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Abstract. This work presents a comprehensive numerical analysis of an internal combustion engine (ICE) using a 0D/1D
simulation approach. The analysis focuses on simulating a natural gas-fueled stationary engine for electricity generation
(Vortec 3.0 - LW6) operating with ethanol. The study includes an in-depth investigation of engine performance parameters
such as power, torque, and brake-specific fuel consumption (BSFC), as well as engine emissions including nitrogen oxides
(NOX ), hydrocarbons (HC), and carbon monoxide (CO). Furthermore, the procedure used to characterize the engine’s
geometric parameters, dimensions, valve lift curves, and other necessary details for the 0D/1D simulations is described.
For the combustion process, the Vibe 2-Zone combustion model is used together with literature data to define the function
parameters for the analyzed fuels. In addition, models provided by AVL-BOOST™are used to describe the formation of
the combustion product emissions of natural gas and ethanol, respectively. The obtained results show a clear difference in
engine performance based on the type of fuel. Specifically, in the case of the engine operating with ethanol, a significant
increase in output power is observed compared to the engine running on natural gas. However, the use of ethanol results
in a significant increase in specific fuel consumption due to its lower heating value and lower air/fuel ratio. Furthermore,
the analysis demonstrates that the use of ethanol allows for a reduction in NOX emissions across the entire analyzed
rotational range due to lower combustion temperatures. However, higher HC and CO emissions are observed. Overall,
the study provides valuable insights into the performance and emissions of the engine when operating with natural gas
and ethanol. The results can be used to optimize the design and operation of the engine to achieve the desired balance
between efficiency and emissions in various applications.

Keywords: Internal combustion engines, 0D/1D simulation, Combustion, AVL BOOST™

1. INTRODUCTION

The increase in greenhouse gas emissions has become one of the main global concerns due to its social and environ-
mental impact. In an attempt to address this problem, various governmental entities have implemented environmental
policies to regulate and ensure the reduction of pollutant gases. However, efforts to meet environmental requirements
have been insufficient, resulting in increasingly high levels of greenhouse gas emissions (STATISTA, 2023).

With the aim of reducing and mitigating these impacts, the automotive industry has been developing different strategies
and technologies in internal combustion engines, seeking to produce mechanical power in a cleaner and more sustainable
manner. Among the developed strategies, the use of lean mixtures, downsizing, turbocharging, increased compression
ratio, and the use of alternative fuels stand out, among others (Amaral et al., 2021). Among these strategies, the use of
alternative fuels has gained significant acceptance since, in addition to reducing pollutant emissions, they allow for power
generation with combustion characteristics similar to gasoline engines (Semin, 2008), (Poudel and Deb, 2017).
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One of the most commonly used alternative fuels is ethanol, which is produced and commercially available on a large
scale in different countries. Compared to gasoline, the combustion of ethanol in internal combustion engines presents
advantages both in economic terms and in terms of pollutant emissions (Iliev, 2015). According to the literature, the
use of ethanol results in cleaner combustion with reduced CO and NOX emissions, although it leads to increased HC
emissions due to lower flame temperatures (Masum et al., 2013). However, due to its lower calorific value, ethanol
results in lower power output. Direct comparisons of natural gas combustion in internal combustion engines with ethanol
combustion are not widely found in the literature, making the direct analysis of these fuels challenging.

Given this scenario, this study aims to evaluate the combustion characteristics and emissions of natural gas engines
converted to run on ethanol through 0D/1D simulations. For this purpose, experimental data from a Vortec 3.0 (LW6)
engine provided by the manufacturer are used, as well as geometric parameters collected directly from the engine. The
simulations are performed using the Vibe 2-Zone combustion model, along with the San Diego UCSD (2016) and Marinov
Marinov (1999) thermodynamic database to describe the combustion process of natural gas and ethanol, respectively. It is
important to note that the simulations are performed at chemical equilibrium and no reaction rates or kinetic effects over
time are considered. However, the San Diego and Marinov thermodynamic databases are used to specify the chemical
species present in the fuel. Additionally, models provided by AVL-BOOST™ are used to characterize HC, CO, and NOX

emissions.

