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characteristics of a compression-ignition engine operating on a cottonseed biodiesel (B20)-
hydrogen blend. The methodology integrates entropy-based weighting for objective parameter Keywords
prioritization, VIKOR for compromise decision-making, and Taguchi design for efficient VIKOR

experimentation, thereby minimizing trial costs and enhancing reproducibility. Experiments

evaluated three key parameters, namely injection pressure (200-240 bar), compression ratio gagud”

(16.5-18.5), and hydrogen flow rate (10-20 L/min). Results showed that hydrogen enrichment m_m‘? Y

improved combustion, with peak pressure reaching 85 bar and a maximum heat release rate of gm’(;”"”l
lodiese

86 J/deg. Engine efficiency increased to 33.52% BTE and a minimum BSFC of 0.213 kg/kWh,
while emissions decreased (HC = 65 ppm, CO = 0.016%). However, NOx rose to 1380 ppm at
high hydrogen flow, underscoring the trade-off between efficiency and emissions. The optimal
condition, IP = 240 bar, CR = 17.5, and H2 = 10 L/min, yielded the lowest VIKOR index (Q =
0.0588), ensuring balanced sustainability. This framework offers a transferable optimization
pathway for dual-fuel engines, supporting decarbonization targets under SDG7 and SDG13.

1. Introduction

The rising demand for global energy is driven primarily by industrialization, urbanization, and population growth. In
transport and industrial sectors, diesel engines continue to be the primary choice due to their reliability and long life,
though they emit several pollutants like hydrocarbons (HC), oxides of carbon (COy), particulate matter (PM), oxides of
nitrogen (NOy), etc [1, 2]. Researchers and policymakers are interested in sustainable ways to reduce the environmental
impact of diesel-powered applications, as their emissions are detrimental to the environment [3]. The need to mitigate
greenhouse gas (GHG) emissions, along with a shift to sustainable energy solutions, is apparent in the progressive targets
set by the United Nations (UN), the Intergovernmental Panel on Climate Change (IPCC), and the International Energy
Agency (IEA). The Sustainable Development Goals (SDGs), including SDG 7 (Affordable and Clean Energy) and SDG
13 (Climate Action), also emphasize the need to decarbonize energy systems, enhance fuel efficiency, and adopt
alternative sustainable energy sources[4, 5]. Biofuels, advanced ignition strategies, and engine design modifications have
attracted attention for simultaneously enhancing diesel engine reliability and power while reducing emissions[6]. Sources
of biodiesel include animal fats, non-food oils, and waste cooking oil. Biodiesel is non-toxic and biodegradable, and it
emits lower emissions than diesel oil[7]. However, alternative approaches need to be developed to address ignition
parameters and their challenges, such as fuel stability, reduced density energy, and NOy emissions.

Governments and legislations introduced stronger emissions regulations, such as Euro 7 in Europe and Bharat Stage
VIin India. There are regulations such as the Environmental Protection Agency (EPA) in America and China VI in China
to reduce NOx, CO, and PM emissions[8, 9]. Stronger and regionally varying emission regulations are pushing diesel
engines towards advanced after-treatment systems and low-carbon alternative fuels, supported by government incentives
and policy measures worldwide. The European Union initiated the Renewable Energy Directive (RED II), which
mandates an increase in the use of renewable fuels in transportation and provides tax incentives for biofuels and hydrogen
production in the United States and India, and this is an example of a growing commitment to sustainable energy
solutions[10]. The key sustainability challenges in diesel engines are fuel dependency, diesel combustion, and the trade-
off between fuel economy and emissions[11]. Diesel engines depend on non-renewable petroleum-based fuels, which
contribute to carbon emissions and climate change. Diesel combustion at elevated temperatures results in high NOy and
PM emissions, which are difficult to control without complex emission control strategies [12]. However, after-treatment
methods such as EGR and catalytic converters decrease efficiency and increase the complexity and operating and
maintenance costs of the engine. Furthermore, diesel engines face a trade-off between fuel economy and emissions, as
improved combustion efficiency increases NOx formation, which is difficult to optimize for both performance and
sustainability [13, 14].

Biodiesel has emerged as a viable renewable fuel for compression-ignition (CI) engines due to its oxygenated
molecular structure, carbon neutrality, lower PM emissions, and its contribution to a circular economy [15]. The built-in
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oxygen and typically higher cetane number improve fuel lubricity and promote more complete oxidation of intermediates,
thereby reducing soot precursors and particulate matter and lowering lifecycle GHG emissions. At the same time, higher
viscosity and altered volatility can deteriorate atomization, modify ignition delay, and alter local equivalence ratios,
potentially increasing NOx and imposing constraints on injection strategy and in-cylinder thermal management [16].
Hydrogen, by contrast, is a carbon-free energy carrier with very high laminar flame speed, wide flammability limits, and
high diffusivity[17-19]. When supplied to a CI engine operating with a liquid pilot (diesel or biodiesel), a portion of the
charge energy is stored in a premixed hydrogen-air mixture. This tends to accelerate combustion, increase the premixed
heat-release fraction, and reduce HC and CO emissions due to improved oxidation [20-21]. However, the associated rise
in local flame temperature and the steeper heat-release profile can intensify thermal NO formation via the extended
Zeldovich mechanism if the hydrogen fraction and operating parameters are not carefully controlled[22-24]. In biodiesel-
hydrogen dual-fuel operation, these effects interact: the oxygenated biodiesel pilot stabilizes autoignition and supports
lower soot, while hydrogen enrichment accelerates burn and improves efficiency, but can drive NOy peaks if peak
temperature and residence time in high-temperature zones are excessive[17-18, 23]. Sustainable deployment, therefore,
hinges on waste-derived biodiesel feedstocks that avoid land-use competition [22] and on dual-fuel strategies that exploit
the complementary properties of biodiesel and hydrogen while actively managing NOy through operating conditions and,
where necessary, after-treatment[16, 23, 24].

