with injection timings of 21◦, 23◦, 25◦, and 
27◦ before top dead center (bTDC), labeled as WCOEE_20+DFM21◦, 
DFM23◦, DFM25◦, and DFM27◦ respectively. At the lowest load of 1.28 
kW, CO emissions are at their highest for all fuel modes due to lower 
combustion temperatures and incomplete oxidation, which are typical 
under light load conditions [72]. Diesel registers a CO emission of 0.049 
g/kW⋅h, while WCOEE_20 slightly improves the emission profile to 
0.042 g/kW⋅h, indicating a marginally better oxidation capability likely 
due to the inherent oxygen content of the biodiesel blend. EGT values at 
this load further reinforce the trend: diesel reaches 172.58 ◦C and 
WCOEE_20 rises marginally to 194.96 ◦C, still insufficient for complete 
oxidation [59,63]. Among the dual-fuel combinations, 
WCOEE_20+DFM21◦ exhibits the highest CO emission at 0.053 g/kW⋅h, 
a result of retarded injection timing that causes delayed combustion and 
poor mixing, leading to incomplete fuel oxidation. The CO emissions for 
DFM23◦, DFM25◦, and DFM27◦ stand at 0.048, 0.044, and 0.046 
g/kW⋅h respectively, reflecting the gradual improvement in combustion 
with more advanced injection timing that enhances air-fuel mixing and 
ignition readiness. As the brake power increases to 2.56 kW, a significant 
reduction in CO emissions is observed across all fuel modes, driven by 
improved combustion temperature and pressure conditions that facili
tate more complete oxidation of carbon-based fuels [73]. Diesel records 
a CO emission of 0.023 g/kW⋅h, WCOEE_20 drops to 0.018 g/kW⋅h, 
while dual-fuel modes exhibit emissions in the range of 0.019 to 0.028 
g/kW⋅h. Notably, WCOEE_20+DFM21◦ still shows higher emissions 
(0.028 g/kW⋅h) than its counterparts, reinforcing the negative impact of 
retarded injection timing on combustion completeness. On the other 
hand, WCOEE_20+DFM25◦ demonstrates improved performance (0.019 
g/kW⋅h), suggesting that the advanced timing facilitates better thermal 
conversion of fuel energy. At intermediate and higher loads of 3.84 and 
5.12 kW, CO emissions continue to decrease for most configurations, 
consistent with higher in-cylinder temperatures and improved reaction 

Fig. 5. Effect of test fuel blends with varying injector timing on CO (g/kW.h) vs. BP (kW).
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kinetics that minimize the generation of CO [74,75]. At 3.84 kW, diesel 
and WCOEE_20 emit 0.013 and 0.01 g/kW⋅h respectively, while the 
dual-fuel configurations vary between 0.012 and 0.017 g/kW⋅h. 
Advanced timing modes such as DFM25◦ and DFM27◦ perform relatively 
better due to optimized combustion phasing, enabling more effective 
oxidation of carbon species before exhaust [76]. At full load (5.12 kW), 
the lowest CO emissions are recorded for WCOEE_20 (0.014 g/kW⋅h), 
followed closely by DFM25◦ (0.016 g/kW⋅h), DFM27◦ (0.018 g/kW⋅h), 
and diesel (0.019 g/kW⋅h). Interestingly, WCOEE_20+DFM23◦ and 
DFM21◦ still produce relatively higher CO emissions (0.021 and 0.02 
g/kW⋅h, respectively), suggesting that combustion efficiency remains 
inferior in these cases due to either sub-optimal phasing (DFM23◦) or 
overly delayed ignition (DFM21◦). Thus, WCOEE_20+DFM25◦ shows 
the most favourable CO emission among the dual-fuel modes, particu
larly at higher loads, implying 25◦ bTDC as the best injection timing for 
biogas-inducted dual-fuel operation. These findings are consistent with 
the conclusion drawn by Reddy et al. [77], further emphasizing the 
potential of biodiesel-biogas dual-fuel systems. At peak load of 5.12 kW, 
CO emission values for WCOEE_20; WCOEE_20+DFM21◦; 
WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦

are found to be 0.014 g/kW.h; 0.021 g/kW.h; 0.019 g/kW.h; 0.016 
g/kW.h and 0.018 g/kW.h which are found to be 26.32 %↓, 10.53 %↑, 
0 % (same), 15.79 %↓, and 5.26 %↓ than diesel fuel (0.019 g/kW.h) 
respectively.

3.2.2. Hydrocarbon emission (HC)
The Fig. 6 illustrates the variation of unburned hydrocarbon (HC) 

emissions (in g/kW⋅h) as a function of brake power for six different fuel 
configurations in a single-cylinder VCR diesel engine operating under a 
constant speed of 1500 rpm, injection pressure of 240 bar, and 
compression ratio of 17.5:1. The fuel configurations include neat diesel, 
WCOEE_20 (20 % waste cooking oil ethyl ester blended with diesel), and 
four dual-fuel modes incorporating biogas with WCOEE_20 at different 
injection timings: 21◦, 23◦, 25◦, and 27◦ before top dead center (bTDC), 
designated as WCOEE_20+DFM21◦, DFM23◦, DFM25◦, and DFM27◦, 
respectively. Hydrocarbon emissions are a direct indicator of incomplete 
combustion, often resulting from poor ignition quality, quenching ef
fects, or insufficient oxidation in the combustion chamber [78]. At the 
lowest brake power of 1.28 kW, all fuel modes exhibit relatively high 
hydrocarbon emissions due to low cylinder temperatures and insuffi
cient turbulence, which hinder complete combustion [79]. Diesel emits 
0.056 g/kW⋅h of hydrocarbons with a corresponding EGT of 172.58 ◦C, 

