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Abstract. Biomass gasification has taken on a new significance as a decentralized and sustainable route of turning solid biomass into oxyhydrogen 
(HHO) enriched producer gas that can be employed in internal combustion engines using diesel as the pilot fuel. This dual fuel system can cut down 
on reliance on fossil diesel as well as improve the energy security of rural and semi-urban applications. This study examines the engine operation and 
emissions characteristics of the producer-gas-diesel dual-fuel engine under the main operating parameters and uses statistical optimization to reduce 
the emissions and still attain acceptable efficiency. Indeed, Prosopis juliflora wood gasification was conducted in a small, fixed-bed downdraft gasifier, 
which is only intended to be used in decentralized and experimental engines. Downdraft design was chosen because of the intrinsic effect that it 
provides low-tar PG, which must be supplied to internal combustion engines. The optimization findings reveal that the maximum brake mean effective 
pressure (BMEP) is 4.23 bar, pilot fuel injection pressure (PFIP) is 240 bar, and HHO flow rate (HHOFR) is 2.08 LPM. The predicted values of Brake 
Thermal Efficiency (BTE), Brake Specific Energy Consumption (BSEC), and carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx) 
emissions at these settings are estimated to be 20.71 %, 4.17 MJ/kWh, and 77.95, 79.47, and 335.99 ppm, respectively. The findings indicate that the 
balance between the supply of producer gas and the optimization of injection parameters can greatly enhance the sustainability and emission 
characteristics of the dual-fuel engine running on gaseous fuel that is produced from biomass. 
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1. Introduction 

Biomass has become one of the most significant renewable 
energy sources to help solve the growing energy demand of the 
world. In the present era, there is an urgent need to decrease 
the reliance on fossil fuels and the emission of greenhouse gases 
(GHGs) (V. G. Nguyen et al., 2024; Sharma et al., 2025). Owing 
to abundant availability, carbon neutrality, and suitability with 
the current energy conversion packages, biomass is a 
sustainable alternative to replace fossil fuels (Nguyen & Le, 
2023). This option becomes more attractive in the developing 
countries, where agricultural remnants, forest waste, and 
organic by-products are abundant (Phrommarat & Arromdee, 
2025; Santana et al., 2025). Among the biomass-to-energy 
routes, there has been considerable interest in thermochemical 
conversion, or biomass gasification. The biomass gasification 
process can allow low-grade solid biomass to be converted 
efficiently into a clean, combustible gaseous fuel which can be 
directly used in internal combustion engines (ICEs), in gas 
turbines, and in combined heat and power systems (Le et al., 
2024; Sharma & Bora, 2023). In biomass gasification, solid 
biomass is used to produce a producer gas, which is primarily a 
mixture of CO, H2, CH4, CO2, and N2 as a result of controlled 
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partial oxidation at high temperatures (Huynh et al., 2025; 
Prajapati & Tirkey, 2025). Although this gaseous fuel has a lower 
calorific value than conventional hydrocarbons, it has good 
ignition properties when it is combined with a high reactivity 
pilot fuel like diesel (Prajapati et al., 2024; Raj et al., 2024; Reyes 
et al., 2024). Producer gas is not only easier to clean and 
transport compared to the raw biomass, but also offers more 
stable combustion, less formation of particulate, and lower net 
carbon emission (P. Q. P. Nguyen et al., 2025). With nations in 
the process of implementing aggressive decarbonization 
policies, the use of biomass gasification technology with ICEs 
offers a stable and affordable path to decentralized renewable 
energy production, especially in rural or remote areas 
(Chermprayong et al., 2024; Monteiro et al., 2024; Prabhahar et 
al., 2024). 

Although electrification gains greater importance, diesel 
engines remain of essential importance in transportation, 
agricultural, and decentralized power systems because of their 
durability, high thermal efficiency, fuel flexibility, and capacity 
to be utilized in variable-loading situations (Hoang, 2019; Veza 
et al., 2022). Nonetheless, diesel engines are not free of severe 
environmental problems such as the release of nitrogen oxides 
(NOx), particulate matter (PM), unburnt hydrocarbons, and CO2 
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(Hoang, 2024). Newer international standards of emissions and 
the long-term sustainability of petroleum-based fuels have 
increased the demand for cleaner combustion approaches 
without jeopardizing the engine life or its stability in operation 
(Le et al., 2025; Palani et al., 2020; Zhang et al., 2023). The 
traditional diesel burning, though efficient, is limited by the 
chemistry of its fuels, high temperatures in the in-cylinder, and 
the soot-NOx trade-offs, which are hard to break without 
significant changes or post-treatment equipment (Barik & 
Murugan, 2014; Ma et al., 2026; Stettler et al., 2016). The concept 
of dual-fuel operation has become a promising technology to 
address these issues with the enablement of low-reactivity 
alternative fuels to replace much of the diesel with the stable 
ignition and consistent combustion by a small pilot injection of 
diesel (Liu et al., 2015; Shu et al., 2022; Winangun et al., 2023).  
In dual-fuel engines, the fuel gases like producer gas, biogas, 
natural gas, or hydrogen gas can be added in the intake air 
stream, with a benign amount of diesel (termed as pilot fuel) 
injected directly into the cylinder around top dead center to 
initiate the combustion (Das et al., 2022; Sharma et al., 2023; 
Singh et al., 2021). This plan saves on the total amount of diesel 
used as well as increasing the flexibility of fuel, lowering the 
carbon intensity, and lowering the amount of particulate 
emission as a result of the relatively cleaner combustion of the 
gaseous fuels. In addition, the dual-fuel systems may be 
installed in a currently existing diesel engine with very few 
hardware changes, and this makes it economically viable and 
technologically feasible to apply the technology on a large scale 
(Bora & Saha, 2016; Krop & Brito, 2023; V. N. Nguyen, Nayak, 
et al., 2023). 