Existing research has focused on biodiesel and diesel blends, or on hydrogen-enriched diesel combustion, as separate
ways to increase the diesel engine's sustainability. Studies on biodiesel blends have reported reduced PM and CO
emissions due to biodiesel's oxygenated molecular structure. Hydrogen enrichment in diesel engines has been shown to
improve thermal efficiency but also to increase NOx emissions due to higher combustion temperatures. Although each
strategy can reduce emissions, the use of a dual-fuel approach, like biodiesel-hydrogen in a diesel engine, is limited.
Critical research gaps remain in the simultaneous integration of biodiesel and hydrogen in a diesel engine. The application
of hybrid multi-objective optimization techniques to systematically fine-tune engine parameters for combustion
characteristics, emission reduction, and improvement in brake thermal efficiency. The development of a data-driven
decision-making framework that prioritizes sustainability metrics while ensuring combustion stability. Optimization
techniques, such as response surface methodology (RSM) [25], genetic algorithms (GA) [26], and artificial neural
networks (ANN)[27], have been employed in combustion research. Nevertheless, these are frequently computationally
intensive or involve experimental trials over a very long period. Furthermore, most of the research does not quantify the
relative importance of emissions parameters in the decision-making process. To address such gaps, a new hybrid
optimization method that is cost-effective in terms of experiments and at the same time effective in determining the best
engine operating conditions is paramount. To address the above-mentioned research gaps, the current study proposes a
hybrid optimization approach combining entropy weighting, the VIKOR method, and Taguchi design of experiments.
The optimization of engine exhaust, performance, and combustion characteristics using sophisticated multi-criteria
decision-making (MCDM) methods has not received much attention. The objectives of the present work are to investigate
the role of IP, CR, and H, induction rate on the behavior of the emission and the general performance and combustion
pattern of a diesel engine under the conditions of a cottonseed oil biodiesel (B20) and hydrogen mixed fuel, to develop a
multi-objective optimization strategy for minimizing NOx, HC, and CO emissions while maintaining combustion
efficiency, to apply a hybrid method of integrating entropy weights, the VIKOR Method and the Taguchi technique to
rank the combined engine emission responses and engine performance metrics and to establish a data-driven framework
for optimizing biodiesel-hydrogen combustion.
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Figure 1. Flowchart of the research

This research integrates three advanced optimization techniques to enhance decision-making in sustainable diesel
engine operation. Entropy weighting method quantitatively determines the relative significance of responses based on
their variability across experimental trials. VIKOR Method: Unlike conventional MCDM approaches, VIKOR accounts
for trade-offs among competing objectives, ensuring balanced optimization of performance and emissions. Taguchi
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Experimental Design: The Taguchi method systematically reduces the number of trials by implementing orthogonal arrays
(OA), ensuring efficient parameter optimization with minimal resource consumption. This approach enhances
experimental efficiency compared to full factorial designs. This integrated methodology provides a practical,
computationally efficient framework for optimizing biodiesel-hydrogen combustion conditions in diesel engines.
Structured as follows, the remaining portion of this paper is structured as follows. Section 2 presents experimental
methodology, including engine specifications, fuel properties, and test conditions. Section 3 describes the results and
demonstrates the parameter contributions. Section 4 concludes the study and provides recommendations for future
research. Figure 1 depicts a schematic flowchart of the current investigation, summarizing the workflow and experimental
process.