while WCOEE_20 shows a slightly lower emission at 0.044 g/kW⋅h and a 
marginally higher EGT of 194.95 ◦C, owing to the oxygenated nature of 
the biodiesel enhancing [68,78]. In contrast, dual-fuel modes display 
higher HC emissions. WCOEE_20+DFM21◦ records the highest HC 
emission at 0.068 g/kW⋅h and the lowest EGT of 175.14 ◦C, owing to 
retarded injection timing that delays the ignition and increases fuel-air 
mixing difficulties, especially in low-load conditions [80]. Similarly, 
DFM23◦ and DFM27◦ produce 0.063 and 0.059 g/kW⋅h, respectively, 
indicating sub-optimal combustion. Among the dual-fuel modes, 
WCOEE_20+DFM25◦ yields the lowest HC emission (0.056 g/kW⋅h), 
implying that advanced injection timing improves combustion even at 
lower loads by facilitating better premixing and faster flame propaga
tion [81,82]. As brake power increases to 2.56 kW, there is a marked 
reduction in hydrocarbon emissions across all fuel modes, driven by 
elevated in-cylinder temperatures and improved combustion kinetics 
[76]. Diesel’s HC emission falls to 0.042 g/kW⋅h, and WCOEE_20 ach
ieves 0.028 g/kW⋅h. The dual-fuel modes follow a similar trend with 
WCOEE_20+DFM21◦ still emitting the highest value at 0.049 g/kW⋅h, 
while DFM25◦ and DFM27◦ record comparatively lower values of 0.039 
and 0.04 g/kW⋅h, respectively. This pattern highlights the influence of 
injection timing and charge preparation on ignition quality and oxida
tion behavior. Notably, WCOEE_20+DFM23◦ shows a modest reduction 
to 0.045 g/kW⋅h, indicating slightly improved combustion under this 
load. At medium load (3.84 kW), HC emissions continue to decline due 
to more efficient combustion facilitated by better atomization, turbu
lence, and increased residence time for fuel oxidation [83]. Diesel and 
WCOEE_20 emit 0.033 and 0.02 g/kW⋅h, respectively, whereas dual-fuel 
modes show values ranging between 0.026 and 0.035 g/kW⋅h. 
WCOEE_20+DFM25◦ remains among the lowest (0.029 g/kW⋅h), rein
forcing the advantage of advanced injection in achieving more thorough 
combustion. Conversely, DFM23◦ exhibits the highest HC emission at 
this load (0.035 g/kW⋅h), possibly due to sub-optimal ignition delay and 
localized quenching [82]. At the highest brake power of 5.12 kW, the 
engine operates under optimal thermal conditions, resulting in further 
reductions in HC emissions. Diesel emits 0.025 g/kW⋅h, while 
WCOEE_20 achieves the lowest value at 0.013 g/kW⋅h, demonstrating 
the efficiency of biodiesel at full load. Among dual-fuel modes, 
WCOEE_20+DFM25◦ and DFM27◦ show competitive performance with 
emissions of 0.021 and 0.024 g/kW⋅h, respectively, attributed to 
advanced injection enhancing charge premixing and reducing ignition 
lag. However, DFM21◦ and DFM23◦ continue to exhibit slightly elevated 
emissions (0.03 and 0.026 g/kW⋅h), reaffirming the adverse effects of 

Fig. 6. Effect of test fuel blends with varying injector timing on HC (g/kW.h) vs. BP (kW).
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retarded and standard timing under high-load conditions when the 
combustion duration becomes critical [84]. Thus, WCOEE_20+DFM25◦

shows the most favourable HC emission among the dual-fuel modes, 
particularly at higher loads, implying 25◦ bTDC as the best injection 
timing for biogas-inducted dual-fuel operation. The EGT trends across 
all conditions correlate strongly with the observed HC patterns, rein
forcing the critical role of thermal energy in enabling complete com
bustion. These results align well with the findings of Ategle et al. [85], 
thereby validating the reliability of the adopted experimental approach. 
At peak load of 5.12 kW, HC emission values for WCOEE_20; 
WCOEE_20+DFM21◦; WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and 
WCOEE_20+DFM27◦ are found to be 0.013 g/kW.h; 0.03 g/kW.h; 0.026 
g/kW.h; 0.021 g/kW.h and 0.024 g/kW.h which are found to be 48 %↓, 
20 %↑, 4 %↑, 16 %↓, and 4 %↓ than diesel fuel (0.025 g/kW.h) 
respectively.

3.2.3. Oxides of nitrogen
Fig. 7 depicts the variation of nitrogen oxides (NOx) emissions (in g/ 

kW⋅h) with respect to brake power for six different fuel configurations in a 
single-cylinder CI engine operating at a constant speed of 1500 rpm, in
jection pressure of 240 bar, and a compression ratio of 17.5:1. The fuel 
types considered include diesel, WCOEE_20 (20 % waste cooking oil ethyl 
ester blended with diesel), and four dual-fuel combinations incorporating 
biogas with WCOEE_20 under different injection timings: 21◦, 23◦, 25◦, 
and 27◦ before top dead centre (bTDC), referred to respectively as 
WCOEE_20+DFM21◦, DFM23◦, DFM25◦, and DFM27◦. NOx formation is 
highly sensitive to combustion temperature and oxygen availability, pri
marily resulting from the thermal NO mechanism which becomes pro
nounced at high in-cylinder temperatures and prolonged residence times 
[86]. At low brake power (1.28 kW), diesel and WCOEE_20 exhibit the 
highest NOx emissions at 4.668 g/kW⋅h and 5.102 g/kW⋅h respectively. 
The higher value for WCOEE_20 can be attributed to its inherent oxygen 
content, which supports more complete combustion and raises peak flame 
temperatures, thereby promoting NOx formation [87,88]. The consistent 
reduction in both NOx and EGT in dual-fuel modes highlights biogas’s role 
in lowering peak flame temperatures due to its high methane content and 
dilution effect, which suppress thermal NOx generation [89]. For instance, 
WCOEE_20+DFM21◦ emits only 3.326 g/kW⋅h, which further drops to 
3.523, 3.641, and 3.74 g/kW⋅h for DFM23◦, DFM25◦, and DFM27◦

respectively. The lower NOx formation in these modes is due to the slower 
combustion of biogas and its lower adiabatic flame temperature, which 
reduces the peak in-cylinder temperature [90]. As the brake power 