Recent studies offer credible experimental support to the 
conclusion that producer gas (PG) can become the main energy 
carrier in diesel-producer-gas dual-fuel systems, and offer 
significant fuel replacement and emission offset advantages 
with reasonably manageable trade-offs in efficiency and 
combustion stability (Caligiuri et al., 2023; Raj et al., 2024). 
Indeed, Halewadimath et al. (Halewadimath et al., 2020) 
reported that hydrogen-enriched PG in a CRDI diesel engine-
operating on biodiesel pilot fuel increased brake thermal 
efficiency slightly and generated significant decreases in smoke, 
HC, and CO, but at some setups had an intermediate rise in 
NOx. Caligiuri et al. (Caligiuri et al., 2021) explored the PG 
produced through forestry and supplied to micro-CHP and 
engine operation, and found that by attentively coordinating the 
process of gasifier operation, gas cleaning, and engine control, 
the extent of diesel replaced by the gas can be high with 
significant decreases in the intensity of particulate and CO2 
emissions. In another study by Caliguiri et al. (Caligiuri et al., 
2023), they further expanded the data-driven optimization tools 
to manage the NOx-soot trade-off in practice in deploying PG-
powered micro-CHP. Percy et al. (Percy & Edwin, 2023) 
experimented on a variable-compression-ratio diesel engine 
fueled by PG and demonstrated that dual-fuel operation can 

offer significant diesel savings when compression and injection 
parameters are optimized, without a significant compromise in 
combustion stability at medium-to-high loads. These studies 
published in last five years also highlight the key role of strict 
multi-stage gas cleaning, cooling as well as engine tuning: 
various published articles have reported diesel substitution 
levels generally in the 20-60% range based on feedstock and 
load, as well as repeated reports of higher CO/HC at low loads 
and efficiency costs without optimizing injection timing and 
pilot quantity. Together, the published literature illustrates PG-
diesel dual-fuel technology as a feasible path to decentralized, 
low-carbon power when combined with aggressive gasifier 
design, extensive cleaning/cooling, and optimized 
injection/control plans to reconcile fuel savings, emissions 
reduction, and engine performance. However, the use of PG has 
several challenges, such as low flame speed, high cyclic 
variability, and low lean-burn stability, which all contribute to 
reduced efficiency and incomplete-combustion emissions 
(Chanphavong & Zainal, 2019; Nayak et al., 2021). The addition 
of hydrogen (H2) or oxy-hydrogen (HHO) to PG-fueled engines 
has been found to overcome these challenges to a certain 
extent. The high calorific value of H2 and HHO could improves 
the reactivity of the mixtures, ignition stability, and offsets low-
calorific PG to cleaner and more efficient operation  (Bui et al., 
2025; Khandal et al., 2022). As such, HHO-enriched PG-diesel 
dual-fuel engines represent the best of both worlds and the PG 
biomass environmental benefits, and the reliability of diesel 
engines. The interaction of PG properties and influencing 
engine parameters like injection pressure, quantity of pilot fuel, 
and load conditions is very crucial to combustion phasing, 
ignition delay, flame propagation, and overall performance. 
Consequently, fuel injection and operating strategy optimization 
are necessary to improve performance and reduce emissions 
during dual-fuel operation. The use of multi-objective 
optimization methods offers a very strong framework of 
systematic assessment of these interacting variables and a 
determination of the most efficient trade-offs between 
performance, fuel economy, and environmental impact. The 
paper presents research on the creation of an optimized strategy 
of a diesel engine that performs in the dual-fuel mode with the 
help of PG. 

2. Materials and Methods  

2.1 Producer gas feedstock 

In this investigation, Prosopis juliflora wood has been used 
as the main biomass feedstock in the generation of PG. This 
variety of wood is relatively easy to get in semi-arid and rural 
areas, the calorific value is relatively high, and it has low sulphur 
and moderate ash content, which makes it very appropriate for 
small-scale gasification plants. The homogeneous structure and 
composition provide stable thermal decomposition and PG 