2. Materials and Methods

2.1 Experimental Details

The engine used in this study is a Kirloskar TV-1 type, single-cylinder, four-stroke, water-cooled, single-acting, diesel
engine (Figure 2), coupled with computer interfacing for all accessories to measure performance, combustion, and
emission characteristics. The engine specifications are given in Table 1. Data acquisition of the selected responses is
performed using LabVIEW software from National Instruments Corporation. Before testing, all key instruments were
calibrated to ensure traceable and repeatable measurements. The eddy-current dynamometer was calibrated using a torque
arm and certified dead weights; the indicated torque was adjusted to keep deviations from the reference within +1 %.
Engine speed was cross-checked against an independent digital tachometer at multiple set points. Exhaust emissions were
monitored using a multi-gas analyzer and a smoke meter. Before each batch of tests, the analyzer was zeroed on clean
gas and spanned with certified calibration mixtures for NOx, HC, and CO, while the smoke meter was zeroed in filtered
air. Each operating condition was repeated five times, and the reported performance, combustion, and emission values
are the mean of these repeats.
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1. Hz Cylinder, 2. H> Regulators, 3. Flashback arrestor, 4. Flame arrestors, 5. H> Flow meter, 6. Engine, 7. Cylinder pressure sensor,
8. Mixing chamber, 9. Exhaust flow pipe, 10. Calorimeter, 11. Exhaust gas to the atmosphere, 12. Exhaust gas analyzer probe, 13.
Exhaust gas analyzer, 14. Power supply, 15. Eddy current dynamometer, 16. Engine water inlet pipeline, 17. Flywheel, 18. Fuel tank,
19. U-Tube manometer, 20. Loading unit, 21. Rotameters, 22. Computer, 23. H> gas flow pipe, 24. Exhaust gas, 25. Air supply, 26.
Calorimeter water inlet, 27. NI-6210 USB Multifunction line, 28. Control panel, 29. Burette.

Figure 2. Schematic view of experimental setup

Table 1. The specifications of the engine

Type of ignition Compression ignition
Rated Power (kW) 3.5

Dynamometer Eddy Current Type
Fuel Injection Direct Injection
Piston Bowl Hemispherical
Stroke (mm) 110

Speed (rpm) 1500

Cylinder Capacity (cc) 661

Bore (mm) 87.5

Connecting Rod Length (meter)  0.234
Injection Timing (degree BTDC) 23
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2.2. Fuels Used

Diesel, cottonseed oil, and hydrogen (H>) fuels are used in the present investigation. Table 2 provides the properties of
the various fuels. The use of cottonseed oil as a test fuel is motivated by sustainability factors, as it is produced from non-
edible, waste-derived feedstocks, reducing the carbon footprint associated with traditional diesel burning [28]. Cottonseed
oil properties were obtained from the supplier’s certified technical data sheet, which is based on standard ASTM/EN test
methods and quality-controlled measurements, and these values were cross-checked against ranges reported in the
literature. H, is preferred due to its zero emissions during combustion and its potential to improve the sustainability of
diesel engines in terms of carbon emissions [29]. The combination of both fuels has ecological significance and provides
a low-emission, highly efficient alternative to diesel engines [30]. Cottonseed oil and diesel are blended at a 20:80 ratio
and introduced into the cylinder near the end of the suction stroke. H» is introduced separately through a port and into the
cylinder during the suction stroke. In all tests, H, was supplied as dry gas directly from the high-pressure cylinder through
pressure regulation. Adding H, can reduce emissions and increase combustion efficiency, but it faces technological
challenges. The low ignition energy, along with H» high flame speed, requires precise control to prevent combustion
instabilities and NOy formation. To overcome these challenges, a flow rate of 10-20 LPM was identified as optimal based
on previous research findings and engine operating conditions [30, 31]. All experiments were conducted with specific
safety measures for H» storage and delivery. H» was stored at 150 bar in certified cylinders. The supply line to the engine
was equipped with a pressure regulator in two stages and fitted with non-return valves, flashback arrestors, and flame
arrestors, as indicated in Fig. 2. Before each test session, the complete hydrogen circuit was checked for leaks using a
soap-solution test, and the laboratory doors and windows were kept open to prevent accumulation of H,. An emergency
shut-off valve was installed upstream of the flow control unit to allow immediate isolation of the hydrogen supply in the
event of an abnormal operating condition.

Table 2. Properties of the fuels employed

Property Diesel fuel H, Cottonseed oil B20
Specific Gravity @ 15°C kg/m? 0.830 0.0838 0.913 0.867
Cloud point (°C) 4 - 6 5
Kinematic viscosity (mm?/s) @ 40°C 2.64 110 31.35 3.47
Flash point (°C) 71 --- 195 90
Cetane Index 47 - 52

Calorific Value (MJ/kg) 43 119.93 39.16 41.46
Pour point (°C) -6 - -4 -3
Fire point (°C) 85 --- 220 98

Table 3. The factors selected and levels used

Factor Notation Units Levels of the factors
Low (-1) Medium (0)  High (1)
Injection Pressure P bar 200 220 240
Compression Ratio CR - 16.5 17.5 18.5
Hydrogen H, lpm 10 15 20
Table 4. Parameters and the Coded values
Run Absolute Values Coded Values
1P CR H, 1P CR H,
1 200 16.5 10 -1 -1 -1
2 200 17.5 15 -1 0 0
3 200 18.5 20 -1 1 1
4 220 16.5 15 0 -1 0
5 220 17.5 20 0 0 1
6 220 18.5 10 0 1 -1
7 240 16.5 20 1 -1 1
8 240 17.5 10 1 0 -1
9 240 18.5 15 1 1 0

2.3. Taguchi Method

The full factorial design is accurate and has a high resolution, but it is also tedious, time-consuming, and expensive to
run. In this work, the L9 array was selected because it provides an acceptable balance between efficiency and accuracy.
The study improved result consistency by repeating each experiment and then calculating the average of the top two
results for reporting [32]. Injection pressure (IP), compression ratio (CR), and H» flow rate are treated as three factors,
each at three levels, in the present investigation, as shown in Table 3. Adding H, can reduce emissions and improve
combustion efficiency, but it also poses technological challenges. The low ignition energy, wide flammability limits, and
high flame speed of H» require precise control to avoid backfire, knocking, and excessive NOy formation. The hydrogen
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flow rates were therefore constrained to 10, 15, and 20 lpm. In the present investigation, the Taguchi method is employed
for experimentation with three different factors whose combinations are presented in Table 4.