increases to 2.56 kW, NOx emissions decrease slightly across all fuel types. 
Diesel drops to 3.582 g/kW⋅h and WCOEE_20 to 3.967 g/kW⋅h. Dual-fuel 
configurations continue to show reduced NOx levels, with 
WCOEE_20+DFM21◦ at 2.595 g/kW⋅h, DFM23◦ at 2.862 g/kW⋅h, 
DFM25◦ at 3.039 g/kW⋅h, and DFM27◦ at 3.318 g/kW⋅h. The reduction 
from 1.28 kW to 2.56 kW may be attributed to better charge homogeneity 
and shorter combustion duration, which limit the time available for NOx 
formation. The marginal increase in NOx and EGT in DFM27◦ suggests 
that overly advanced injection timing raises in-cylinder temperatures 
enough to partially negate biogas’s cooling benefits [91]. At medium 
brake power (3.84 kW), NOx emissions further decline due to improved 
combustion efficiency and faster burning rates which reduce residence 
time at high temperatures [92]. Diesel records 2.961 g/kW⋅h and 
WCOEE_20 shows 3.296 g/kW⋅h. The dual-fuel modes maintain lower 
NOx emissions, with WCOEE_20+DFM21◦ and DFM23◦ dropping to 
2.088 and 2.289 g/kW⋅h respectively, while DFM25◦ and DFM27◦ mea
sure at 2.438 and 2.536 g/kW⋅h. These results highlight the effectiveness 
of biogas in mitigating NOx, especially when injection timing is opti
mized. Retarded timing (21◦ bTDC) significantly limits peak tempera
tures, thereby reducing NOx emissions the most. At full load (5.12 kW), 
diesel and WCOEE_20 continue their downward trend, recording NOx 
emissions of 2.467 g/kW⋅h and 2.793 g/kW⋅h respectively. The 
biogas-enriched dual-fuel modes show even lower values: 1.49 g/kW⋅h for 
WCOEE_20+DFM21, 1.865 for DFM23◦, 2.043 for DFM25◦, and 2.23 for 
DFM27◦. The combination of biogas’s low combustion temperature and 
the higher volumetric fuel consumption at full load helps suppress thermal 
NOx formation [93]. It is notable that as injection timing advances beyond 
25◦ bTDC in dual fuel mode DFM25◦, a slight rise in both NOx and EGT is 
observed, indicating that excessive advancement increases ignition pres
sure and peak temperature, partially offsetting biogas’s cooling effect [90,
93]. Thus, WCOEE_20+DFM21◦ shows the most favourable NOx emission 
among the dual-fuel modes, particularly at higher loads, implying 
retarded injection timing of 21◦ bTDC as the best injection timing for 
biogas-inducted dual-fuel operation. A marginal reduction in NOₓ emis
sions was recorded under optimized injection timing, corroborating the 
findings of Raju et al. [94], who reported similar reductions when oper
ating under leaner air-fuel mixtures and dual-fuel modes. At peak load of 
5.12 kW, NOx emission values for WCOEE_20; WCOEE_20+DFM21◦; 
WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦

are found to be 2.79 g/kW.h; 1.49 g/kW.h; 1.86 g/kW.h; 2.04 g/kW.h and 
2.23 g/kW.h which are found to be 12.96 % higher while, 39.68 %, 24.70 
%, 17.41 %, and 9.72 % lower than diesel fuel (2.47 g/kW.h) respectively.

Fig. 7. Effect of test fuel blends with varying injector timing on NOx (g/kW.h) vs. BP (kW).
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3.2.4. Smoke opacity
The Fig. 8 illustrates the variation of smoke opacity ( %) with brake 

power for six fuel configurations in a compression ignition engine running 
at a constant speed of 1500 rpm, injection pressure of 240 bar, and a 
compression ratio of 17.5:1. The fuels examined include pure diesel, 
WCOEE_20 (a 20 % blend of waste cooking oil ethyl ester with diesel), and 
four dual-fuel variants combining WCOEE_20 with biogas at varying in
jection timings: WCOEE_20+DFM21, DFM23, DFM25, and DFM27, cor
responding to 21◦, 23◦, 25◦, and 27◦ before top dead center (bTDC), 
respectively. Smoke opacity serves as a measure of particulate matter 
(soot) concentration and is a key indicator of incomplete combustion, 
especially in diesel engines due to their diffusion flame characteristics 
[95]. At 0 kW brake power, the engine runs under no-load conditions, and 
diesel exhibits the highest smoke opacity at 7.89 %, reflecting its tendency 
for rich combustion and soot formation under cold conditions [96]. 
WCOEE_20 shows a slightly lower value at 6.67 %, attributable to the 
inherent oxygen content in biodiesel which promotes better combustion 
[88,89]. The dual-fuel configurations show further reductions, with values 
ranging from 5.94 % for DFM23◦ to 5.12 % for DFM25◦. The presence of 
biogas, composed mainly of methane and carbon dioxide, helps in 
reducing localized fuel-rich zones and enhancing combustion homoge
neity, thereby decreasing smoke emissions [97]. As brake power increases 
to 1.28 kW, smoke opacity rises for all fuels due to the increased fuel in
jection and combustion temperature, which enhances soot production 
[98]. Diesel reaches 12.55 %, while WCOEE_20 records 10.06 %. Dual-fuel 
modes maintain comparatively lower smoke values, ranging from 8.11 % 
(DFM25◦) to 9.52 % (DFM21◦). This trend indicates that biogas induction 
continues to play a key role in lowering particulate formation. Among the 
dual-fuel variants, WCOEE_20+DFM25◦ remains the most effective, 
possibly due to the optimal balance between oxygen availability and 
ignition timing that supports more complete combustion [98]. Moreover, 
the relatively higher EGT observed for DFM25◦ at this load (362.42 ◦C) 
compared to DFM21◦ (312.57 ◦C) implies more complete combustion and 
improved oxidation of soot particles. Higher exhaust gas temperatures 
facilitate post-flame soot oxidation, thus further contributing to the 
observed lower smoke opacity [90,94]. At 2.56 kW, the trend continues 
with diesel peaking at 18.71 % and WCOEE_20 at 15.09 %. In contrast, the 
dual-fuel combinations record values from 11.19 % to 13.27 %. Notably, 
the increase in smoke is relatively more subdued in the dual-fuel cases, 
further confirming biogas’s influence in moderating rich zone combustion 
and improving oxidation of soot particles [99]. The lowest smoke opacity 

is again recorded with WCOEE_20+DFM25◦, followed closely by DFM27◦, 
implying that advancing injection timing in dual-fuel mode further en
hances combustion phasing and soot oxidation [100]. This is further 
validated by the EGT trends at this load, where DFM25◦ recorded an EGT 
of 362.42 ◦C, suggesting more thorough combustion and more favorable 
thermal conditions for soot oxidation [98]. At higher loads of 3.84 kW and 
5.12 kW, smoke opacity rises sharply for diesel and WCOEE_20, reaching 
22.38 % and 18.85 % respectively at 3.84 kW, and 27.23 % and 24.74 % at 
full load. The high load conditions demand more fuel, leading to richer 
mixtures and thus greater soot formation [99,100]. The dual-fuel setups 
remain significantly cleaner, with WCOEE_20+DFM25◦ and DFM27◦

