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Abstract

This study conducts a simulation analysis of the performance and emission characteristics of a biogas-fueled engine
using the thermodynamic simulation tool AVL Boost. The original diesel engine model was modified by lowering the
compression ratio and enhancing mixture formation to enable operation with biogas. Key engine parameters such as
airflow mass, brake torque and power, fuel consumption, emission outputs, and in-cylinder parameters were evaluated.
The simulation results indicate that, under biogas operation, NOx emissions decrease significantly, while CO emissions
rise compared to diesel-fueled operation. Although the engine’s brake power shows a decline when fueled by biogas,
fuel efficiency demonstrates an improvement trend. Additionally, the impact of ignition timing and charge temperature
on engine behavior was examined. Findings suggest that the optimal ignition timing for biogas engines should be set
between 11° and 19° crank angle before top dead center. The intake charge temperature affects the combustion process
and the engine's output power. Ideally, the intake air temperature should be maintained below 50°C to ensure optimal
engine performance and technical reliability.
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1. Introduction

Numerous studies have confirmed that curbing air pollution from road vehicles remains a major concern for developing
countries. As a result, researchers have shifted their attention toward finding alternatives to traditional fossil fuels. In
Vietnam, both modern and older vehicles have been experimented with using alternative fuels. Various options like
biodiesel [1], liquefied petroleum gas (LPG) [2], natural gas (NG) [3], and biogas [4] have seen notable development
through extensive research efforts.

Natural gas, primarily composed of methane (CH4), is among the potential candidates for replacing conventional fuels
in internal combustion engines. Utilizing gaseous fuels can contribute to lowering emissions of NOy, particulate matter,
and greenhouse gases from diesel engines [5]. Thanks to CH4's higher hydrogen-to-carbon ratio compared to gasoline
[6], emissions of carbon monoxide (CO) and carbon dioxide (CO2) can also be reduced. Additionally, biogas fosters more
homogeneous air-fuel mixtures, promoting better combustion and subsequently lowering hydrocarbon (HC) emissions.
Gas engines, particularly during cold starts, emit fewer hydrocarbons than petrol engines because there is less
absorption and desorption of fuel by the lubricating oil and cylinder walls [7].
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Biogas presents two main utilization pathways: it can either be used directly in spark-ignition (S.I.) engines or serve as
a supplementary fuel in diesel engines under dual-fuel configurations. Nevertheless, its slow combustion speed and high
RON (Research Octane Number) can prolong combustion duration and slightly diminish thermal efficiency [8].
Researchers have observed that petrol engines converted to operate on NG often suffer from performance drawbacks
despite improved emissions quality. Adding NG decreases the mass of intake air, reducing overall engine output. Yontar
and Dogu (2018) reported a 10% decrease in volumetric efficiency when pure CH4 was used in dual-fuel NG-gasoline
S.I. engines [9]. Furthermore, mixing CH4 with external gasoline, even with optimized ignition timing (IT), led to a 16%
drop in brake mean effective pressure (BMEP) [10]. Biogas, due to its relatively low heating value of approximately
23,400 k]/m?3 [9], further contributes to reduced engine performance. Surata et al. (2014) [11] explored the use of biogas
in a generator powered by an S.I. engine, revealing that although no extensive modifications to the engine itself were
necessary, the carburetor had to be replaced with a specialized mixer. When using a mixer to operate with gaseous fuels,
the engine’s effective power decreased in comparison to the original engine configuration. Another study highlighted
that optimizing an S.I. engine for biogas required increasing the compression ratio from 8.5:1 to 9:1 to achieve
acceptable performance levels [12].