2.4. Responses Measured

The responses in the present study are (i) emissions from the engine, viz., HC, CO, and NOy ; (ii) performance of the
engine, viz., BTE and BSFC; (iii) combustion characteristics, viz., maximum in-cylinder pressure, crank angle at which
the maximum mass fraction burnt, and net HRR. These are recorded for the purpose of analyzing and thereby optimizing
the parameters to obtain comprehensive sustainability. Cylinder pressure was recorded at a crank-angle resolution of
0.5°CA over 100 consecutive cycles under steady-state conditions and ensemble-averaged before analysis. The net rate
of heat release was then calculated using a single-zone first-law model and smoothed in the crank-angle domain with a
5-point moving-average filter to suppress high-frequency noise while preserving combustion phasing. The test rig used
to measure responses is prone to random uncertainty, and the percentage magnitude of this uncertainty is presented in
Table 5.

Table 5. Uncertainty analysis

Parameter Category  Name of the parameter Max. error  Uncertainty (%)
Performance related Brake power (kW) 0.065 +1.8%
Compression ratio 0.01817 +0.103%
BSFC (kg/kWh) 1.383x1073  £0.53%
BTE (%) 0.232 +0.713%
Fuel consumption (kg/h) 9.7x1073 +1.06%
Combustion related ~ Cylinder pressure (bar) 0.018 +0.02%
Net HRR (J/deg) 0.2037 +0.385%
Mass fraction burned (%) 0.605 +0.676%
Rate of pressure rise (dp/d8) 0.254 +0.44%
Total uncertainty + 3.84%
2.5. Entropy Weight

In the context of information theory, entropy measures how unpredictable a source is, meaning how much information it
can reveal. The probability of each outcome is used as its weight when calculating the total information [33]. The response
and the number of experiments are taken into account when calculating the weights. In the present study, m =9 and n =
8 responses were adopted for the experiments. Weights and entropy are obtained using Egs. (1-3).

First, the results are converted into p-values using Eq. (1).

by = 5m 2z )

i=1%ij
where, x;;is the magnitude of the response and i = 1,2, ....mandj = 1,2,....7n.
From here, the entropy value for each indicator is calculated using Eq. (2).

ej = — X [pi x In(p;;)] — [1 - X2y pij] xIn (1 = 22, pi)) 2
The final weights for each indicator are determined using Eq. (3).

—_1-¢
W] = Z;ril(l—ej) (3)
2.6. VIKOR method
The VIKOR approach can be applied to multi-response decision-making by following a defined sequence of steps. The
alternative associated with the lowest VIKOR index is then identified as the optimal solution. The results are converted
into the decision matrix, i.e., D[X;;]mxn, Where D is the decision matrix and x;; is the j™ attribute's results of the i®
alternative. The decision matrix can be expressed as mentioned in Eq. (4).

X11 X12 e Xin
le xzz en x2n

D=|X31 X3 ... Xz3p 4
Xm1i Xmz - Xmn

wherei=1,234,... m&j=1234,...,n
The decision matrix is normalized using Equations (5) and (6) to maximize and minimize the output responses,
respectively.

_ xi]-—min (xl-]-)
Mij = max(x;;)-min (x;;) ®)
max(xl-j)—xij

(6)

iy~ max(x;;)-min (x;;)
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wherei=1,2,34,. m&j=1234,...n
Calculate the utility measure Si values according to Eq. (7).

Si = Xiza(wingj) (7N

where w; is weight associated with the j th criterion.
Calculate the regret measure R; values using Eq. (8).

Ri = max [W]TLU] (8)

The VIKOR indices are computed using the sensitivity factor 9 = 0.5 employing Eq. (9).

_ Si—minS; _ R;—minR;
Qi =9 max S;—min S; + (1 19) max R;—minR; (9)
The compromise parameter 9 in the VIKOR method was set to 9 = 0.5 in the baseline analysis, representing an equal
balance between group utility and individual regret. To examine the robustness of the ranking, additional calculations

were performed for ¥ = 0.25 and 9 = 0.75.