showing the lowest smoke opacity at these loads—12.14 % and 12.87 % at 
3.84 kW, and 19.48 % and 21.03 % at 5.12 kW, respectively. The effec
tiveness of DFM25◦ and DFM27◦ at these loads may stem from more 
favorable in-cylinder conditions where advanced injection facilitates 
complete combustion before peak pressure, reducing the persistence of 
soot-producing zones [101,102]. Thus, WCOEE_20+DFM25◦ shows the 
most favourable smoke opacity emission reduction among the dual-fuel 
modes, particularly at higher loads, implying advanced injection timing 
of 25◦ bTDC as the best injection timing for biogas-inducted dual-fuel 
operation. The present study observed a reduction in smoke opacity 
during dual-fuel operation, consistent with Katuru et al. [62] who also 
attributed this to enhanced oxygen availability from biodiesel aiding 
better oxidation of soot precursors. At peak load of 5.12 kW, smoke 
opacity emission values for WCOEE_20; WCOEE_20+DFM21◦; 
WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦

are found to be 24.74 %, 21.83 %, 20.62 %, 19.48 % and 21.03 % which 
are found to be 9.18 %, 19.86 %, 24.30 %, 28.49 % and 22.80 % lower 
than diesel fuel (27.24 %) respectively.

3.3. Combustion characteristics

Combustion analysis in a diesel engine is crucial for evaluating the 
efficiency, stability, and effectiveness of the combustion process, which 
directly influences performance, and emissions. Key parameters studied 
includes heat release rate (HRR), in-cylinder pressure (CP), ignition 
delay period (IDP), and combustion duration (CD). HRR provides insight 
into how quickly and efficiently chemical energy from fuel is converted 
into thermal energy. CP measurements reflect the energy conversion 
process and combustion stability. Ignition delay period, the time be
tween start of injection (SOI) and start of combustion (SOC), affects fuel- 

Fig. 8. Effect of test fuel blends with varying injector timing on smoke opacity (%) vs. BP (kW).
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air mixing. CD, the time span over which most combustion occurs, im
pacts efficiency and emissions.

3.3.1. Heat release rate (HRR)
The Fig. 9 illustrates the heat release rate (HRR), expressed in Joules 

per degree crank angle (J/ ◦CA), plotted against crank angle ( ◦CA) for 
various fuel types including diesel, WCOEE_20 (20 % waste cooking oil 
ethyl ester blended with diesel), and WCOEE_20 in dual-fuel mode with 
biogas at different injection timings—21◦, 23◦, 25◦, and 27◦ before top 
dead center (bTDC). This analysis was performed at a constant engine 
speed of 1500 rpm, injection pressure of 240 bar, and a compression ratio 
of 17.5:1, with variable brake power ranging from 0 to 5.12 kW. The heat 
release rate is a vital combustion parameter that provides insights into the 
chemical energy release during the combustion process, influencing en
gine efficiency, pressure rise, and emission formation [103]. From the 
Fig. 9, the HRR curves for all fuel types exhibit a distinct double-peak 
profile. The first and more dominant peak corresponds to the premixed 
combustion phase, where accumulated fuel ignites rapidly after the igni
tion delay. The second, smaller peak is indicative of the 
diffusion-controlled combustion phase, where fuel burns as it is injected 
[99,103]. Diesel shows a sharp and high first peak just after top dead 
center (TDC), peaking 55.78 J/ ◦CA, reflecting its excellent atomization, 
volatility, and high cetane number that result in a shorter ignition delay 
and intense premixed combustion [104]. In comparison, WCOEE_20 also 
demonstrates a prominent premixed combustion peak of 52.37 J/ ◦CA, 
albeit slightly lower and shifted a few degrees later than diesel, due to the 
lower volatility and higher viscosity of biodiesel which leads to relatively 
longer ignition delay and slower fuel-air mixing [100]. The HRR peak of 
WCOEE_20 is marginally less intense, indicating smoother combustion 
with lower pressure rise rates. The dual-fuel configurations (WCOEE_20 +
biogas) display noticeable deviations from the single-fuel profiles. For 
WCOEE_20+DFM21◦ (retarded injection at 21◦ bTDC), the premixed peak 
(50.43 J/ ◦CA) is notably lower and further delayed, reflecting a longer 
ignition delay period and reduced combustion intensity due to the lower 
reactivity of biogas, which has a high auto ignition temperature and low 
flame speed. This causes partial suppression of premixed combustion and 
a more gradual energy release [104]. As injection timing advances to 23◦

bTDC (DFM23◦), the premixed peak becomes more pronounced and shifts 
slightly closer to TDC (52.84 J/ ◦CA), reflecting improved fuel-air mixing 
and earlier combustion onset. This trend continues with further advanced 
timings—25◦ (DFM25◦) and 27◦ (DFM27◦)—where the peak heat release 

increases slightly and occurs closer to TDC having values 54.73 J/ ◦CA and 
53.99 J/ ◦CA. However, excessively advanced injection (27◦ bTDC) may 
lead to combustion occurring too early during the compression stroke, 
resulting in increased compression work and reduced thermal efficiency, 
as seen from the broader and flattened peak in the HRR curve [105]. 
Another crucial observation is the extended tail of the HRR curves in 
dual-fuel modes, particularly for DFM21◦ and DFM23◦. This tail corre
sponds to the prolonged diffusion combustion phase, primarily due to the 
slower burning nature of biogas and possible incomplete combustion in 
quenching zones. The broader combustion duration for dual-fuel blends 
suggests a less efficient energy release, which may lead to higher un
burned hydrocarbon emissions and lower thermal efficiency, particularly 
at higher biogas substitution ratios [104,106]. Quantitatively, while diesel 
and WCOEE_20 show heat release peaks of 55.78 J/ ◦CA and 52.37 J/ ◦CA 
respectively, dual-fuel blends range from approximately 50.43 to 54.73 J/ 
◦CA in the premixed phase, with DFM21◦ on the lower end and DFM25◦