2. THEORETICAL BACKGROUND

In this section, the literature works and numerical models that contribute to the development of the research are
presented. The bibliography is summarized in Table 1.

2.1 Review of the Literature.

The performance and emissions of internal combustion engines operating with ethanol and natural gas have been
extensively analyzed in several numerical and experimental studies. However, comparison of natural gas combustion
with ethanol combustion is not widely found in the literature, which makes direct analysis of these fuels difficult. Table
1 presents studies evaluating brake power, BSFC and emissions from engines operating on natural gas and ethanol at
different operating conditions. In addition, studies evaluating these same parameters in relation to the gasoline engine are
also presented. In the table, the arrows indicate the variation of the first fuel in relation to the second. For example, in the
first row, the downward arrow (↓) indicates that the power, BSFC and HC, CO, CO2 and NOX emissions of the natural
gas engine decreased compared to the gasoline engine.

Table 1. Previous research on the effects of ethanol and natural gas on combustion parameters and emissions.

Type of engine,
reference CR

Engine
speed (rpm) Fuel

Brake
power BSFC HC CO CO2 NOx

Four-cylinder SI engine,
four stroke (1.5 L), (Geok et al., 2009) 9.2:1

1500
to

5000

CGN,
Gasoline ↓ ↓ ↓ ↓ ↓ -

Four-cylinder SI engine,
four Stroke at Full load (1.5 L),

(Aslam et al., 2006)
9.2:1

1500
to

5500

CGN,
Gasoline ↓ ↓ ↓ ↓ ↓ ↑

Four-cylinder SI engine,
four Stroke (2.0 L), (Aldhaidhawi et al., 2020)

8.5:1
to

16.5:1
2500

Ethanol,
Gasoline ↓ ↑ ↓ ↓ - ↓

Single-cylinder SI engine,
four-stroke (Full throttle), (Balki et al., 2014) 8.5:1

1600
to

3600

Ethanol,
Gasoline - ↑ ↓ ↓ ↑ ↓

single-cylinder, four-stroke, spark ignited
Cooperative Fuel Research (CFR) engine

at different fuel-air equivalence
(Ran et al., 2019)

8:1 1200
Ethanol,

Natural gas - - ↓ ↓ - ↓

single-cylinder, four-stroke, spark ignited
Cooperative Fuel Research (CFR) engine

at different fuel-air equivalence
(Ran et al., 2020)

9:1
to

11:1
1200

Ethanol,
Natural gas - - ↑ ↑ - ↓

As observed, the use of ethanol tends to reduce HC, CO and NOX emissions compared to the gasoline engine. How-
ever, it presents a reduction in power output and an increase in BSFC. Similarly, it can be observed that natural gas tends
to reduce brake power, BSFC and HC and CO emissions. However, it shows an increase in NOX emissions. Specifically,
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when comparing ethanol with natural gas, differences in HC and CO emissions were found in the papers presented. How-
ever, it should be noted that the results presented were dependent on the compression ratios and the range of air/fuel ratio
analyzed.

3. METHODOLOGY

In this section, we present the methodology implemented for extracting the geometric data of the engine, as well as
the setup conducted for the development of this work. Additionally, the combustion and emission models used in the
simulations are described.

To obtain the geometric data of the engine, a meticulous extraction of information was carried out, including dimen-
sions and valve lift curves. As for the work setup, a set of initial and boundary conditions reflecting the engine’s operating
environment was established. These conditions include ambient temperature, atmospheric pressure, compression ratio,
and other relevant parameters. Finally, the Vibe 2-Zone combustion model is described, which allows the representation
of the combustion process in the engine cylinders.

3.1 Engine specifications and geometrical characteristics

As mentioned, the simulations of the engine operating with natural gas and ethanol will be performed on a Vortec 3.0
(LW6) engine. The main characteristics of the engine are presented in Table 2.