Table 1 
Main properties of the test fuel   

Property Prosopis juliflora wood (biomass) Diesel fuel (liquid) 
State Solid wood chips/pieces Liquid hydrocarbon 
Moisture content (wt%) 12 to 16 (as received) - 
Volatile matter (wt%, db) 74 - 
Fixed carbon (wt%, db) 14.5 – 
Ash content (wt%, db) 2.5 <0.01 
Higher heating value 18400 MJ/kg 42400 MJ/kg 
Bulk density 289 kg/m³ 844 kg/m³ 
Carbon (wt%, db) 47 - 
Hydrogen (wt%, db) 5.4 - 
Oxygen (wt%, db) 43.5 - 
Sulfur (wt%) <0.05 - 
Typical use in this study Gasifier feedstock for producer gas Pilot fuel in dual-dual-fuel CI engine 
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quality even under continuous operation (Ghodke & Mandapati, 
2019; Huynh et al., 2025). The wood was milled to attain a 
uniform particle size of about 25 to 35 mm before being dried. 
It was ensured that the wood had moisture levels up to 12% 
before entering the gasification unit. The low moisture level is 
important to avoid the occurrence of gasifier channeling, back-
firing, and tar excess. The use of Prosopis juliflora wood as the 
feedstock, therefore, adds directly to cleaner combustion, better 
PG calorific value, and consistency of the operation of the dual-
fuel diesel engine (Bandara et al., 2022; Oduor & Githiomi, 
2013). The main properties of fuel tested in this study are listed 
in Table 1.  

2.2. Biomass gasification in a downdraft gasifier 

Biomass gasification occurs in a gasifier where the feedstock 
is exposed to intense heat, resulting in the chemical 
transformation of the feedstock to gaseous fuels (Tulu et al., 
2022). Prosopis juliflora wood gasification was conducted in a 
small, fixed-bed downdraft gasifier, which is only intended to be 
used in decentralized and experimental engines. Downdraft 
design was chosen because of the intrinsic effect that it provides 
low-tar PG, which must be supplied to internal combustion 
engines (Huang et al., 2019). Biomass is transported to the 
bottom of such a system by a series of reaction zones: drying, 
pyrolysis, oxidation, and reduction, which are caused by gravity 
and the controlled flow of air (Patra & Sheth, 2015; Susastriawan 
et al., 2017). As the feedstock falls, it is first dried, and then it is 
pyrolyzed, where moisture is removed, and volatile matter is set 
free. High-temperature partial combustion is facilitated by 
adding air towards the oxidation area, and this supplies the 
thermal energy needed in the subsequent endothermic 
gasification reactions (Havilah et al., 2022). The char bed in the 
reduction zone below enables the important reactions to occur; 
these include the Boudouard reaction (C + CO2 = 2CO) (Dai et 
al., 2021; Lahijani et al., 2015), water-gas reaction (C + H2O = 
CO + H2) (Chen & Chen, 2020; Smith R J et al., 2010), and 
methane formation. The effect is the production of a PG that is 
mainly made up of CO, H2, and a small amount of traces of CH4 
and other dilution gases such as CO2 and N2. Since the gas must 
move through the layer of hot char before leaving the reactor, 
the downdraft design reduces tar content over updraft designs. 
In dual-fuel diesel engines, much tar would result in large intake 
manifolds, injector deposits, and unstable combustion, showing 
that the small downdraft gasifier is appropriate. 

2.3 Gas cleaning and cooling 

Raw PG produced in the gasifier has particulate matter, fine 
char, ash, condensable tar vapors, and moisture, which should 
be eliminated in order to achieve smooth and reliable engine 
operation. To ensure this, a gas cleaning and cooling system in 
several stages was adopted. The gas is initially subjected to a 
cyclone separator- the inertial forces separate coarse particulate 
matter and char dust (Asadullah, 2014; Thomson et al., 2020). It 
is then pressure-to-wet scrubbed or washed in a water-based 
cleaning device, which serves to condense tar vapors and trap 
fine particles suspended in the gas stream. After primary 
cleaning, the gas is passed through a gas cooler or heat 
exchanger to cool the gas to a reasonable temperature so as to 
permit it into the engine. Cooling is also known to enhance the 
density and combustion properties of the gas and to condense 
any tar droplet that is left behind (Freda et al., 2024; Sutar et al., 
2023). In order to provide the diesel engine with clean, 
consistent, high-quality PG, the gas undergoes a last fine-
filtration stage utilizing a sawdust filter, cloth filter, or activated 
carbon bed to eliminate any leftover contaminants. The engine's 
valves, piston rings, and injection system are secured by this 
cleaning and cooling process, which also prevents malfunctions 
like misfiring or knocking and ensures steady dual-fuel 
combustion throughout test activities (Das et al., 2020; Raman et 
al., 2013). 

2.4 Test engine   

The power-generation unit uses a single-cylinder, four-
stroke, variable compression ratio diesel engine, with the two-
fuel option, with a maximum brake power of approximately 3.75 
kW at 1500 + 50 rpm. By changing the cylinder head setting, 
the engine compression ratio can be set to 12 or 22. Intake is 
pre-mixed with PG in a T-junction manifold, and the rate of gas 
and air flow is measured using single flow meters. Pilot fuel is 
supplied by an auxiliary diesel tank, injected at a conventional 
diesel injector at an injection pressure of 200 bar. The power is 
absorbed by an eddy-current dynamometer connected to the 
crankshaft. The engine load can be varied and measured 
between zero and the rated load of 3.75 kW using a manually 
loaded strain-gauge-based electrical loading unit with voltage 
and current indicators. The rotational speed of the engine is 
monitored using a digital laser tachometer. Gaseous emissions 
at the exhaust are measured with the AVL Digas 444 analyzer, 
which can measure concentrations of CO, HC, and NOx. Diesel 