showing the highest HRR among dual-fuel modes. Thus, HRR curves 
affirm that diesel provides the most intense and immediate combustion, 
while WCOEE_20 yields a slightly delayed yet smoother heat release due 
to its oxygenated nature. Dual-fuel modes with biogas demonstrate 
moderated and extended combustion profiles, significantly influenced by 
injection timing. Advanced timings improve premixed combustion but 
risk early energy release losses, whereas retarded timings yield poor 
combustion efficiency due to delayed ignition and incomplete combustion 
[99,100]. Hence, WCOEE_20+DFM25◦ shows the most favourable heat 
release rate among the dual-fuel modes, implying advanced injection 
timing of 25◦ bTDC as the best injection timing for biogas-inducted 
dual-fuel operation. The HRR profile obtained in the current investiga
tion closely resembles that of Yusuf et al. [107], showing a sharper and 
earlier peak under advanced injection timing due to improved premixed 
combustion. At peak load of 5.12 kW, HRR values for WCOEE_20; 
WCOEE_20+DFM21◦; WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and 
WCOEE_20+DFM27◦ are found to be 52.37, 50.43, 52.84, 54.73 and 
53.99 J/ ◦CA which are found to be 6.11 %, 9.59 %, 5.27 %, 1.88 %, and 
3.21 % lower than diesel fuel (55.78 J/ ◦CA) respectively.

3.3.2. In-cylinder pressure
In-cylinder pressure evaluation is an important diagnostic tool to 

comprehend the ignition operations that occur inside the engine’s cyl
inders. The pressure measurement chart additionally offers information 
on the duration and extent of ignition, however it also has a direct 

Fig. 9. Effect of test fuel blends with varying injector timing on HRR (J/◦CA) vs. Crank angle (degree).
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correlation to engine operation, combustion effectiveness, along with 
emissions. In-cylinder pressure measurements provide important infor
mation like start of combustion (SOC), peak cylinder pressure (PCP), 
rate of pressure rise (RoPR), and combustion duration (CD), each of 
these are essential for assessing the integrity and consistency of burning 
across various fueling conditions. Fig. 10 depicts the relationship be
tween cylinder pressure alongside crank angle during maximum load 
circumstances considering three different modes of operation: normal 
diesel fuel, waste cooking oil ethyl ester (WCOEE), and biogas induced 
dual-fuel modes (BDFM) utilizing both advanced as well as retarded 
experimental fuel delivery injector timings (21 ◦CA; 23 ◦CA; 25 ◦CA; and 
27 ◦CA bTDC). Diesel in single operational mode has a quick and swift 
increase in pressure because of its improved combustion properties 
including short ignition delay period (IDP) [108]. Since WCOEE has a 
greater kinematic viscosity along with less volatile characteristics than 
diesel fuel, the WCOEE_diesel blend has a somewhat retarded maximum 
pressure. The pilot injector timing influences the ignition morphology 
even more during biogas induced dual-fuel mode settings. Advanced 
injector timing serves to enhance ignition delay period (IDP), which 
causes a faster rate of pressure rise (RoPR), however retarded injector 
timing lowers peak pressure (PP). These changes have a significant 
impact on ignition stages, thermal performance, along with greenhouse 
gas emissions [109]. The in-cylinder pressure outlines produced with 
various fueling sources along with injector timing demonstrate the effect 
of ignition phase upon engine performance. The peak cylinder pressure 
(PCP) during standard diesel running remained about 73.5 bar, which 
occurred at 364.92 ◦CA. Powering with WCOEE_20 blend resulted in a 
somewhat reduced peak cylinder pressure of 67.61 bar at 364.94 ◦CA, 
probably because of variations in ignition characteristics alongside 
combustion reactivity [110]. Peak cylinder pressure and timings 
differed significantly whilst running in biogas induced dual-fuel modes 
(DFM) with different injector timings. Peak cylinder pressures (PCP) 
reported at injector timings of 21◦, 23◦, 25◦, and 27◦, seemed 65.05, 
71.42, 80.86 and 75.41 bar, respectively, and occurred successively 
towards top dead centre (TDC) at 366.19◦, 364.20◦, 363.07◦, and 363.17 
◦CA. These findings demonstrate that advancing the injector timing fa
cilitates quicker and more intensive burning, boosting the maximum 
pressure and moving it towards TDC, indicating increased combustion 
performance [108]. At maximum workload, the WCOEE_20+DFM25◦

had an elevated peak cylinder pressure (PCP) over the WCOEE-diesel 
blend in single operational mode. This increase in PCP might be 
attributable towards the unique ignition kinetics induced during the 
dual-fuel approach. In DFM mode of operation, biogas—primarily 

methane along with carbon dioxide—is delivered via the inlet manifold, 
substituting some of the air being drawn in thereby lowering the amount 
of oxygen content inside the combustion zone. Since this reduction in 
concentration normally slows burning, the decreased responsiveness 
and more significant auto-ignition temperature of biogas lead the igni
tion delay period (IDP) to appear prolonged. A prolonged ignition delay 
period (IDP) allows for a greater formation of the pilot air-fuel mixtures 
until ignition occurs. As a consequence, whenever ignition takes place 
the built-up blended charge ignites quickly during the premixed 
combustible stage, resulting in a faster pressure rise eventually resulting 
in an enhanced peak cylinder pressure (PCP) [111,112]. The IT at 25 
◦CA bTDC looks to be appropriate in the current situation, enabling the 
pressure to accumulate around the top dead center (TDC). The pressure 
parameters seen in DFM25◦ operations are the result of a synergistic 
interactions involving extended ignition alongside quick premixed 
combustion. Results from experiments show that increasing the injector 
timing of WCOEE in dual-fuel running alongside biogas results in a 
significant rise in peak cylinder pressure (PCP). This increase in pressure 
is mostly due to the improved premixed ignition process linked to pre
mature injections [112]. Whenever WCOEE injector timing advance
ment occurs, more fuel evaporate and blend into the ambient air along 
with induced biogas, yielding into a fuel-rich and uniformly distributed 
charges inside the combustion zone. When the piston reaches top dead 
center (TDC), the proficient combination burns quickly because it 
withstands the increased pressure and temperature circumstances 
associated with the premixed ignition stage. This causes an increased 
level of pressure rise because a large amount of the fuel spontaneously 
ignites promptly. As a result, the peak cylinder pressure (PCP) moves 
towards TDC, wherein the piston has the ideal location to use the 
expandable gases into mechanical work, enhancing its thermal perfor
mance [113]. Furthermore, premature combustion processes shorten 
the length of diffusion-controlled burning, resulting in shorter ignition 
periods as well as complete energy consumption before TDC. This cu
mulative impact reflects the increase in peak cylinder pressure (PCP) 
with advanced injector timing throughout dual-fuel operations. Thus, 
WCOEE_20+DFM25◦ shows the most favourable in-cylinder pressure 
among the dual-fuel modes, implying advanced injection timing of 25◦

bTDC as the best injection timing for biogas-inducted dual-fuel opera
tion. Peak in-cylinder pressure was found to increase under dual-fuel 
operation, which aligns with the experimental trends reported by Raju 
et al. [94], suggesting improved combustion efficiency due to the high 
flame speed of the inducted gaseous fuel. At peak load of 5.12 kW, 
cylinder pressure values for WCOEE_20; WCOEE_20+DFM21◦; 