3. Results and Discussion

The experimentation was carried out using various fuel combinations, viz., pure diesel, B20, and H gas, at different load
conditions. In this pursuit, injection pressure and compression ratio have been varied for the fuels under consideration,
and the results have been recorded. Figures 3-5 show typical samples of experimental results at 17.5 CR and 200 bar IP.
Figure 3 illustrates the variation of BTE and BSFC with brake power, showing that BTE increases with H, while BSFC
decreases at different load conditions. Figure 4 illustrates the variation in HC, CO, and NOy emissions with engine load
as more H» is added to the cylinder: CO and HC emissions decrease, while NOx emissions increase. Figure 5 illustrates
the combustion characteristics during engine operation. The net heat release rate (HRR) is lowest with B20 fuel because
it operates under lean combustion conditions, which results in a lower energy density [23]. In the mass fraction burnt
curve, with increasing H», the ignition delay decreased, and this change is reflected in the maximum pressure developed
in the engine [24]. The curve is shifted to the left, reducing the crank angle from TDC during these combustion conditions.
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Figure 3. Variation of performance of engine at 200 bar and 17.5 CR, (a) BTE vs BP, (b) BSFC vs BP

The NOx trends can be interpreted in terms of the thermal pathway described by the extended Zeldovich mechanism,
which is strongly governed by local flame temperature and high-temperature residence time[14]. Higher injection pressure
and compression ratio both raise in-cylinder temperature and pressure, so at a given load, they increase the peak burned-
gas temperature and extend the period during which the gas resides above about 2000 K, thereby promoting thermal NO
formation [21]. Hydrogen enrichment further steepens the premixed heat release and increases the adiabatic flame
temperature of the charge, so moderate H, flow rates can still be compatible with acceptable NOy levels, whereas the
highest H level produces a sharp rise in NOy despite improvements in HC and CO. The observed behavior is therefore
consistent with a thermal-NO-dominated mechanism, where the efficiency gains from faster combustion and better
oxidation are offset by the exponential sensitivity of NOy to temperature as the operating point is pushed towards the
upper end of the selected IP-CR-H, window [23]. The objective of this investigation is to identify the optimal parameter
combination that yields overall sustainability and ultimately provides a comprehensive solution for all responses. Hence,
the experimentation is now restricted to a Taguchi design using the L9 orthogonal array, with the input parameters IP,
CR, and the volume of H, gas injected into the cylinder. The results for all runs at 75% engine load are presented in
Table 6.
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Figure 4. Variation of emissions of the engine at 200 bar and 17.5 CR
Table 6. Results of the investigation
Run Emission Characteristics Performance Combustion Characteristics
HC CO (% NOx BTE BSFC Max. Max. HRR Crank Angle at
(PPM) VOL) (PPM) (%) (kg/kWh) Pressure (J/deg) Max. MFB (°)
(bar)
1 68 0.019 1100 28.50 0.215 69 65 21
2 73 0.0185 1185 32.60 0.230 80 69 23
3 74 0.021 1350 30.27 0.234 84 85 20.8
4 58 0.017 1300 30.24 0.213 82 69.5 21.5
5 72 0.0195 1375 33.52 0.251 85 69.7 20
6 79 0.0191 1250 30.90 0.235 77 86 21.2
7 65 0.016 1380 28.90 0.224 79 69.8 20.5
8 80 0.0235 1175 31.90 0.245 75 72 20.8
9 78 0.0215 1290 31.30 0.221 84 85.5 20.9

The fuel inducted into the cylinder is a mixture of pure diesel, cottonseed oil, and hydrogen gas. In run 3, the maximum
pressure developed in the engine is 85 bar, with the parameters being an injection pressure (IP) of 220 bar, a compression
ratio (CR) of 17.5, and hydrogen induction at 20 liters per minute (Ipm); meanwhile, in run 6, the maximum heat release
rate is found to be 86 J/deg. The recorded crank angle for the maximum mass fraction burnt in the cylinder ranges from
20 to 23 degrees from top dead center. Higher HRR increases cylinder pressure and results in increased power output, but
it also increases the formation of pollutants, especially NOy and soot. A higher mass fraction burned in the cylinder
increases the pressure generated, which, in turn, leads to greater power output [30]. In addition to biodiesel and hydrogen,
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the combustion rate increases due to the higher oxygen content and lower fuel viscosity [23]. The engine performance
was quantified using BTE and BSFC across the tested operating conditions. Overall, BTE ranged from 28.6% to 33.52%,
whereas BSFC ranged from 0.213 to 0.251 kg/kWh. The lowest BTE (28.6%) occurred when all control parameters were
set to their minimum values, namely an IP of 200 bar, a CR of 16.5, and an H» flow rate of 10 L/min. Conversely, the
BTE and BSFC peaks of 33.52 percent and 0.251 kg/kWh, respectively, were achieved at an IP of 220 bar, a CR of 17.5,
and a H, flow rate of 20 L/min. In the context of fuel economy, the lowest BSFC (0.213 kg/kWh) occurred at the
intermediate IP, and H» induction levels (220 bar and 15 L/min, respectively), and the CR level was kept at its low level
(16.5). These trends suggest that the same set of operating parameters may not optimize BTE and BSFC, and that the
interaction between H; enrichment and IP and CR is non-linear.
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Figure 5. Variation of combustion characteristics of the engine at 200 bar and 17.5 CR

