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ABSTRACT 

This paper presents a detailed analysis of a six-cylinder, 13.5 L turbocharged 

hydrogen (H2) fueled spark ignition engine. The engine features direct injection and 

a low-pressure exhaust gas recirculation (LP EGR) loop. The objective is to 

demonstrate the engine's performance under various operating conditions using a 

basic engine control system integrated within the IFP-Engine library of Amesim 

software. The study successfully highlights the impact of different operating 

parameters on combustion efficiency and NOx emissions. 

1. Introduction 

Growing environmental concerns and 

stringent emission regulations have driven the 

exploration of emission-cutting technologies in 

the automotive industry. The 26th Conference 

of the Parties (COP26) in 2021 in the United 

Kingdom (UK) set a target of cutting net 

emissions by 40% (compared to 2008) by 

2030 and to zero (net zero) by 2050 [1]. In this 

context, finding technical solutions to reduce 

engine emissions is essential for the internal 

combustion engine industry's survival. 

Emission reduction technologies for ICEs can 

be divided into three categories: (1) pre-

treatment; (2) internal treatment; and (3) 

post-treatment [2]. 

To limit negative environmental impacts, 

the Environmental Protection Agency (EPA) of 

the United States has adopted Tier 1, Tier 2, 

and Tier 3 standards for NOx emissions. Since 

2017, Tier 3 has been applied, which tightens 

the fleet average to 0.03 g/mile NOx. For on-
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road heavy-duty diesel, the current EPA 

standard (since 2010) is 0.2 g/bhp-hr (grams 

per brake horsepower-hour) NOx [3].  

The European Union has adopted Euro 

Emission Standards 1 to 6/7 (Euro 1 to 6/7). 

The current application is Euro 6, which limits 

the NOx to a maximum of 0.08 g/km NOx for 

diesel cars, and a maximum of 0.06 g/km NOx 

for petrol cars. Euro 7 is expected to be applied 

from 2025, which will tighten limits for both 

light and heavy-duty vehicles, applying to both 

tailpipe and real-world driving emissions 

(RDE) [4]. 

In the maritime sector, the International 

Maritime Organization (IMO) has adopted NOx 

emission regulations, namely IMO NOx Tiers – 

Tier I, II, and III, presented in Annex VI of 

MARPOL (the International Convention for the 

Prevention of Pollution from Ships). These 

"Tiers" define the maximum allowable NOx 

emissions, measured in grams per kilowatt-

hour (g/kWh). IMO NOx regulations apply to 

marine diesel engines with a power output of 

more than 130 kW installed on ships. Since 

2016, IMO Tier III has been applied, which 

limits NOx emissions from ships' main engines 

to 3.4 g/kWh  for engine speeds of less than 

130 rpm (revolutions per minute), and to 2.0 

g/kWh for engine speeds of more than 2000 

rpm [5]. 

Exhaust gas recirculation (EGR) is one of the 

effective emission-cutting internal treatment 

technologies. It was studied and applied to 

diesel engines to reduce NOx emissions from 

the 1970s. The studies show that the EGR 

impacts the combustion process of diesel 

engines on three aspects: (1) the thermal 

effect, (2) the dilution effect, and (3) the 

chemical effect. Ladommatos et al. [6] 

experimentally studied the thermal effect, the 

dilution effect, and the chemical effect of two 

mainly exhaust gas components (CO2 and H2O) 

of a diesel engine in 1997. The study showed 

the impact of EGR with various intake air 

temperatures on the combustion and 

emissions characteristics of the engine. Wang 

et al. [7] (2020) combined EGR with a Variable 

Turbocharger (VGT) to control the rate of EGR 

supplied to the engine based on intake 

pressure feedback and intake air mass flow 

rates. The experimental results pointed out 

that both NOx emissions, soot, and fuel 

consumption of the engine could be reduced by 

using this method. Yutaka Murata et al. [8] 

investigated the effect of high EGR rates on a 

common rail diesel engine in 2006. The 

research showed that, by optimizing the fuel 

multiple-stage injection, the NOx emissions 

characteristics of the engine could be 

improved. 