 
Fig. 1 Engine test setup 
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consumption, rate of PG flow, rate of intake air flow, electrical 
power output, and rate of exhaust emission are recorded on the 
engine side during experiments. HHO gas was generated using 
a 31-plate water electrolyzer. The process requires a battery 
power source of 12 VDC and 60 Ah for electricity flow, 
monitored by an ammeter and voltammeter. A flow meter 
measures the HHO gas volume flow rate, and a bubbler 
prevents backfire, assisted by a non-return valve. Safety 
measures include a flashback arrestor for explosion prevention 
and a relay connection for automatic switching of the 
electrolyzer. The system features a resettable circuit breaker for 
current protection. Fig. 1 depicts the test engine setup. The 
main specifications of the downdraft gasifier and engine test 
setup are given in Table 2. 

 
2.5 Response surface methodology  

Response Surface Methodology (RSM) is an effective 
statistical and mathematical model that can be applied in the 
modeling, analysis, and optimization of processes where one or 
more input variables affect one or more performance responses. 
It is specifically useful in the field of engineering and combustion 
studies, where there are intricate interactions among 
parameters like injection timing, pilot fuel quantity, gas flow 
rate, and engine load (Hadiyanto et al., 2022; Hoang, Bora, et al., 
2025). RSM works by fitting a second-order polynomial model 
between the input factors and the response, and hence both 
linear and nonlinear effects and interactions of the factors are 
taken into account (Hadiyat et al., 2022; Sarabia & Ortiz, 2009). 
The Box-Behnken Design (BBD) is one of the several 
experimental designs employed in the RSM, which is very 
efficient and is suitable for engine research. BBD uses less 
experimentation compared to full factorial design or central 
composite design, does not include any treatment combination 
where the factors are on the extremes at all times, and the 
quadratic model is high-quality (Gunst et al., 1996; Nazarpour et 
al., 2022). This is optimal when extreme operating conditions 
can be unsafe or inconvenient, in the case of a study that focuses 
on optimization of fuel injection or dual-fuel combustion 
behavior. After the collection of experimental data, the RSM 
constructed models are compared with the analysis of variance 
(ANOVA) to identify the statistical significance, interaction, and 
suitability of the fitted surfaces (Pereira et al., 2021; Rejeb et al., 
2020). To determine the optimal operating point, desirability-
based optimization is used, in which all responses (i.e., brake 
thermal efficiency, NOx emissions, HC, CO, or combustion 

stability) are converted into desirability functions with values 
between 0 to 1 (Harrington, 1965; Hoang, Chen, et al., 2025). 
These individual values of desirability are added together to 
make an overall value of desirability index, indicating the extent 
to which all optimization objectives are met at the same time. 
RSM can find the optimum set of engine operating parameters 
by maximizing this composite desirability to find the best 
possible trade-off between performance and emissions. 
Therefore, RSM, Box-Behnken design, together with 
desirability-based optimization, provides an organized and 
effective method of optimizing a multi-response engine 
(Ferreira et al., 2007; V. N. Nguyen, Sharma, et al., 2023; Sarker 
et al., 2023). 

3. Results and discussion  

3.1 Engine performance model  

The BTE model was developed using RSM RSM-based Box-
Behnken model using experimental data. The interactive effect 
of BMEP, PFIP, and HHO gas flow rate (HHOFR) on the BTE of 
the dual-fuel engine is shown in Fig. 2. Fig. 2a illustrates the 
BMEP vs. PFIP contour map. It can be observed that BTE 
increases gradually with the two parameters (BMEP and PFIP). 
At a lower BMEP of approximately 1.5 bar and a PFIP of 200 
bar, BTE is less than 8% as indicated by the blue to green area. 
BTE increases up to 28% as the BMEP is near 5.6 bar and the 
PFIP is near 240 bar, as indicated by the yellow-orange 
contours. The positive tendency can be explained by the fact 
that the increase in BMEP increases in-cylinder pressure and 
temperature, which in turn improves the combustion of PG-air 
mixtures, and PFIP facilitates the optimization of the 
atomization and mixing of the pilot diesel (Sharma et al., 2022). 
Fig. 2b confirms this behavior by the corresponding 3D 
response surface. The inclined plane shows that BTE increases 
gradually between 8% at the low-BMEP/low-PFIP end to 
approximately 28% at the high PFIP and higher BMEP. The 
gradient establishes that there is a very high level of linear-
quadratic interaction between the PFIP and BMEP, which 
indicates that combustion efficiency is very sensitive to the 
nature of diesel injection during the dual-fuel mode 
(Halewadimath et al., 2023). 