Table 2. Engine technical specifications.

Engine parameters Description Engine parameters Description

Total displacement volume 2966.59 cm3 Compression ratio 10.5;1
Bore x Stroke (101.60 x 91.44) mm Maximum power 54 kW (73 hp) a 2200 rpm

Number of cylinders 4 Maximum torque 241 N.m (178 lb-ft) a 1600 rpm
Valves per cylinder 2 Maximum engine speed 2200 rpm

In the development of the 0D/1D simulations, it was necessary to obtain and characterize the geometric information
of the engine, which was not found in the manufacturer’s catalog. Specifically, the volume of the intake and exhaust
manifolds, as well as the dimensions and lift profile of the intake and exhaust valves, were determined through direct
measurements.

To determine the volume of the manifolds, two approaches were used. Initially, the volume was measured by intro-
ducing a liquid into the intake and exhaust manifolds. These measurements were performed with a series of repetitions
and later compared to the data obtained from 3D scanning of the parts. It is worth noting that the scanning was carried out
after the pre-preparation of the cylinder head, which involved the disassembly of the intake and exhaust valves, as well as
cleaning of the part. The same methodology was applied to characterize part of the volume of the manifolds present in the
engine’s cylinder head. Next, the dimensions of the rocker arm and the intake and exhaust valves were determined. For
this purpose, a Mitutoyo coordinate measuring machine was used, which determined the profile and dimensions of these
components with high precision. The dimensions of the rocker arm were used to calculate the maximum lift of the valves,
while the valve profiles were used to dimension these components using SOLIDWORKS software. Figure 1 shows the
measurement procedures mentioned above.

Finally, the intake and exhaust camshafts were characterized and dimensioned to determine the lift profile of the valves.
Two measurement techniques were used for this purpose. In the first technique, the profile of the intake and exhaust
camshafts was extracted using the coordinate measuring machine, and subsequently, dimensioned using SOLIDWORKS.
In the second technique, the camshaft was taken to a lathe, where measurements were taken degree by degree with the aid
of a digital comparator gauge. The measurements were repeated to ensure the accuracy of the results. Subsequently, the
two techniques were compared to determine the lift profiles of the valves. Figure 2 illustrates the measurement techniques
applied to determine the lift profile of the valves.

3.2 0D/1D simulation setup

Figure 3 presents the zero-dimensional/one-dimensional model of the simulation of the Vortec 3.0 (LW6) engine
performed in AVL BOOST™. The developed model features four cylinders (C1 to C4) connected to the intake and
exhaust manifolds (PL1 to PL4) and the system boundaries (SB1 and SB2), which define the inlet and outlet conditions
of the gases. Additionally, it includes the injector/carburetor (I1), throttle valve (TH1), air filter (CL1), catalytic converter
(CAT1), restrictions (R1 to R4), gaskets (J1 to J3), and measurement points (MP1 to MP4). It is important to note that the
catalytic converter (CAT1) does not undergo any catalytic process and is only considered for pressure loss in the system.

The simulations were conducted under full-load conditions, maintaining the stoichiometric ratio for each fuel, in a
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Figure 1. Engine geometry characterization. (a) Disassembly of the intake and exhaust valves, (b,c) 3D scanning of the
cylinder head, intake and exhaust manifolds, (d,f,g) characterization of cam, rocker arm, intake and exhaust valve profile

using a coordinate measuring machine.

Figure 2. Characterization of the valve lift profile using (a) a digital comparator gauge (b) a coordinate measuring machine.

rotational range of 1300 to 2200 rpm. The Vibe 2-Zone model was used to describe the burned mass fraction, while the
heat transfer model was based on the Woschni (1978) model. Furthermore, the Patton et al. (1989) model was employed
to describe friction losses. In the simulations with ethanol, pure ethanol was considered as fuel. The calorific value of
pure ethanol used in these simulations was set at 27733 kJ/kg, according to the thermodynamic data of the database used.
On the other hand, in the simulations with natural gas, a specific chemical composition for natural gas was used, which
is detailed in the reference work (GASMIG, 2023). For these simulations, the calorific value of natural gas was set at
49402 kJ/kg, following the specifications of this chemical composition and the thermodynamic basis used for natural
gas. It is important to note that in AVL BOOST the “control ratio” function was used in the injector element to keep the
engine operation at lambda equal to 1 in all operating conditions. Therefore, the fuel mass varied according to the engine
rotational speed and the specific conditions of each simulation.