Lattimore [9] (2016)  investigated the 

effects of EGR on direct injection gasoline 

engines. The study mentioned that EGR is 

useful in both of these types of engines. Park 

and Bae [10] (2014) experimentally 

investigated the effect of EGR on a diesel 

engine. The research showed that NOx 

emissions could be significantly reduced by 

using this system. However, carbon monoxide 

(CO) and brake-specific fuel oil consumption 

(BSFC) increased accordingly. Roel 

Verschaeren also studied the effectiveness of 

EGR in reducing NOx emissions of medium-

speed diesel engines. The study found that 

combining the EGR with the Miller cycle could 

reduce the NOx emissions to meet the 

International Maritime Organization (IMO) 

Tier III limits. Shen et al. [11] (2017) 

experimentally investigated the effects of LP 

EGR on a turbocharged gasoline direct 

injection (GDI) engine. The study reported that 

the LP EGR is useful in reducing NOx emissions 

from the engine at different speeds. Gorkem et 

al. [12] (2014) investigated the impact of EGR 

on a diesel engine which combined with steam 

injection. The study found that the system 
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reduced NOx emissions but increased CO and 

unburnt hydrocarbon (HC) emissions at the 

same time. Xiuxiu Sun [13] (2017) numerically 

investigated the emission characteristics of a 

diesel engine which used the EGR system by 

the computational fluid dynamics (CFD) 

analysis. The research reported a reduction of 

NOx emissions and brake specific fuel oil 

consumption (BSFC). Alegret et al. [14] (2015) 

used a nonlinear mean value model to develop 

an EGR model for diesel engines to reduce NOx 

emissions. Meanwhile, Zhu et al. [15] (2019) 

investigated the performance of SCR on 

reducing NOx emissions for a marine diesel 

engine. The above studies indicated that the 

NOx reduction mechanism of the EGR system 

is to reduce the peak temperature inside the 

cylinder by reducing the O2 content in the 

engine intake air by recirculating a portion of 

the exhaust gas from the previous cycle 

(mainly containing CO2 and H2O) back into the 

engine intake port. The reduced O2 content in 

the intake air lowers the temperature of the 

fuel combustion process, leading to a decrease 

in the combustion chamber temperature. The 

reduced combustion chamber temperature 

will limit the formation of thermal NO, which 

accounts for about 90% of NOx emissions from 

ICEs. 

Hydrogen (H2) has emerged as a potential 

candidate due to its zero-carbon emission 

characteristics. Using H2 as an engine fuel is 

one of the effective pre-treatment emission-

cutting Technologies [16]. As a non-toxic and 

carbon-free fuel, hydrogen (H2) has been 

proven to be a clean and efficient fuel, 

especially in reducing carbon emissions [17]. 

When burning, H2 emits less unburnt 

hydrocarbons (UHCs), particulate matter 

(PM), and no carbon-based emissions [18, 19]. 

H2 had been shown to be suitable for use in 

internal combustion engines (ICEs) with near-

zero engine-out emissions [20, 21]. 

Besides many advantages, H2 has some 

technical disadvantages when used as a fuel in 

ICEs. The major problem is the high peak 

pressure inside engine cylinders, which could 

lead to knocking. The second thing is that its 

high ignition temperature led to a longer 

ignition delay (ID) time, which further 

increases the in-cylinder peak pressure, 

especially at high levels of H2. High energy 

content resulting in high in-cylinder 

temperature, which leads to high thermal NOx 

emissions, is also a big problem with H2. 

Additionally, backfire is another disadvantage. 

However, H2 disadvantages could be solved if it 

is utilized as the primary fuel in dual-fuel (DF) 

engines instead of being used solely in 

compressed ICEs [16]. 

As shown in the literature review, applying 

the EGR system and H2 fuel is a feasible 

solution for reducing engine emissions from 

diesel engines. This study tried to combine 

these two effective technologies to propose a 

solution to cut both NOx and carbon emissions 

which is very hard to achieve if using each 

solution only. This paper presents a detailed 

analysis of a six-cylinder hydrogen-fueled 

turbocharged spark-ignition engine equipped 

with direct injection and exhaust gas 

recirculation (EGR). This study calculates the 

engine's performance and NOx emissions 

under various operating conditions using the 

IFP-Engine library [22, 23]. Integrating the 

underlying engine control system, including 

the combustion controller and NOx model, is 

crucial to manage the engine operating 

conditions and optimize its performance. The 

insights gained from this study can contribute 

to developing more efficient and 

environmentally friendly H2-powered engines.  