The contour map of BMEP vs. HHOFR is depicted in Fig. 
3c, where BTE increases with an increase in BMEP; also 
increase in HHOFR helps in BTE improvement.  BTE at HHOFR 
of  1 LPM is of the order of 8-10 percent at mid-range BMEP 

Table 2  
Test engine specifications 

Parameter Specifications 

Engine configuration Single-cylinder unit 
Working cycle Four-stroke operation 
Stroke 110 mm piston travel 
Cylinder bore 87.5 mm diameter 
Cooling arrangement Liquid (water) cooling system 
Rated brake power Approximately 3.5 kW 
Variable compression ratio range Adjustable from 12:1 up to 18:1 
Dynamometer AG-10, water-cooled eddy-current dynamometer with separate loading module 
Calorimeter type Coaxial pipe-in-pipe calorimeter 
Fuel injector Electrically actuated solenoid injector 
Crank angle encoder 1° crank resolution, up to 5500 rpm, including TDC reference pulse 
In-a cylinder pressure sensor Piezoelectric transducer with 0–350 bar measurement capability 
Temperature measurement RTD PT100 plus K-type thermocouples 
Load cell Strain-gauge sensor, 0–50 kg range 
Data acquisition software “Enginesoft” engine test software 
Fuel flow measuring device DP transmitter, 0–500 mm water column 
Cooling water rotameter Engine jacket flow range: 40–400 LPH 
Cooling water pump Kirloskar monoblock centrifugal pump 
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(approximately 3.5 bar). HHO flow of 3 lpm to 20-25 BTE is 
enhanced with higher BMEP. This is not surprising since the 
addition of HHO will accelerate the speed of flames and reduce 
the time to ignition to allow PG to burn further. As demonstrated 
in Fig. 3d, the use of increased BMEP and increased HHOFR 
clearly indicates that BTE is headed to its maximum level 
(~30%). The dual-fuel combustion process is reinforced by the 
greater reactivity of the combustion reaction that is afforded by 
HHO, and the greater the load-dependent thermal efficiency 
(Dabi & Saha, 2015; Ramadhas et al., 2008). 

Table 3 lists the results of ANOVA of BTE and BSEC, which 
show the statistical significance of the response surface models 
developed. In both cases, the Model p-value of under 0.0001 
confirms that both quadratic models are significant and can be 
used to explain engine behavior in the course of dual-fuel 
operation. BMEP (Factor A) has the most significant effect on 
BTE and BSEC, with the F-values of 7127.93 and 8372.28, 
respectively. This implies that combustion efficiency and energy 
use in dual-fuel mode are mostly caused by the variation in load. 
PFIP (Factor B) is also a significant factor influencing both 
responses (p < 0.0001 BTE; p = 0.0003 BSEC), indicating that 
diesel injection pressure is a crucial factor in stabilizing the 
ignition and permitting successful combustion of PG. HHOFR 
(Factor C) has a smaller but statistically significant effect on BTE 
(F = 21.31; p = 0.0024) and BSEC (F = 6.51; p = 0.038), which 
means that the enrichment with hydrogen plays an important 
role in enhancing the flame propagation and thermal efficiency. 
The effects of interaction show that AB (BMEP x PFIP) does not 

affect BTE but notable effects on BSEC (p = 0.0054), which 
implies that the joint effect of the load and injection pressure has 
stronger effects on the energy consumption than on thermal 
efficiency. The interaction terms (AC and BC) are statistically 
non-significant for both responses, which means that there is not 
much synergy. Significant quadratic effects A2, B2, and C2 
illustrate the nonlinearity of the system, with the dominant A2 
curvature effect with F-values of 79.89 (BTE) and 1477.22 
(BSEC).  

The combined effects of BMEP, PFIP, and HHOFR in 
relation to Brake Specific Energy Consumption (BSEC) in the 
dual-fuel mode of operation are shown in Fig. 3. The contour 
map of BMEP vs. PFIP depicted in Fig. 3a indicates a distinct 
negative inclination in the BSEC with the increase in both the 
parameters. The greatest value of BSEC is at low BMEP (1.5 bar) 
and PFIP (200 bar), with the red-yellow region showing values 
of nearly 20 to 22 MJ/kWh. BSEC reduces drastically to about 
4-6 MJ/kWh as the BMEP hits 5.6 bar and the PFIP gets close 
to 240 bar, as indicated by the green-blue contours. This is 
reduced since an increase in BMEP leads to increased efficiency 
in the working of the load and the relative percentage of pilot 
fuel needed to maintain steady combustion (Sunil Kumar et al., 
2024). Equally, increased PFIP increases atomization, thus 
better burning of PG, and decreases total energy input per unit 
work output. This strong downward trend is supported by the 
3D response surface in Fig. 3b. The surface is steep with a high 
BSEC in low-PFIP conditions, with low-load/low-PFIP 
conditions having a very high BSEC and much lower values 

 

 
(a) 

 
(b) 

 
(c)                                                                       

 
(d) 

Fig. 2 Response surface plots for the BTE model: (a) contour plot of PFIP vs. BMEP, (b) 3D surface plot of PFIP vs. BMEP, (c) contour plot 
of HHOFR vs. BMEP, and (d) 3D surface plot of HHOFR vs. BMEP 
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when the BMEP and PFIP are high. It proves that the most 
powerful factor influencing BSEC is load, and PFIP provides the 
second, but no less significant, enhancement. The contour 
diagram BMEP Vs HHoFR of Fig. 3c also shows the same trend. 
BSEC is reduced to about 20 MJ / kWh at lower levels of BMEP 
(at lower levels of HHO supply of 1 LPM) to a minimum of 5-7 
MJ / kWh at higher levels of BMEP, commonly at levels of 3 
LPM HHOFR. HHO improves the efficiency of the combustion 
since the flame velocity is increased and the ignition delay is 
reduced, and hence consumes less energy to generate the same 
brake power. Fig. 4d illustrates a 3D surface, which is a clear 
indication of the combined effect of increasing BMEP and 
increasing HHOFR, where BSEC is steadily declining to its 
minimum value. This establishes that engine load as well as 

HHO enrichment have a drastic improvement on fuel utilization 
efficiency during the dual-fuel mode (Subramanian & 
Thangavel, 2020). 