To determine the boundary conditions in the simulations, initial simulations were conducted considering ambient
temperature and atmospheric pressure, with variable wall temperature (including piston, cylinder head, cylinder, and
exhaust duct walls). From these simulations, temperature data were collected for each component at different rotational
points. The obtained average temperatures were subsequently used in the engine simulations under fixed temperature
conditions, considering chemical kinetics.
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Figure 3. 0D/1D engine model.

3.3 Combustion model

For the combustion characterization, the Vibe 2-Zone model was used. In this model, it is assumed that the combustion
chamber is divided into two zones, separating the volume of burned gases from the volume of air/fuel mixture that has
not yet ignited (Kesgin, 2004). However, the assumption that the unburned air/fuel mixture and the burned gases have
the same temperature is not considered. Instead, the first law of thermodynamics is applied to the burned charge and the
unburned charge, respectively (Noske, 1988), (AVL, 2023).
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Where dmu represents the change in internal energy of the cylinder, Pc
dV
dα the piston work, dQf

dα the heat input from
the fuel, dQW

dα the heat losses from the walls, hu dmb

dα the enthalpy flow from the unburned zone to the burned zone due to
the conversion of fresh charge into combustion products, hBB,b

dmBB,b

dα ) the enthalpy due to blow by, and the subscripts
“b” and “u” refer to the burned and unburned zones, respectively. It is important to note that the heat flow between the
two zones is not considered (AVL, 2023).

3.4 Vibe function estimation

The vibe function is a commonly used expression to represent the burned mass fraction as a function of the crank
angle xb (θ) (Heywood, 2018). The vibe function can be represented as:

xb = 1− exp[−a(
θ − θ0
∆θ

)m+1] (3)

Where, in context, θ0 represents the start of combustion, ∆θ represents the duration of combustion, and the adjustable
parameters “a” and “m” commonly referred to as the efficiency parameter and shape factor, respectively, indicate the
duration and shape of the combustion curve (Liu and Dumitrescu, 2019). As observed in the equation, the vibe function
is highly influenced by the adjustment parameters, as they define the characteristics of the burning rate. For this particular
research, the parameters “a” and “m” were obtained from the literature, as reported in (Rufino et al., 2021), (Niculae
et al., 2020). Furthermore, it is important to highlight that the ignition timing of the simulations was adjusted to achieve
the maximum brake torque, as per (Heywood, 2018).
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3.5 Emission model.

For the formation of NOX , AVL BOOST™ relies on Pattas and Häfner (1973) in conjunction with the well-known
Zeldovich mechanism (AVL, 2023). The reactions used in the NOX formation model are presented in table 3.

Table 3. Rate constants for NOX formation model.

Stoichiometry
Rate

ki=k0,iTae(
−TAi

T
)

k0
[cm3,mol,s]

a[-] TA[K]

R1 N2+O=NO+N r1=k1cN2cO 4.93E13 0.0472 38048.01
R2 O2+N=NO+O r2=k2cO2cN 1.48E08 1.5 2859.01
R3 N+OH=NO+H r3=k3cOHcN 4.22E13 0.0 0.0
R4 N2O+O=NO+NO r4=k4cN2OcO 4.58E13 0.0 12130.6
R5 O2+N2=N2O+O r5=k5cO2cN2 2.25E10 0.825 50569.7
R6 OH+N2=N2O+H r6=k2cOHcN2 9.14E07 1.148 36190.66