In dual-fuel operation, where biogas complements diesel fuel, Barik and Murugan [13] demonstrated improvements in
engine efficiency and a decrease in diesel consumption. To maximize performance, it was necessary to advance the
diesel injection timing from 23° to 26° before top dead center (TDC). However, this mode of operation also led to
increases in HC and CO emissions by 2% and 10%, respectively, relative to standard diesel usage. On the other hand,
smoke emissions dropped by around 39%, and nitrogen oxide (NOx) emissions decreased by 16%. Despite these
emission benefits, the brake-specific fuel consumption (BSFC) rose by approximately 25% under full-load conditions
compared to diesel-only operation. For diesel engines to operate exclusively on biogas, conversion to a S.I. system is
required. According to findings from Omnitek [14], turbocharged diesel engines can be adapted for pure biogas
operation by implementing several modifications, such as replacing the diesel injection system with a S.I. system,
reducing the compression ratio, adjusting the boost pressure, and integrating an appropriate air-fuel mixing system.

In Vietnam, incorporating gaseous fuel into the transportation sector presents a viable strategy for reducing reliance on
fossil fuels and lowering emissions, thereby supporting the nation’s sustainability objectives. Nevertheless, research on
converted engines operating exclusively on gas fuel or biogas remains relatively scarce. Some studies have investigated
biogas engines [15], but further research is necessary to expand biogas application in the automotive field. As discussed
earlier, several technical challenges must be addressed when using pure gas fuel, including compression ratio reduction,
ignition timing adjustments, intake air temperature control, and the use of appropriate fuel additives [16]. In this
context, the research team employs simulation techniques to optimize operating parameters and propose viable
solutions for adapting converted engines to run fully on biogas.

This study focuses on overcoming the barriers associated with biogas fueled by evaluating technical performance and
emission behavior in a converted engine. Originally equipped with a port fuel injection system, the vehicle was modified
for ethanol compatibility. Furthermore, AVL-Boost simulation software was applied to investigate critical combustion
parameters such as in-cylinder pressure, providing a deeper understanding of biogas combustion characteristics and
engine performance.

2. Material and methodology

2.1. Study procedure

The research procedure follows several stages, as shown in Figure 1. Initially, the simulation model is constructed using
technical specifications and actual engine structural data. Following this, the model’s accuracy is validated by comparing
selected simulation outcomes with corresponding experimental results. Once the model demonstrates satisfactory
accuracy, the model was modified to operate with biogas fuel by adjusting structural parameters and the type of fuel
used. The economic and performance characteristics of the ethanol-fueled engine are subsequently evaluated based on
the established simulation scenarios.
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Figure 1 The study procedure flowchart

2.2. Basis for converting diesel engines to biogas engines

To utilize biogas as a fuel for internal combustion engines, the engine’s compression ratio typically needs to be lower
than 16:1 to prevent knocking [17]. However, for turbocharged engines, an even lower compression ratio is required
for the conversion. Methods to reduce the compression ratio include modifying the piston crown or increasing the
thickness of the cylinder head gasket. If the piston crown is precisely machined at appropriate locations, it can enhance
swirl motion within the combustion chamber, promoting better air-fuel mixture formation and improving combustion
quality. However, machining the piston crown alters the piston’s mass and its durability [18], potentially affecting the
engine’s dynamics.

Increasing the cylinder head gasket thickness offers several advantages: it minimally impacts other mechanical
structures of the engine, requires less modification work, and is cost-effective. However, the shape of the piston crown
and the combustion chamber volume at top dead center are not fully compatible with biogas fuel. Nonetheless, when
increasing the gasket thickness, it is essential to ensure proper sealing to prevent lubricating oil and coolant leakage,
which could damage the engine.

In this study, the optimal approach chosen for reducing the compression ratio is to increase the cylinder head gasket
thickness, while maintaining the original combustion chamber shape. The additional gasket thickness depends solely
on the piston stroke, as well as the original and target compression ratios. The required increase in gasket thickness is
determined according to Equation (1).

£— &

a=S.——f . (1)

T T (e Do)
Where, € and g, represent the compression ratios before and after the modification, respectively, S denotes the piston
stroke (mm), and a refers to the thickness of the spacer to be added (mm).