3.2 Engine emission model  

Fig. 4 represents the behaviour of carbon monoxide (CO) 
emission as affected by the rate of BMEP, PFIP, and HHOFR. In 
the case of CO emissions, BMEP presents a significant effect 
with an F-value of approximately 225, and the quadratic effect 
of BMEP is even stronger, as seen by the high F-value of 
approximately 2556. PFIP also has a significant contribution 
with an F-value of 22, whereas HHOFR is not very strong, as 
given in Table 4. Terms of interaction, like combining BMEP 

Table 3  
ANOVA outcomes for BTE and BSEC 

 BTE BSEC  

Source Mean Square F-value p-value Mean Square F-value p-value Remark 

Model 56.22 822.32 < 0.0001 73.61 1093.47 < 0.0001 Significant 
A - BMEP 487.34 7127.93 < 0.0001 563.64 8372.28 < 0.0001   
B - PFIP 8.54 124.86 < 0.0001 2.98 44.2 0.0003   
C - HHOFR 1.46 21.31 0.0024 0.4381 6.51 0.038   
AB 0.0119 0.1734 0.6896 1.06 15.78 0.0054   
AC 0.0885 1.29 0.2926 0.0242 0.3596 0.5676   
BC 0.0036 0.0527 0.8251 0.0756 1.12 0.3244   
A² 5.46 79.89 < 0.0001 99.45 1477.22 < 0.0001   
B² 1.1 16.05 0.0051 0.2247 3.34 0.1105   
C² 0.4325 6.33 0.0401 0.7374 10.95 0.0129   
Residual 0.0684 — — 0.0673 — —   

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3 Response surface plots for the BSEC model: (a) contour plot of PFIP vs. BMEP, (b) 3D surface plot of PFIP vs. BMEP, (c) contour plot of 
HHOR vs. BMEP, and (d) 3D surface plot of HHOR vs. BMEP 
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and PFIP and combining BMEP and HHOFR, also exhibit some 
recognizable effect on CO behaviour. The contour chart (Fig. 4a, 
BMEP vs. PFIP) indicates that the CO emissions are maximum 
at the low level of BMEP (around 1.5 bar) and low PFIP (200 
bar) with the level of 150ppm and above, as shown in the yellow-
green area. With a continued rise in BMEP to 5.6 bar, CO 
decreases considerably, with the level of CO approaching 50-60 
ppm even at moderate PFIP levels (220-230 bar). This 
decreasing trend is possible as the increased engine load 
increases the temperature of combustion and the quality of PG 
oxidation, which results in less unfinished products of 
combustion, CO. Increasing PFIP also helps in the reduction of 
CO through the enhancement of the diesel spray atomization, 
the enhancement of pilot ignition, and piloting the dual-fuel 
flame (Jain et al., 2023). This reaction is reinforced by the 3D 

surface shown in Fig. 4b, in which the high CO concentrations 
observed at low load and low PFIP have a steep downwards 
slope increasing to much lower values at high BMEP. The 
curvature is also a pointer to nonlinear interaction, with the 
leading role being played by BMEP in reducing CO. On the 
same note, Fig. 4c (BMEP vs. HHOFR) indicates that the CO 
emissions have a similar trend whereby, at low BMEP and 1 
LPM HHO, the emissions are close to 150 ppm, whereas at high 
BMEP and 3 LPM HHO, the emissions are 50-70 ppm. The 
inclusion of HHO enhances a quicker flame travel and increases 
oxidation chemistry because of the availability of hydrogen and 
oxygen, and allows the PG blend to be fully burned. Fig. 5d 
indicates that the response surface in 3D is curved, which once 
again indicates that an increase in BMEP and an increase in 
HHOFR have a synergistic effect in decreasing CO emissions. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4 Response surface plots for the CO emission model: (a) contour plot of PFIP vs. BMEP, (b) 3D surface plot of PFIP vs. BMEP, (c) contour 
plot of HHOR vs. BMEP, and (d) 3D surface plot of HHOR vs. BMEP 

 

 

 

Table 4  
ANOVA outcomes for CO, HC, and NOx 

 CO HC NOx  

Source 
Mean 

Square 
F-value p-value 

Mean 
Square 

F-value p-value 
Mean 

Square 
F-value p-value Remark 

Model 1258.12 329.13 < 0.0001 2719.29 113.33 < 0.0001 9755.58 120.51 < 0.0001 Significant 
A - BMEP 861.13 225.27 < 0.0001 1326.12 55.27 0.0001 81810.13 1010.56 < 0.0001  