The rate of NOX production is determined by the aforementioned reactions in conjunction with equations 4, 5, and 6,
where the concentration of N2 O is calculated as (AVL, 2023):

cN2O = 1.1802 ∗ 10−6T 0.6125e(
9471.6

T )cN2
√
pO2 (4)

And the final NO production/destruction rate is calculated as:

rNO = CPostMultCKinetcMult2(1− α2)(
r1

1 + αAK2
+

r4
1 +AK4

) (5)

With:

α =
cNO,act

cNO,equ

1

CKineticMult
;AK2 =

r1
r2 + r3

;AK4 =
r4

r5 + r6
(6)

Where CPostMult denotes Post-Processing Multiplier, CKineticMult denotes Kinetic Multiplier, C denotes equilib-
rium molar concentration, and ri denotes reaction rates of the Zeldovich mechanism. In regard to CO formation, AVL
BOOST™ employs a model based on Onorati et al. (2001). Table 4 presents the reactions utilized in this model.

Table 4. Reactions for CO formation model.

Stoichiometry Rate

R1 CO+OH=CO2+H r1=6.76*1010e(T/1102.0)cCOcOH

R2 CO+O2=CO2+O r2=2.51*1012e(−24055.0)/T )cCOcO2

The final CO production/destruction rate is given by:

rCO = CConst(r1 + r2)(1− α) (7)

with

α =
c(NO,act)

c(NO,equ)
(8)

For the description of hydrocarbon formation, a model is utilized that takes into account the main sources of formation.
The sources of unburned hydrocarbon formation can be observed in detail in Iliev (2015).

4. RESULTS

4.1 Validation of the 0D/1D simulations.

The validation of the zero-unidimensional simulation was performed using the torque and power curves provided by
the engine manufacturer at different rotation points. For this, data from the engine natural gas operation literature was
used, since the necessary facilities for obtaining data directly from the engine were not available. Figure 4 shows the
comparison between the results obtained from the 0D/1D simulation and the experimental data.

In Figure 4 it can be seen that the implemented one-dimensional methodology adequately represents the evolution of
the torque and power curve of the motor. The percentage error for both torque and power was less than 1% at the different
rotation points analyzed, showing a good correlation between simulations and experimental data.
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Figure 4. Validation of the 0D/1D engine model operating on natural gas.

4.2 0D/1D analysis of engine performance operating on natural gas and ethanol.

Figure 5 show the power, torque and BSFC of the engine operating with natural gas and ethanol at different rpm points.
It should be noted that the compression ratio was kept constant and the temperatures of the piston wall, cylinder head,
cylinder, and exhaust duct were determined as described in section 3.2.

Figure 5. Engine power operating on natural gas and ethanol.

As observed in Figure 5, the use of ethanol results in a significant increase in engine power compared to the original
case with natural gas. The increase in power varies from 8.2 kW to 12.1 kW, with the variations being greater at higher
rotation speeds. Compared to ethanol, natural gas has a higher calorific value. However, as described by Geok et al.
(2009), the airflow generated by natural gas in the intake manifold can lead to a decrease in volumetric efficiency and,
consequently, a reduction in the power density of the charge injected into the cylinder and the engine power output.
Furthermore, Geok et al. (2009) and Kustanto et al. (2017) state that the increase in power output with increasing rotational
speed may be directly related to the slower burning speed of natural gas.

The maximum torque, as presented in Figure 5, was obtained at speeds of 1600 rpm for the different fuels tested,
reaching values of 239 N.m for natural gas and 296 N.m for ethanol. The trend shows an increase in torque as the speed
increases up to 1600 rpm. From this point on, torque begins to decrease consequently with speed. Similarly, figure 6
shows that the use of ethanol produces a significant increase in BSFC compared to the engine with natural gas. The
behavior of ethanol, according to Iliev (2015), is given by its low calorific value and its lower air/fuel ratio, which means
that for a specific air/fuel equivalence ratio more fuel (ethanol) is required. The trend shows a decrease in BSFC up to
1600 rpm with slight increases from this point on. At high revs an increase in BSFC can be observed. This increase is
mainly characterized, according to Jahirul et al. (2010), by the increase in friction power compared to the indicated power.