HC emissions are caused by incomplete combustion and fuel-rich areas within the cylinder [34]. HC emission (65
ppm) was lowest at IP = 240 bar, CR = 16.5, and H> =20 L/min (Run 7). This is because fuel atomization is better at
higher injection pressure, enabling more complete combustion [35]. Conversely, the HC emission peak (80 ppm) occurred
at [P = 240 bar, CR = 17.5, and H> = 10 L/min (Run 8), suggesting that a moderate compression ratio with decreased
hydrogen induction could have led to incomplete oxidation, thereby raising HC emissions. Direct measurement of CO is
through the incomplete oxidation of carbon in the fuel-air mixture. The minimum CO emission (0.016) was measured at
an IP of 240 bar with a CR of 16.5 and a hydrogen flow rate of 20 L/min (Run 7), in accordance with the trend observed
in the HC emissions. This implies that IP and hydrogen (H2) enrichment favor full combustion, thereby lowering CO
emissions [36]. The largest CO emission of 0.0235 was recorded at an IP of 240 bar, a CR of 17.5, and an H> flow rate of
10 L/min (Run 8), which was probably due to incomplete hydrogen oxidation and fuel stratification. The factors that
mainly determine NOx emissions include combustion temperature and oxygen concentration. Optimal NOy emission
(1380 ppm) was observed in IP = 240 bar, CR = 16.5, and H, = 20 L/min (Run 7). This might be attributed to greater
NOx production due to higher adiabatic flame temperature, resulting from hydrogen enrichment and leading to high in-
cylinder temperatures [37]. Conversely, the minimum NOy emission (1100 ppm) corresponded to the IP =200 bar, CR =
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16.5, and H, = 10 L/min (Run 1). This indicates that the injection pressure is reduced and the hydrogen induction is
minimal, thereby achieving lower peak temperatures and reducing the formation of NOy thermally [38].

The observed HC and CO trends can be understood in terms of global equivalence ratio and in-cylinder mixture
formation at 75% load. For the B20 baseline, the higher liquid fuel flow and relatively lower degree of premixing lead to
locally rich pockets near the spray core and the walls, promoting incomplete oxidation and, hence, higher HC/CO.
Introducing hydrogen at moderate flow rates slightly leans the overall mixture for the same brake power and, together
with higher injection pressure, improves spray atomization and air-fuel mixing, reducing wall wetting and enhancing
oxidation of unburnt hydrocarbons and CO [31]. At the highest hydrogen flow and extreme settings of injection pressure
or compression ratio, however, the charge can become more stratified again, with very reactive zones near the pilot spray
and cooler regions near the boundaries, so residual rich pockets and locally quenched zones can still sustain HC/CO levels
despite the overall leaner global equivalence ratio[39]. At constant IP and hydrogen flow, CR shows a clear and monotonic
influence on performance and emissions. For example, at IP = 220 bar and H, = 15 L/min, increasing CR from 16.5 to
17.5 raises BTE and lowers BSFC, reflecting improved thermodynamic efficiency due to higher peak pressure and
temperature. A further increase to CR = 18.5 produces only a marginal gain in BTE but leads to a noticeable increase in
NOy, indicating that the additional temperature rise mainly strengthens thermal-NO formation rather than improving
useful work. Similar trends are observed at the other IP-H, combinations, confirming that CR primarily acts as an
efficiency lever with a strong penalty on NOx beyond an intermediate optimum [11]. Table 7 presents the normalized
values of the recorded responses. Under these parameter conditions, a divergent influence on the responses is observed;
therefore, they are analyzed using a hybrid method that applies entropy weights, and the utility values are calculated using
VIKOR indices. The higher-the-better criterion is employed for BTE, max. pressure, and HRR, while the lower-the-better
criterion is employed for the responses BSFC, HC, CO, NO, and crank angle for maximum MFB [38, 39]

Table 7. Normalized results of the investigation

Run HC CO NO BTE BSFC  Max. Pressure  Max. HRR  Crank Angle at Max. MFB
1 0.5455 0.6000 1.0000 0.0000 0.9375 0.0000 0.0000 0.6667
2 03182 0.6667 0.6964 0.8167 0.4688 0.6875 0.1905 0.0000
3 0.2727 03333 0.1071 0.3526 0.3437 0.9375 0.9524 0.7333
4 1.0000 0.8667 0.2857 0.3466 1.0000 0.8125 0.2143 0.5000
5 03636 0.5333 0.0179 1.0000 0.9375 1.0000 0.2238 1.0000
6 0.0455 0.5867 0.4643 0.4781 0.3125 0.5000 1.0000 0.6000
7  0.6818 1.0000 0.0000 0.0797 0.6563 0.6250 0.2286 0.8333
8 0.0000 0.0000 0.7321 0.6773 0.0000 0.3750 0.3333 0.7333
9 0.0909 0.2667 0.3214 0.5578 0.7500 0.9375 0.9762 0.7000