2.3. Simulation fuel

Table 1 presents a comparison of the fuel properties. The referenced characteristics are sourced from the literature [19,
20], while the biogas composition data were derived from practical applications.
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Table 1 Main characteristics of fuels [19, 20]

Properties Diesel Biogas

Composition CxHyO, CH4-65%, C0O2-34.2%, C0-0.26%, H2-0.10%, and traces of other
gases (measured data on test site at pig farm)

Lower heating value (LHV) | 42,5 23,6

(M]/kg)

Density (kg/m3) 825 (liquid) | 1.21 (gas)

Flame speed (m/s) 0.3 0.25

Stoichiometric air-to-fuel ratio (kg | 14.5 %~ 6.05

in air/kg in fuel)

Cetane number 55 -

RON - 130

Auto ignition temperature (k) 553 923

Flammability limit (% vol) 0.7-5 7.5-14

2.4. Simulation model development

The experimental research in this study was conducted on a widely used vehicle, with the primary engine specifications
detailed in Table 2.

Table 2 The test engine specifications

Brand and model S6D108

Engine and type Diesel, 4-stroke, inline, 6-cylinder, turbocharged
Firing order 1-5-3-6-2-4

Bore x Stroke 108 x 130 (mm)

Compression ratio 17.5

Maximum power/speed | 121 kW at 2380 rpm

Maximum torque/speed | 647 Nm at 1600 rpm

According to the results from simulation and experimental studies on the effect of compression ratio on the
performance of biogas engines [17], the optimal compression ratio for a biogas engine falls within the range of 11.5 to
12.5. In this study, the compression ratio after modification was selected to be 12.5. Therefore, based on Equation (1),
the additional thickness of the gasket required is determined as follows:

=130 x —22"2% _ —343mm . (2)

(e-1)X(g—1) (17.5-1)x(12.5-1)

£-¢&o

a=S5Xx

When direct measurement methods are not feasible or experimental setups become overly complicated for analyzing
specific parameters, simulation modeling offers a viable alternative. In this research, AVL Boost commercial software
was utilized to construct a simulation model aimed at predicting the effects of different fuels and technical modifications
on the combustion process, in-cylinder dynamics, and overall engine performance, while minimizing experimental
costs.

The developed model, depicted in Figure 2, was structured based on the engine's geometric and design parameters. The
simulation relies on the first law of thermodynamics to calculate the engine’s pressure cycle. The AVL MCC combustion
model was applied to simulate the combustion process in the diesel engine. This model is capable of predicting the heat
release rate as well as key in-cylinder parameters, including pressure, temperature, and the formation of emissions such
as NOx, CO, and soot [21]. For S.I. engines, the Fractal combustion model was employed to investigate the combustion

747




International Journal of Science and Research Archive, 2025, 15(02), 744-757

process and estimate the heat release rate, particularly for engines characterized by extended mixing times or
homogeneous mixtures. The Fractal model also allows prediction of NOx, CO, and HC emissions, in addition to
combustion parameters like ignition delay and the octane number required for the fuel [22].

+

Cco1

WG1

N

MP1

Figure 2 The developed model of the engine in AVL Boost

To compare the changes in technical performance when transitioning from diesel to biogas, two models were simulated
under full load conditions. In the biogas engine simulations, the air-fuel equivalence ratio was maintained at the
stoichiometric value of 1.0, whereas for the diesel engine, the air excess ratio was set at 1.2 (concerning full load
condition). Regarding fuel properties used in modeling, diesel characteristics were sourced from the default chemical-
thermal database provided by AVL. The main differences between the two models are illustrated in Figure 3.

Diesel engine Blogas engine
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L > Intemal Exlemal
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Heat transfer c: .
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Figure 3 Comparison of basic theory and models of diesel and biogas simulation models
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2.5. Simulation scenario

First, the model was run using diesel under full load conditions as a baseline to evaluate the model's reliability by
comparing power output, torque, and fuel consumption data between the simulation results and the manufacturer's
specifications. Once the model demonstrated acceptable accuracy, with deviations in specific fuel consumption and
power/torque output being less than 5%, gasoline was modified to S.I. engine and fueled with biogas fuel.