Fig. 10. Effect of test fuel blends with varying injector timing on ICP (bar) vs. Crank angle (degree).
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WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦

are found to be 67.61, 65.05, 71.42, 80.86 and 75.41 bar which are 
found to be 8.02 %, 11.05 %, and 2.83 %, lower while, 10.02 %, and 
2.61 % higher than diesel fuel (73.5 bar) respectively.

3.3.3. Ignition delay period
The presented Fig. 11 illustrates the variation in ignition delay 

period (measured in degrees of crank angle, ( ◦CA) with brake power for 
six different fuel configurations: pure diesel, WCOEE_20 (20 % waste 
cooking oil ethyl ester with diesel), and WCOEE_20 blended with biogas 
in a dual-fuel mode at different injection timings—DFM21◦, DFM23◦, 
DFM25◦, and DFM27◦—corresponding to 21◦, 23◦, 25◦, and 27◦ before 
top dead centre (bTDC), respectively. The tests were conducted at a 
constant engine speed of 1500 rpm, injection pressure of 240 bar, and a 
compression ratio of 17.5:1. Ignition delay is defined as the interval 
between the start of injection and the beginning of combustion, and is a 
critical parameter affecting engine performance, combustion stability, 
and emissions [114]. At 0 kW brake power, which represents no-load or 
idling conditions, the ignition delay is longest across all fuel configu
rations. Diesel exhibits an ignition delay of 14.64 ◦CA, while WCOEE_20 
shows a slightly shorter delay at 13.63 ◦CA due to its inherent oxygen 
content and higher cetane number, which support quicker ignition [103,
105]. Among the dual-fuel combinations, WCOEE_20+DFM21◦ has the 
highest delay at 15.03 ◦CA, and the delay increases progressively with 
advanced injection timing, peaking at 16.84 ◦CA for 
WCOEE_20+DFM27◦. The increase in ignition delay for dual-fuel modes 
at 0 kW is due to lower combustion chamber temperatures and the 
dilution effect of biogas, particularly methane, which has a high 
auto-ignition temperature and requires more energy to initiate com
bustion [115]. Advanced injection timing contributes further to this 
delay, as the injected fuel resides longer in a relatively colder cylinder 
environment before ignition. As the brake power increases to 1.28 kW, 
the ignition delay decreases for all fuel types due to higher cylinder 
pressures and temperatures, which accelerate the fuel-air mixture’s 
ignition [111]. Diesel and WCOEE_20 show delays of 14.03 ◦CA and 
12.73 ◦CA, respectively. Dual-fuel blends still display longer ignition 
delays compared to diesel and WCOEE_20, but there is a consistent 
reduction from their no-load values. WCOEE_20+DFM21◦ records 13.47 
◦CA, while DFM27◦ shows 14.81 ◦CA. The reduction in delay is influ
enced by the increase in in-cylinder thermal energy, which offsets the 
biogas’s tendency to slow combustion. At 2.56 kW, a mid-load condi
tion, the ignition delay continues to drop. Diesel and WCOEE_20 record 
delays of 12.87 ◦CA and 11.89 ◦CA, respectively. The dual-fuel 

configurations also exhibit reduced ignition delays, with 
WCOEE_20+DFM21◦ at 12.39 ◦CA, DFM23◦ at 12.51 ◦CA, DFM25◦ at 
12.87 ◦CA, and DFM27◦ at 13.97 ◦CA. This downward trend indicates 
enhanced combustion kinetics due to rising in-cylinder temperatures, 
though biogas’s influence remains evident in maintaining relatively 
longer delays in dual-fuel modes [116]. Interestingly, at this point, the 
differences among the dual-fuel timings begin to narrow, suggesting an 
increasingly favorable combustion environment. At 3.84 kW and 5.12 
kW, corresponding to higher load conditions, the ignition delay values 
further decline, reaching their lowest across the operating range. Diesel 
achieves ignition delays of 12.04 ◦CA and 11.17 ◦CA, respectively, while 
WCOEE_20 shows even shorter delays of 11.03 ◦CA and 10.16 ◦CA. This 
further affirms the advantage of biodiesel’s higher cetane number and 
oxygen content in enhancing ignition quality. In dual-fuel modes, delays 
fall to between 12.25 ◦CA (DFM25◦) and 12.84 ◦CA (DFM27◦) at 3.84 
kW, and between 11.26 ◦CA (DFM27◦) and 11.83 ◦CA (DFM23◦) at 5.12 
kW. Although ignition delays for dual-fuel modes remain slightly 
elevated compared to diesel and WCOEE_20, the gap narrows signifi
cantly at high loads due to increased combustion efficiency and higher 
thermal reactivity [115]. Overall, the ignition delay period (IDP) dem
onstrates an inverse relationship with brake power, as expected in in
ternal combustion engines. The presence of biogas, with its slower 
burning characteristics and lower cetane behavior, inherently increases 
ignition delay, especially at lower loads. However, this effect is pro
gressively counterbalanced by the rising in-cylinder temperatures at 
higher loads [116,117]. Among the injection timings, advanced timings 
such as DFM27◦ result in longer delays due to early fuel entry into cooler 
combustion chambers, while slightly advanced or standard timings like 
DFM23◦ and DFM25◦ offer a more balanced delay, suggesting more 
favorable conditions for dual-fuel combustion. Thus, 
WCOEE_20+DFM25◦ shows the most favourable ignition delay period 
among the dual-fuel modes, implying advanced injection timing of 25◦

bTDC as the best injection timing for biogas-inducted dual-fuel opera
tion. The ignition delay period was extended under dual-fuel conditions, 
confirming the results by Yusuf et al. [57], which can be attributed to the 
higher auto-ignition temperature of biogas. At peak load of 5.12 kW, 
ignition delay period values for WCOEE_20; WCOEE_20+DFM21◦; 
WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and WCOEE_20+DFM27◦

are found to be 10.16 ◦CA, 10.93 ◦CA, 11.01 ◦CA, 11.26 ◦CA and 11.83 
◦CA which are found to be 9.04 %, 2.15 %, and 1.43 %, lower while, 0.83 
%, and 5.91 % higher than diesel fuel (11.17 ◦CA) respectively.