Table 8. Entropy and Weights of Responses

S.No  Parameter Entropy Weight
1 HC 0.1030  0.1481
2 (60) 0.1385 0.1422
3 NO« 0.0081  0.1638
4  BTE 0.2133  0.1299
5 BSFC 0.9920  0.0013
6 Max. Pressure 0.0949  0.1494
7 Max. HRR 0.0995  0.1487
8 Crank Angle atMax. MFB  0.2942  0.1165

Table 9. Utility, Regret, and VIKOR Indices

Run Utility Measure (S) Regret Measure (R) VIKOR Index (Q)

1 0.4088 0.1638 0.5279
2 0.4938 0.1141 0.2677
3 0.5188 0.1416 0.6153
4 0.5761 0.1481 0.8425
5 0.5630 0.1494 0.8191
6 0.5221 0.1487 0.6958
7 0.4789 0.1422 0.5093
8 0.3989 0.1199 0.0588
9 0.5443 0.1451 0.7230

Table 8 presents the entropy values and corresponding weights assigned to each response based on their variability
and significance in the optimization process (Egs. (1-3)). The entropy-weighted method objectively measures how much
each emission parameter contributes to the overall disorder in the data. The results indicate that NOy emissions have the
greatest weight (0.1638), indicating their dominant influence on the engine's emission characteristics, followed by HC
(0.1481) and CO (0.1422). This order implies that NOx emissions exhibit the greatest variability and sensitivity to changes
in engine parameters and should be given priority in optimization. This means that the impact of CO is relatively less but
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still significant, and HC is in an intermediate position. These conclusions inform the VIKOR method on how to capture
the optimal compromise solution for emission reduction, ensuring a balanced trade-off among all emission constituents.
The utility, regret, and VIKOR indices have been calculated using Egs. (7-9) and are given in Table 9.

The sensitivity factor 9 is varied with three values, namely, 0.25, 0.5, and 0.75, to compute the VIKOR indices. In all
three cases, the alternative corresponding to IP = 240 bar, CR = 17.5, and H, = 10 L/min remained the best or near-best
compromise solution, indicating that the final choice is insensitive to reasonable variations in 9. In this study, the VIKOR
index is treated as a composite sustainability-oriented metric that aggregates multiple, partly conflicting responses into a
single objective. Following common practice in Taguchi and multi-criteria optimization, Analysis of Variance (ANOVA)
is applied to this scalar index as a heuristic sensitivity tool to quantify the relative contributions of injection pressure,
compression ratio, and hydrogen flow to the combined performance-emission goal, rather than as a replacement for
ANOVA on individual physical responses. The ANOVA results for the VIKOR indices are also shown in Table 10, which
indicates the proportions of each engine parameter in the response characteristics. The strongest influence is shown by IP
(42.50), indicating it has a dominant effect on emission behavior, especially on NOx formation, as it directly influences
combustion temperature and pressure [40]. CR makes a moderate contribution of 28.07, indicating a moderate effect on
atomization quality and combustion efficiency, which impacts HC and CO emissions. H has the least influence (12.66%).
However, it is still a critical component of combustion enhancement and emission control.

Table 10. ANOVA of VIKOR indices
Source DF SS MS F-Value Contribution (%)

IP 2 0.22747 0.11373 3.08 42.50

CR 2 0.15024 0.07512 2.03 28.07

Ha 2 0.08363 0.04181 1.13 15.63
Error 2 0.07387 0.03693 - --
Total 8 0.53521  -- -- --

Figure 6 is the Analysis of Means (ANOM) plot of the VIKOR indices, which visually illustrates the impact of IP,
CR, and H; on overall emissions optimization. The VIKOR index was evaluated using the lower-the-better criterion; that
is, the best combination of parameters yields the lowest Q value, i.e., the best trade-off among all responses. The
combination that performed best, i.e., IP = 240 bar, CR = 17.5, and H, = 10 L/min, was identified as the most desirable
for minimum emissions and optimal engine performance. The ANOM confirms the robustness of the IP tuning in the
optimization of the diesel engine based on sustainability and the success of the Entropy VIKOR Taguchi framework in
selecting an optimal multi-objective solution [41-43]. These operating conditions result in an optimality condition and
increased sustainability of the experimental matrix and of general sustainability, due to the increased BP and reduced
emissions.
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Figure 6. ANOM plot of the VIKOR Indices

The optimal parameter condition arrived at by the hybrid methodology (IP = 240 bar, CR = 17.5, H, = 10 L/min)
coincides with experimental Run 8 in the L9 array. Therefore, the performance, combustion, and emission values reported
for this optimum are based on direct experimental measurements and not extrapolated predictions. The optimal condition
is therefore internally validated within the Taguchi design, and no separate confirmatory run outside the array is required.
The predicted optimal value =T + Z:; ,(T; = T) where T is the overall mean and 7; is the mean of the i parameter at

optimal condition, given by 0.50625 + (0.43125 — 0.50625) + (0.39375 — 0.50625) = 0.2375.
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F X MSE

95% confidence interval for the predicted optimal value at (2, 2) degrees of freedom is found by the formula "

where F is the Fisher ratio, MSE is the mean square error, and n. is the effective sample size. The interval is found to be
within the limits 0 and 0.5104. The confirmation experiment is the Run-8 itself, and its VIKOR index is 0.0588, which
lies within the computed confidence interval, confirming the accuracy of the model.