The simulation results for biogas were compared with the original diesel engine to highlight the benefits of using biogas
and the changes in engine performance. Additionally, two other operating parameters, including ignition timing and
intake air temperature, were investigated. The intake air temperature was varied from 25°C to 75°C, while the ignition
timing was adjusted from 5 degrees to 21 degrees before top dead center (TDC).

3. Results and discussion

3.1. Validation of simulation models

Figure 4 presents the indicated mean effective pressure (IMEP) and brake mean effective pressure (BMEP) values across
simulated cycles under rated operation at 1600 rpm at an air excess ratio of 1.2. It can be seen that both the IMEP and
BMEP graphs share a similar overall trend: the initial values fluctuate significantly during the first few cycles, then
quickly decrease to a stable value of 15,03 bar for IMEP and 13.64 bar for BMEP. This confirms that the simulation data
have converged, making them suitable for further comparative studies.
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Figure 4 The simulated IMEP and BMEP as a function of cycles at an air excess ratio of 1.2 and an engine speed of
1600 rpm

To ensure accuracy, the simulation model was validated by comparing its outcomes with data supplied by the vendor
under varying engine operating conditions, as shown in Figure 5. The results indicate that the trends in brake power
and torque from the simulation closely match those observed in the experiment at full load for the same input energy.
This demonstrates strong consistency between both datasets. The difference between simulated and experimental
brake power and torque values averaged deviation is 4.20% and 5.15% across the entire simulated speed range. Minor
discrepancies arise due to certain assumptions made in the simulation that cannot be precisely controlled in practical
tests. However, these variations are minimal, confirming the reliability of the simulation model for further combustion
studies.

749



International Journal of Science and Research Archive, 2025, 15(02), 744-757

160 -#-Ne-ex -#Ne-si —+Me-si -+-Me-ex - 1000
140
120 - 800
= - €
Z 3
25 100 +
% - 600 %
& 80 | S
: s
2 o | - 400 S
Q Q
X X
S a0t 5
@ - 200 @
20
O 1 1 1 1 1 1 1 1 1 1 1 0
800 1300 1800 2300
Speed (rpm)

Figure 5 Comparison of brake power and torque at full load conditions

3.2. The engine performance comparison of biogas and the original diesel engine

From the simulation results, values for intake airflow rate, engine power, torque, fuel consumption, in-cylinder pressure
and temperature, and harmful emissions were determined for the engine operating on biogas fuel, and compared to
those using diesel fuel under full throttle conditions across various engine speeds. Figures 6 and 7 illustrate the engine
torque and power under load conditions from 1000 rpm to 2380 rpm for both diesel and biogas fuels. Across the entire
speed range, engine power (Ne) and torque (Me) decreased by approximately 24% to 27% when operating with biogas
compared to diesel. When comparing fuel economy performance, since biogas has a significantly lower calorific value
than diesel, the comparison should be based on the brake specific energy consumption (BSEC), which is determined
using the following equation:

BSEC =

mxLHV

(3)

Where: m is mass of fuel, LHV is the lower heating value of fuel, and Ne is brake power.
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Figure 6 Brake torque comparison

Figure 7 Brake power comparison
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The reduction in power and torque is attributed to the large volume of biogas introduced into the intake manifold, which
displaces intake air, thereby decreasing the mass of air entering the cylinder and subsequently reducing engine power
and torque. Figure 8 shows the intake airflow rate of the engine across different speeds for both diesel and biogas fuels.
On average, the intake airflow rate decreases by approximately 4.59% when using biogas compared to diesel. The
results presented in Figure 9 indicate that the engine’s specific fuel consumption is improved when operating on biogas
compared to diesel, with an average reduction of about 51.48%.