B - PFIP 84.82 22.19 0.0022 247.43 10.31 0.0148 2436.28 30.09 0.0009  

C - HHOFR 7.14 1.87 0.2139 49.52 2.06 0.194 522.94 6.46 0.0386  

AB 377.53 98.76 < 0.0001 106.03 4.42 0.0736 165.95 2.05 0.1953  

AC 81.42 21.3 0.0024 3.71 0.1547 0.7058 200.06 2.47 0.1599  

BC 0 0 1 0 0 1 1 0.0124 0.9146  

A² 9770.1 2555.87 < 0.0001 22131.35 922.39 < 0.0001 1496.98 18.49 0.0036  

B² 15.6 4.08 0.0831 11.81 0.4923 0.5055 624.13 7.71 0.0274  

C² 42.44 11.1 0.0126 130.87 5.45 0.0522 298.87 3.69 0.0961  

Residual 3.82 — — 23.99 — — 80.96 — —  
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In general, the CO model proves that the benefits of 
enhancement of the load, increased injection pressure, and 
hydrogen-enriched combustion play an important role in 
reducing incomplete combustion emissions in PG-diesel dual-
fuel mode. 

Fig. 5 illustrates the behaviour of RSM analysis of HC 
emissions data influenced by the BMEP, PFIP, and HHOFR in a 
PG-diesel dual-fuel engine. In the case of HC emissions, BMEP 
comes in once again as a critical variable similar to the previous 
case of about 55 F-value. PFIP presents an average effect but 
with an F-value marginally greater than 10 (Table 4). The BMEP 
quadratic term is significant with an extremely large F-value of 
approximately 922, showing a strong curvature in the HC 
response. HHOFR and the majority of interaction effects are not 
so significant at the same time, as it proves that the HC levels 
are primarily affected by fluctuations in engine load and fuel-
injection-related factors. The contour plot of Fig. 5a (BMEP vs. 
PFIP) indicates that HC emissions are maximum at the low 
BMEP (1.5 bar) and both ends of PFIP (200 and 240 bar), and 
are close to 160-180 ppm. This is anticipated since low engine 
load creates low in-cylinder temperature as well as insufficient 
oxidation of PG, which favors unoxidized hydrocarbons. 
Moreover, both low and high PFIP limit the quality of 
atomization of fuels, impoverished penetration or excessive 
penetration of different rates, which results in inefficient air-fuel 
mixing and combustion envelop (Baruah et al., 2021; Bui et al., 
2021). With further rise of BMEP to 5.6 bar, HC emissions 
drastically decrease to 60-70 ppm irrespective of PFIP, which is 
a steep-temperature-dependent decrease in unburned fuel. This 
trend is validated by the 3D response surface in Fig. 5b, where 
a concave valley exists at high BMEP, where the HC is 
minimized. This means that BMEP is the leading determinant 
that plays a role in the oxidation of the HC as a result of 

enhanced turbulence and the enhanced mixing in the loads. On 
the same note, Fig. 5c (BMEP vs. HHOFR) demonstrates that 
the HC emissions decrease greatly at greater BMEP and 
intermediate-to-high HHO flow rates. The level of HC decreases 
to 170 ppm at low BMEP and low HHOFR (1 LPM) to 60 ppm 
at high BMEP and 3 LPM HHO as a result of the well-known 
property of hydrogen to increase the speed of flame 
propagation, reduction of ignition delay, and maximization of 
the completeness of combustion of PG. A strong downward 
curvature is also present in the 3D surface in Fig. 5d, with the 
lowest HC emissions occurring at the combined condition of 
high BMEP and high HHOFR. In general, the results show that 
load-induced temperature increase controls the HC emissions 
positively with the help of optimized pilot injection pressure and 
hydrogen-assisted combustion that collaboratively minimize the 
unburnt hydrocarbon formation during dual-fuel work. 

The effects of the interaction of BMEP, PFIP, and HHOFR 
on the NOx emissions in a PG-diesel dual-fuel engine are shown 
in Fig. 6. The results indicate that high-temperature reaction 
pathways are determined by thermochemical conditions. The 
plot of BMEP versus PFIP in Fig. 6a shows that the emissions of 
NOx are in a constant manner, as the emissions increase with 
an increase in BMEP, but the rate of increase is not constant, 
being low at low BMEP (around 1.5 bar) and high at high BMEP 
(5.6 bar). This behaviour is typical of the Zeldovich thermal-NOx 
mechanism, in which increased loads increase peak combustion 
temperature and residence time, which increases the extent of 
nitrogen oxidation. PFIP also helps in the production of NOx, 
because an increase in PFIP of 200 to 240 bar enhances better 
atomization and mixing of pilot diesel and produces a hotter and 
more uniform flame, and thus better thermal production of NOx. 
These tendencies are confirmed by the 3D response surface in 
Fig. 6b. NOx is formed in an ascending plane with growing 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5 Response surface plots for the HC emission model: (a) contour plot of PFIP vs. BMEP, (b) 3D surface plot of PFIP vs. BMEP, (c) 
contour plot of HHOR vs. BMEP, and (d) 3D surface plot of HHOR vs. BMEP 
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BMEP and PFIP, with the optimum NOx levels being at the 
combined state of high BMEP and high PFIP, when the better 
combustion efficiency is accompanied by higher flame 
temperatures. On the same note, Fig. 6c (BMEP vs. HHOFR 
contour) indicates that the emissions of NOx are heavily load-
sensitive and sharply rise with the increase in BMEP. HHOFR 
also has an effect: once the rate of HHO flow has increased to 
1, 3 LPM, the level of NOx emissions also increases because the 
flame speed and adiabatic flame temperature of hydrogen are 
extremely high, producing a greatly increased effect on the rate 
of the combustion process of the PG-air mixture. The gradient 
of the HHOFR axis is, however, lower than the BMEP axis, 
which means that BMEP is the most important factor of NOx 
behaviour. The 3D surface in Fig. 6d adds to the evidence of the 
obvious monotonic increase in NOx with rising BMEP and 
HHOFR. Peak NOx zone is the combined effect of high load and 
high hydrogen enrichment that provides favourable conditions 
in the formation of thermal NOx because of quick oxidation and 
high in-cylinder temperature profiles. In the case of NOx 
emission, BMEP has the strongest contribution of 0.1011, 
indicating how much engine load and combustion temperature 
are strongly correlated, as decided in Table 4. PFIP also has a 
significant effect on NOx formation (F-value = 30.09), though 
HHOFR has a smaller but significant effect (F-value = 6.46). 
Quadric contributions of BMEP and PFIP also suggest nonlinear 
changes in NOx formation. The fact that low residual values are 
obtained in all models confirms that the predictions of the 
emission are consistent and accurate. On the whole, Fig. 7 
shows that, in PG-diesel dual-fuel mode, the temperature-
dependent Zeldovich mechanism regulates the emission of 
NOx, in which high BMEP, optimal diesel injection pressure, 
and hydrogen-enhanced combustion, all increase the flame 
temperature and enhance the formation of NOx. 