Recent work has explored hydrogen-enriched operation with various biodiesel feedstocks, including water hyacinth
and Mesua ferrea biodiesel [20], RCCI concepts with hydrogen-enriched biofuels [21], cashew nut shell oil
biodiesel/hydrogen dual-fuel engines optimized using response surface methodology [23], and hydrogen-assisted
combustion with rapeseed/waste cooking oil biodiesel [24]. These studies consistently report that hydrogen enrichment
improves brake thermal efficiency and lowers HC/CO emissions, while tending to increase NOy, in line with the classical
thermal-NO trade-off. Dual-fuel operation with cottonseed oil and hydrogen has also been analyzed with varying injection
opening pressures [30] and higher hydrogen flow rates in CRDI engines [31]. The present investigation is broadly
consistent with these qualitative trends but adds two specific contributions: (i) it focuses on a cottonseed B20-hydrogen
strategy at 75% load and demonstrates a balanced operating point (IP = 240 bar, CR = 17.5, H> = 10 L/min) where BTE
(33.52%), HC (65 ppm) and CO (0.016%) are jointly improved relative to the B20 baseline while NO remains within
the expected dual-fuel range; and (ii) it introduces a hybrid Entropy-VIKOR-Taguchi framework that simultaneously
prioritizes emissions and combustion indicators and quantifies the relative importance of NO,, HC, CO, BTE and
combustion metrics in the compromise solution. This provides a more explicit, data-driven, sustainability-oriented
optimization than in earlier hydrogen-biodiesel studies, where parameter tuning was typically single-objective or based
solely on RSM or ANN approaches.

4. Conclusions

This study presented a new hybrid Entropy-VIKOR-Taguchi model to optimize the performance, combustion, and
emission parameters of a diesel engine operating on a cottonseed biodiesel (B20)-hydrogen dual-fuel blend. It advances
dual-fuel diesel optimization by introducing a single, reproducible decision protocol that converts a multi-response
sustainability problem into an objective compromise solution. The key contribution is the coupling of entropy-derived
response weights with VIKOR compromise ranking inside a Taguchi design, which removes subjective prioritization of
emissions versus performance and yields a defendable “best trade-off” operating point rather than a collection of
disconnected optima. Some of the key conclusions that can be drawn are:

(i) The dual-fuel strategy (B20 + H») achieved a Brake Thermal Efficiency (BTE) of up to 33.52% and a minimum
Brake Specific Fuel Consumption (BSFC) of 0.213 kg/kWh, representing a notable efficiency improvement over
baseline diesel operation.

(il) Hydrogen enrichment promoted faster combustion and higher in-cylinder pressures, with peak pressure reaching
85 bar and a maximum Heat Release Rate (HRR) of 86 J/deg, thereby enhancing power output.

(iii) Emission analysis revealed a minimum HC of 65 ppm and a CO level of 0.016%, both significantly lower than
those of conventional diesel, confirming superior oxidation and atomization at optimized injection pressures.

(iv) However, NOx emissions peaked at 1380 ppm under high hydrogen flow, highlighting the classic trade-off
between efficiency and emissions and the importance of precise parameter optimization.

(v) Entropy weighting ranked NOy as the most sensitive parameter (weight = 0.1638), underscoring its dominant
role in sustainability-oriented optimization.

(vi) VIKOR-ANOVA analysis confirmed injection pressure (42.5% contribution) as the most influential factor,
followed by compression ratio (28.07%) and hydrogen flow rate (15.63%).

(vii) The optimal operating condition, IP =240 bar, CR = 17.5, H, = 10 L/min, provided the best compromise solution
with the lowest VIKOR index (Q = 0.0588), balancing performance gains with emission reductions.

The optimization is based on an L9 orthogonal array at a single engine speed and 75% load, so only main effects are
well captured, and higher-order interactions or strong response curvature may not be fully resolved. Future studies should
therefore employ extended experimental designs (e.g., RSM or larger factorial/Taguchi arrays) across multiple speeds
and loads. The hybrid decision-making framework proposed has demonstrated the ability to achieve strong trade-offs
across several objectives, opening the possibility of operating diesel engines in dual-fuel mode in a sustainable manner.
This research provided a computationally efficient and reproducible protocol for experimental engine optimization by
integrating entropy-based weighting and VIKOR compromise ranking into a Taguchi design. Although the current study
confirms the framework of cottonseed bio-diesel and hydrogen blends under controlled laboratory under controlled
laboratory conditions, future studies must extend the framework to transient duty cycles, include the strategy of advanced
after-treatment to reduce the peak of NOj, evaluate the long-term durability effects on the engine hardware, and
incorporate the emerging forms of alternative fuels like e-fuels, ammonia, or bio-alcohols in the hybrid multi-fuel systems.
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