Fig. 11. Effect of test fuel blends with varying injector timing on IDP (◦CA) vs. BP (kW).
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3.3.4. Combustion duration
The Fig. 12 illustrates the variation in combustion duration, 

expressed in degrees of crank angle ( ◦CA), with brake power for various 
fuel configurations—namely diesel, WCOEE_20 (20 % waste cooking oil 
ethyl ester with 80 % diesel), and WCOEE_20 blended with biogas under 
dual-fuel mode at different injection timings: 21◦ bTDC 
(WCOEE_20+DFM21), 23◦ bTDC (WCOEE_20+DFM23), 25◦ bTDC 
(WCOEE_20+DFM25), and 27◦ bTDC (WCOEE_20+DFM27). Experi
ments were carried out at a constant engine speed of 1500 rpm, injection 
pressure of 240 bar, and compression ratio of 17.5:1. Combustion 
duration refers to the total crank angle over which combustion occurs, 
from the start of ignition to the point where most of the fuel has been 
burned. This metric is crucial in determining engine efficiency, heat 
release rate, and emission characteristics. At no-load conditions (0 kW), 
diesel shows the shortest combustion duration at 24.34 ◦CA due to its 
favorable ignition properties and high cetane number that enable rapid 
combustion. WCOEE_20 exhibits a slightly longer duration at 25.28 ◦CA, 
which is attributed to its higher viscosity and oxygenated nature, 
resulting in slightly slower fuel atomization and flame propagation 
[112]. Dual-fuel configurations show progressively higher combustion 
duration with increasing injection timing. WCOEE_20+DFM21◦ records 
26.22 ◦CA, and the values increase through WCOEE_20+DFM23◦ (26.05 
◦CA), WCOEE_20+DFM25◦ (25.37 ◦CA), reaching a maximum of 27.25 
◦CA for WCOEE_20+DFM27◦. The prolonged duration in dual-fuel cases, 
especially with advanced injection timing, is mainly due to the presence 
of biogas—primarily methane—which has a lower flame speed and a 
higher ignition temperature, thus causing slower and more extended 
combustion [90,108]. As brake power increases to 1.28 kW, combustion 
duration increases for all fuel types due to greater fuel injection quan
tities and slower combustion of a denser fuel-air mixture. Diesel records 
26.82 ◦CA, while WCOEE_20 shows 28.54 ◦CA. For dual-fuel blends, 
combustion duration rise sharply, with WCOEE_20+DFM21◦ at 30.34 
◦CA and WCOEE_20+DFM27◦ at 30.77 ◦CA. The increasing trend con
tinues at 2.56 kW, where diesel records 31.11 ◦CA and WCOEE_20 
registers 32.91 ◦CA. Combustion duration for dual-fuel blends span from 
33.94 ◦CA (DFM21◦) to 35.02 ◦CA (DFM27◦), reflecting the increasing 
difficulty in rapidly burning biogas mixtures at moderate load, where 
biogas dilution effects are more prominent [111,118]. At 3.84 kW, the 
combustion duration further expands due to elevated fuel flow and 
slower combustion kinetics, especially under dual-fuel operation. Die
sel’s duration increases to 34.02 ◦CA and WCOEE_20 to 35.74 ◦CA. The 
dual-fuel blends show significantly higher combustion duration’s, 
ranging from 37.31 ◦CA (DFM21◦) to 37.714 ◦CA (DFM27◦), with the 

highest values still associated with the most advanced injection timing. 
This reflects an extended combustion phase due to increased flame 
propagation delay in a biogas-rich, leaner mixture that burns more 
slowly compared to diesel. At the highest brake power of 5.12 kW, 
combustion duration reach their peak across all fuel types, as the com
bustion chamber conditions become increasingly demanding. Diesel 
records 36.85 ◦CA, and WCOEE_20 shows 38.91 ◦CA. The dual-fuel 
configurations exhibit combustion duration’s ranging from 41.34 ◦CA 
(DFM21◦) to 42.08 ◦CA (DFM27◦). The further extension in combustion 
duration with dual-fuel blends and advanced injection timing is due to 
the compounded effects of larger fuel quantity, the slower-burning na
ture of biogas, and the early fuel entry which causes more heat loss 
before effective combustion begins [117]. The higher combustion 
duration in DFM27◦ also implies less efficient energy conversion and 
potentially higher emissions of unburned hydrocarbons due to incom
plete combustion [107]. Thus, WCOEE_20+DFM25◦ shows the most 
favourable combustion duration among the dual-fuel modes, implying 
advanced injection timing of 25◦ bTDC as the best injection timing for 
biogas-inducted dual-fuel operation. The combustion duration was 
slightly prolonged in dual-fuel operation, which is consistent with Yusuf 
et al. [119], likely due to the lower flame propagation velocity of biogas. 
At peak load of 5.12 kW, combustion duration values for WCOEE_20; 
WCOEE_20+DFM21◦; WCOEE_20+DFM23◦; WCOEE_20+DFM25◦ and 
WCOEE_20+DFM27◦ are found to be 38.91 ◦CA, 41.31 ◦CA, 40.54 ◦CA, 
39.42 ◦CA and 42.08 ◦CA which are found to be 5.59, 12.11 %, 10.02 %, 
6.97 %, and 14.19 % lower than diesel fuel (36.85 ◦CA) respectively.