3.3. The engine pollutants comparison of biogas and the original diesel engine

Figures 10 to 12 illustrate the harmful pollutants of soot, HC, CO, and NOx from the engine operating under full-load
conditions across engine speeds ranging from 1000 rpm to 2380 rpm, using both diesel and biogas fuels. Figure 10
shows that when operating on biogas, soot emissions are eliminated, but HC emissions are generated due to the
difference in the combustion model in AVL-Boost. In practice, diesel engines emit very low levels of HC, while S.1. engines
virtually do not produce black smoke emissions. Soot is typically formed under conditions of low excess air and high
temperatures, where acetylene compounds are produced from the decomposition of long-chain alkanes in diesel fuel
within fuel-rich environments [23]. HC emissions arise from the formation of air-fuel mixtures outside the cylinder and
result from incomplete combustion processes. In addition, HC can also be produced during the overlap phase [24].
Although HC emissions are generated when using biogas, soot emissions are completely eliminated, and the average
amount of HC emissions is only about 12% of the soot under diesel operation.

The results presented in Figure 11 show that the engine’s CO emissions are higher when operating on biogas compared
to diesel fuel, with an average increase of 97% and an average rise of 68 ppm in CO concentration. This increase is
attributed to numerous lean mixture zones resulting in incomplete combustion processes, which collectively lead to
elevated CO emissions. The results shown in Figure 12 indicate that the engine’s NOx emissions decrease significantly
when operating on biogas compared to diesel fuel, with an average reduction of 1270 ppm, equivalent to 99%. The
primary reason for the reduction in NOx emissions is the lower peak combustion temperature, which is clearly
demonstrated in the simulated in-cylinder pressure and temperature results (Figures 13 and 14).
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Figure 12 Comparison of NOx

3.4. The in-cylinder pressure and temperature comparison of biogas and the original diesel engine

Figure 13 shows that the in-cylinder pressure for biogas combustion is lower than that for diesel. The peak pressure
when using diesel reaches 99 bar at a crank angle of 366°, whereas for biogas it is 46 bar at 380° crank angle. Similarly,
Figure 14 illustrates that the in-cylinder combustion temperature when using biogas is also lower than that for diesel
at the default IT of the diesel engine of 17°. The peak temperature for diesel combustion is 2155 K at 380° crank angle,
while for biogas it is 1917 K at 394° crank angle. It can be observed that when operating with biogas, not only are the
peak pressure and temperature reduced, but the combustion process is also delayed, shifting further to the right on the
graph compared to diesel operation.
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3.5. The effect of ignition timing on biogas engine performance

To assess the effect of IT on the technical performance of the engine operating on biogas, the IT was varied from 3° to
21° before TDC, with an increment (AIT) of 4°. The simulation results are presented in Figures 15 to 16.

Figure 15 shows the engine torque when operating with biogas at various IT. As the IT is gradually advanced, the torque
tends to increase with engine speed from 1000 rpm to 2380 rpm, and then gradually decreases as the engine speed
continues to rise. The maximum torque value is observed at 1800 rpm with an IT of 13° before TDC. The main factors
influencing the torque variation include volumetric efficiency, thermal efficiency, and frictional losses. When the IT is
further advanced to 17° and 21°, the M. profiles tend to decrease, with a more pronounced reduction observed in the
low-speed range.
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Figure 15 Comparison of brake torque pressure profiles Figure 16 Comparison of ge pressure profiles at
at different IT different IT

Figure 16 presents the brake specific fuel consumption (BSFC) of the biogas-fueled engine at various ITs. As the IT is
progressively advanced, the BSFC tends to decrease with engine speed from 1000 rpm to 1600 rpm, and then gradually
increases as engine speed continues to rise. The lowest SFC value is observed at 1600 rpm with an IT of 13° before TDC.
When the IT is further advanced to 17° and 21°, the BSFC tends to increase, indicating a decline in engine efficiency.