3.3 Desirability-based optimization 

As Fig. 7 and Table 5 clearly illustrate, the chosen settings 
of A (BMEP), B (PFIP), and C (HHOFR) offer a well-optimized 
increase in performance and emissions. The three are all at the 
desirability level of one, which confirms that the optimal levels 
exist as BMEP at 4.23 bar, PFIP at 240 bar, and HHOFR at 2.08 
lpm, and fall perfectly inside the most favourable range that the 

 
(a) 

 
(b) 

 
(c) 
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Fig. 6 Response surface plots for the NOx emission model: (a) contour plot of PFIP vs. BMEP, (b) 3D surface plot of PFIP vs. BMEP, (c) 
contour plot of HHOR vs. BMEP, and (d) 3D surface plot of HHOR vs. BMEP 

 

 
Fig. 7. Desirability bar plot 
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model would recommend. The projected reactions under these 
levels support the quality of this optimum. BTE has been 
forecasted to have 20.71 % with a small SD of 0.26, which is why 
its desirability of 0.64 is moderate. The enhancement in BTE is 
not so sharp; however, the low uncertainty implies the stable 
behaviour at the chosen BMEP. On the contrary, BSEC is 
significantly improved with a predicted value of 4.17 MJ/kWh 
and SD of 0.26, which is close to its extremely large desirability 
of 0.95. This establishes the high BMEP and PFIP effectiveness 
in lowering the unit output of energy. On the emissions side, the 
CO and HC are significantly improved. CO is estimated at 77.95 
ppm and SE at 1.22, which is similar to its high desirability at 
0.95. The prediction of HC is 79.47 ppm, with a desirability of 
0.92, which implies that HC burns clean at the optimal HHOFR. 
These findings demonstrate that the selected environments 
succeed in inhibiting the incomplete-combustion products. In 
the meantime, NOx, with a predicted value of 335.99 ppm and 
standard deviation of 9.00, also implies a lower desirability of 
0.38, the classic trade-off between low CO and HC, and a 
slightly higher level of thermal-NOx formation. All in all, the 
associated desirability of 0.70 represents an effective and viable 
trade-off considering the significant compromises in BSEC, CO, 
and HC, with a viable trade-off in the levels of BTE and 
regulated NOx under the optimality of the operating conditions. 

 

4. Conclusion 

The biomass gasification is an important technology that 
allows the decentralized production of clean energy and 
especially in areas where agricultural residues are abundantly 
available. The resultant PG is a renewable alternative to the 
operation of internal combustion engines, and a small amount 
of diesel is still good as the pilot fuel needed to get the engine 
going. This twin fuel approach increases the flexibility of fuel, 
reduces the use of diesel, and has environmental effects. The 
current study proves that the optimal choice of operating 
parameters can contribute greatly to the performance-emission 
trade-off of producer-gas-diesel engines. BMEP, PFIP, and 
HHOFR were identified as 4.23 bar, 240 bar, and 2.08 lpm, 
respectively, as the most optimum operating window, based on 
the statistical optimization approach. The system under such 
optimized conditions completes predicted BTE and BSEC of 
20.71 % and 4.17 MJ/kWh with relatively low emissions, with 
CO of 77.95 ppm, HC of 79.47 ppm, and NOx of 335.99 ppm. 
These findings underscore the importance of a proper 
regulation of the rate of gas flow and the nature of injection in 
order to achieve the highest level of combustion stability and 
the least amount of pollutants. Comprehensively, the research 
supports the potential of PG and the ideal operation of dual-fuel 
engines as a viable and long-lasting solution for shifting the 
energy system towards cleaner energy based on biomass 
resources. 
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