4.3 Analysis of engine emissions operating with natural gas and ethanol.

Figure 7 displays the NOX and HC emissions of the engine operating with natural gas and ethanol at different rotational
points.

As observed in Figure 7, variations in NOX emissions between the two fuels were noted at different rotational points.
Overall, natural gas demonstrated higher levels of NOX across all evaluated speed ranges. This behavior can be attributed
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Figure 6. NOX and HC emissions from the engine operating on natural gas and ethanol.

to the higher heating value of natural gas, resulting in higher combustion temperatures, which favor the formation of
NOX . Similar results have been observed in (Balki et al., 2014), (Aldhaidhawi et al., 2020). Additionally, it was found
that NOX emissions tend to increase for both fuels as engine speed increases. This increase is related to the fact that at
higher speeds, the engine reaches higher combustion temperatures, which contribute to the formation of NOX (Masum
et al., 2013).

Regarding HC emissions, ethanol exhibited higher emissions throughout the speed range. This trend is also influenced
by the combustion temperature, as demonstrated by Celik (2008). Lower temperatures allow for partial combustion near
the combustion chamber walls, resulting in incomplete fuel combustion and an increase in HC emissions. This behavior
can be observed under different engine speed conditions, where lower RPM conditions with lower combustion tempera-
tures lead to higher HC emissions. As engine speeds and combustion temperatures increase, HC emissions decrease.

Regarding CO emissions, the simulations conducted showed that the engine operating with ethanol exhibited higher
emissions compared to the engine running on natural gas across the entire evaluated speed range. Additionally, it was
observed that CO emissions decreased for both fuels as the engine rotational speed increased. The CO emissions obtained
for the engine operating with natural gas and ethanol are presented in Figure 7.

Figure 7. CO emissions from the engine operating on natural gas and ethanol.

The formation of CO during combustion is influenced by various factors, including the air-fuel ratio, combustion
efficiency, and chemical characteristics of the fuel (Yücesu et al., 2006), (Aldhaidhawi et al., 2020). At low speeds, the
burning rate may be slower, resulting in less efficient combustion and consequently higher CO emissions. As the engine
speed increases and the burning rate is accelerated, there is a reduction in CO emissions, as described by the observed
trend for both fuels. It is important to consider that the simulation results may be influenced by the fact that the engine was
originally designed to operate with natural gas. Therefore, its operation may exhibit combustion characteristics optimized
for this type of fuel, resulting in more complete combustion and consequently lower CO emissions.
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5. CONCLUSIONS.

This work presents an analysis of the performance and emissions of a Vortec 3.0 (LW6) engine operating on natural
gas and ethanol. For this purpose, 0D/1D simulations were conducted using the computational software AVL BOOST™
. The main conclusions of the study are as follows:

• Under the same compression ratio, the engine operating on natural gas exhibited lower output power compared to
ethanol. This behavior can be attributed to the air displacement caused by natural gas in the intake manifold, which
reduces the volumetric efficiency of the engine and, consequently, the energy density per injected charge into the
cylinder;

• Numerically, the use of ethanol resulted in an increase in specific fuel consumption compared to natural gas. This
increase is due to the lower heating value of ethanol and the lower air/fuel ratio;

• Overall, the use of ethanol led to a reduction in NOX emissions across the entire analyzed rotational range due
to lower combustion temperatures. However, higher emissions of HC and CO were observed, reflecting lower
combustion efficiency.

• Although HC and CO emissions from the ethanol engine showed an increase compared to the natural gas engine,
it is important to note that the use of ethanol enabled a higher power output. Therefore, improving the operating
conditions of the ethanol engine, including the amount of fuel injected, the location of the injector, among other
factors, could allow an adequate balance between performance and pollutant emissions. However, this will be a
research topic for future work.
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