4. Conclusion and recommendation

Based on comprehensive experimental investigations, it is concluded 
that the dual-fuel mode utilizing 20 % waste cooking oil ethyl ester 
(WCOEE_20) with biogas induction and an optimized injection timing of 
25◦ bTDC (WCOEE_20+DFM25◦) yields the most promising results in 
terms of engine performance, combustion quality, and emission control. 
At full engine load (5.2 kW), this configuration delivered a 34.77 % 
increase in brake thermal efficiency (BTE) compared to conventional 
diesel, and a 9.51 % improvement over WCOEE_20+DFM23◦, demon
strating enhanced combustion due to superior air-fuel mixing. In terms 
of fuel economy, brake specific fuel consumption (BSFC) was reduced by 
11.05 % compared to WCOEE_20+DFM23◦, though it remained higher 
than neat diesel. Emission analysis revealed a 19.26 % decrease in hy
drocarbons (HC), 15.79 % decrease in carbon monoxide (CO), and 5.52 
% reduction in smoke opacity relative to WCOEE_20+DFM23◦, 

Fig. 12. Effect of test fuel blends with varying injector timing on CD (◦CA) vs. BP (kW).
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signifying cleaner combustion. However, a 9.67 % increase in NOx was 
observed, attributed to higher in-cylinder temperatures from advanced 
injection timing. Combustion analysis at WCOEE_20+DFM25◦ exhibited 
superior characteristics: peak in-cylinder pressure (CP) reached 80.86 
bar, a 13.21 % increase over DFM23◦; heat release rate (HRR) peaked at 
54.73 J/ ◦CA, marking a 3.57 % rise; ignition delay period (IDP) 
increased by 2.27 %, and combustion duration (CD) shortened by 2.76 
%, indicating faster and more controlled energy conversion. Overall, 
WCOEE_20+DFM25◦ represents the most optimal operational configu
ration tested, balancing thermal efficiency, emission reduction, and 
combustion stability. From these observations, the research concludes 
that WCOEE_20 is a viable alternative fuel and sustainable substitute for 
conventional fuel in modern diesel-powered vehicles. Among the test 
conditions, injector timing of 25◦ bTDC in dual-fuel mode 
(WCOEE_20+DFM25◦) is recommended as best suited parametric 
modification because it offers the best compromise between efficient 
combustion, and smooth engine operation.

5. Scope of future research

For future work, it is recommended to explore further optimization 
strategies, including variable injection pressure, and split injection 
techniques, to better accommodate the slow burning nature of biogas. 
Additionally, real-time, combustion control system, could be developed 
to dynamically adjust injection timing based upon load and engine 
conditions, ensuring optimal performance under dual-fuel operation. 
Moreover, long-term durability tests and detailed emission studies 
should be conducted to fully understand the environmental benefits and 
mechanical implications of sustained operations on biodiesel-biogas 
dual-fuel systems.
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[1] X.P. Nguyen, A.T. Hoang, A.I. Ölçer, V.V. Pham, S.K. Nayak, Biomass-derived 2,5- 
dimethylfuran as a promising alternative fuel: an application review on the 
compression and spark ignition engine, Fuel Process. Technol. 214 (2021) 
106687, https://doi.org/10.1016/j.fuproc.2020.106687.

[2] N. Bhanu Teja, Y. Devarajan, R. Mishra, S. Sivasaravanan, D. Thanikaivel 
Murugan, Detailed analysis on sterculia foetida kernel oil as renewable fuel in 

compression ignition engine, Biomass Convers. Biorefinery 13 (4) (2021) 
2959–2970, https://doi.org/10.1007/s13399-021-01328-w.

[3] K.R. Mohanasundaram, N. Govindan, Effect of air preheating, exhaust gas re- 
circulation, and hydrogen enrichment on biodiesel/methane dual fuel engine, 
Therm. Sci. 25 (2021) 449–464, https://doi.org/10.2298/TSCI191024146M.

[4] International Energy Agency (IEA), World Energy Outlook 2022, IEA, Paris, 
2022. Available from: https://www.iea.org/reports/world-energy-outlook-2022.

[5] S.K. Nayak, P.C. Mishra, M.M. Noor, Simultaneous reduction of nitric oxide and 
smoke opacity in TDI dual fuel engine fuelled with calophyllum-diesel blends and 
waste wood chip gas for modified inlet valve and injector nozzle geometry, 
Energy 189 (2019) 116238, https://doi.org/10.1016/j.energy.2019.116238.

[6] R.V. Andrade, L.A.C. Castaneda, D.M.Y. Maya, P.S.P.C. Correa Junior, L.R. 
M. Pinto, E.E.S. Lora, et al., Assessment of laminar flame velocity of producer gas 
from biomass gasification using the Bunsen burner method, Int. J. Hydrogen. 
Energy 45 (2020) 11559–11568, https://doi.org/10.1016/j. 
ijhydene.2020.02.082.

[7] P. Sivamurugan, Y. Devarajan, Emission analysis of dual fuelled diesel engine, 
Int. J. Ambient Energy 42 (1) (2018) 15–17, https://doi.org/10.1080/ 
01430750.2018.1517696.

[8] D. Tilman, J. Hill, C. Lehman, Carbon-negative biofuels from low-input high- 
diversity grassland biomass, Science 314 (5805) (2006) 1598–1600, https://doi. 
org/10.1126/science.1133306.

[9] H. Al Tanjil, Biogas as an alternative energy source in rural areas and public 
awareness: a case study in Jessore District, J. Energy Nat. Resour. 8 (2019), 
https://doi.org/10.11648/j.jenr.20190801.13.

[10] A. Sarkar, D. Sahu, D. Das, S.K. Nayak, B.K Mandal, Performance and emission 
study of ethanol-blended gasoline powered small VCR engine, Int. J. Energy Clean 
Environ. 23 (7) (2022) 1–12, https://doi.org/10.1615/ 
InterJEnerCleanEnv.2021038246.

[11] V. Hariram, R. Sathishbabu, J. Godwin John, N. Kailiappan, K. Vijayakumar, 
E. Sangeeth Kumar, et al., Enhanced combustion and emission characteristics of 
diesel-algae biodiesel-hydrogen blends in a single-cylinder diesel engine, Results 
Eng. 26 (2025) 104676, https://doi.org/10.1016/j.rineng.2025.104676.

[12] J. Milano, M.Y. Ong, S.K. Tiong, F. Ideris, A.S. Silitonga, A.H. Sebayang, et al., 
A comparative study of the production of methyl esters from non-edible oils as 
potential feedstocks: process optimization and two-step biodiesel 
characterization, Results Eng. 25 (2025) 104285, https://doi.org/10.1016/j. 
rineng.2025.104285.
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