3.6. The effect of intake temperature on biogas engine performance

The intake charge temperature is a critical parameter that influences engine operation. In this section, we assess the
impact of intake air temperature on engine power at an intermediate engine speed, under varying load conditions from
full load down to 70% load, corresponding to different intake temperatures of 25°C, 50°C, and 75°C.
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The results presented in Table 3 and Figure 17 indicate that the intake charge temperature significantly influences the
engine's power output. As the ambient temperature increases from 25°C to 75°C, the power output consistently
decreases across all load levels. For instance, at full load (100%), the power output drops from 67.14 to 63.28,
representing a reduction of approximately 5.75%. Similarly, at 90% load, the power decreases from 60.31 to 56.69,
demonstrating a steady decline in performance with rising intake temperatures.

Table 3 In-cylinder parameter at full load condition

Figure 18 Comparisons of in-cylinder temperature at different intake air temperatures

Intake charge | Peak in-cylinder | Peak in-cylinder | Combustion Combustion Brake
temperature (°C) | temperature (K) | pressure (bar) starts at | starts at pressure | power
temperature (K) | (bar) (kw)
25 1709.05 43.21 871.18 37.65 67.14
50 1709.18 42.52 872.54 36.96 65.52
75 1707.5 41.45 874.33 36.1 63.28
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Based on the data from Table 3, combined with Figures 18 and 19, it is evident that the intake charge temperature has
a significant influence on the combustion process and the overall system efficiency. As the intake charge temperature
increases from 25°C to 75°C, the peak combustion temperature slightly decreases from 1709K to 1707K, while the peak
pressure drops from 43.21 bar to 41.45 bar. Meanwhile, the temperature at the start of combustion rises from 871K to
874K, and the pressure at the start of combustion decreases from 37.65 bar to 36.1 bar. These changes indicate that a
higher intake charge temperature leads to lower peak temperature and pressure, thereby reducing combustion
efficiency.
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Figure 19 Comparions of in-cylinder pressure at full load,1600 rpm as the intake air temperature varied

The temperature and pressure profiles versus crank angle further illustrate this trend, showing a slight reduction in
peak values at higher intake charge temperatures. This directly impacts system power output, which decreases from
67.14 kW (at 25°C) to 63.28 kW (at 75°C). These results reflect the negative effect of elevated intake charge
temperatures on thermal efficiency, highlighting the importance of intake temperature control to ensure optimal
performance and operational stability of the system.

Nomenclature

Cco Carbone monoxide

NOx | Nitrogen oxide

HC Hydrocarbons
CO2 Carbone dioxide

S.L Spark ignition engine

LHV | Lower heating value

RON | Research octane number

A/F | Air-to-fuel ratio

IT Ignition timing

TDC | Top dead center

BSEC | Brake-specific energy consumption

BSFC | Brake-specific fuel consumption
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Abbreviations

€0 | The compression ratios before modification

€ | The compression ratios after modification

S | The piston stroke

a | The thickness of the spacer to be added

m | Mass of fuel

Ne | Brake power

Me | Brake torque

4., Conclusion

The simulation study of an engine operating with biogas fuel was conducted under full-throttle speed characteristic
conditions using AVL Boost software. The key findings are as follows:

On average, the specific energy consumption improved by approximately 51.48% when using biogas.

Engine power and torque decreased by around 25% due to the displacement of intake air by the biogas volume
and the slower combustion rate of biogas compared to diesel.

Soot emissions were eliminated, while HC emissions were generated; the HC emissions amounted to about 12%
of the previously existing soot emissions. CO emissions increased by 97%, whereas NOx emissions decreased
by 99%.

For the design of the ignition system aimed at developing biogas-fueled engines, the ignition timing should be
adjusted within a minimum range of 11° to 19° before TDC.

The intake air temperature significantly affects engine performance. When evaluated at medium engine speed
under moderate to high load conditions, the results indicate that the intake charge temperature should be
maintained below 50°C to ensure optimal engine performance.
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