2. Theoretical basis and Computational 

model 
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This study focuses on the analysis of the 

performance and emissions of a hydro-gen-

fueled internal combustion engine (H2-ICE) 

with a turbocharger system. The engine is 

modeled, and its parameters are tuned to 

optimize performance and minimize NOx 

emissions. The study uses the Long-Tail Wiebe 

combustion model and PI controllers 

corresponding to different powertrains to 

describe the engine operation and control. 

This model allows calculating the evolution 

of the burned-fuel mass fraction (BMF) during 

the combustion process. Compared to the 

standard Wiebe law [24], it allows a better 

description of the slow combustion process, 

which is typical of modern small-sized high-

performance engines, using high turbulence 

levels and high compression ratios. 

In this approach, the beginning of the 

development of the BMF was based on the 

standard Wiebe law. The standard Wiebe's law 

is defined as [24]: 

𝐟𝐰𝐢𝐞𝐛𝐞 = 𝐀𝟏

𝐟𝟏 + 𝟏

∆𝛉
. (

𝛉

∆𝛉
)
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. 𝐞𝐱𝐩
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𝛉
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)
𝐟𝟏+𝟏

)
 (1) 

Where A1 and f1 are the coefficients of 

Wiebe's law, respectively, Δθ is the angular 

time of the combustion process, and θ is the 

relative angular coordinate describing the 

combustion process. 

The growth of the BMF is then modified to 

account for the end of the combustion process. 

Accordingly, the modified combustion law is 

defined as [25]: 
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Where: 

𝐀𝟐 =
𝐥𝐨𝐠⁡(−

𝐁𝐌𝐅𝐬𝐰𝐢𝐭𝐜𝐡 + 𝟏
𝐁𝐌𝐅𝐬𝐰𝐢𝐭𝐜𝐡 − 𝟏

)

(
𝛉𝐬𝐰𝐢𝐭𝐜𝐡
∆𝛉

)
𝐟𝟐

 (3) 

In the above equation, f2 is a calibration 

parameter to fit the combustion time range, 

while the BMFswitch parameter represents the 

BMF curve value at which a discontinuous BMF 

slope is observed in the experimental curves; 

θswitch is directly related to the BMFswitch value, 

it represents the corresponding transition 

angle and is calculated as follows: 

𝛉𝐬𝐰𝐢𝐭𝐜𝐡 = ∆𝛉. (
− 𝐥𝐨𝐠(𝟏 − 𝐁𝐌𝐅𝐬𝐰𝐢𝐭𝐜𝐡)

𝐀𝟏

)

𝟏
𝐟𝟏+𝟏

 (4) 

Note that the coordinate point (θswitch, 

BMFswitch) on the BMF curve represents the 

point at which the BMF evolution transitions 

from the standard Wiebe law to the modified 

combustion model curve. 

Finally, to ensure a smooth transition from 

one law to another, the BMF evolution is 

calculated as a combination of the above laws, 

according to the following equation [26]: 

𝐟𝐰𝐢𝐞𝐛𝐞𝐦𝐨𝐝
=
𝐝𝐁𝐌𝐅

𝐝𝛉

=
(𝐟𝐰𝐢𝐞𝐛𝐞 + 𝐟𝐦𝐨𝐝)

𝟐

+
(𝐟𝐰𝐢𝐞𝐛𝐞 − 𝐟𝐦𝐨𝐝)

𝟐
. [−𝐭𝐚𝐧𝐡 (

𝛉𝐬𝐰𝐢𝐭𝐜𝐡
∆𝛉

.
∆𝛉

𝐭𝐫𝐚𝐧𝐬𝐝𝐮𝐫
. 𝐭𝐫𝐚𝐧𝐬𝐠𝐚𝐢𝐧)] 

(5) 

2.1. Combustion process and Heat release 

The combustion process and heat release 

rate of the engine can be calculated using 

different methods as presented in the 

following subsections. 

2.1.1. BMF central difference method 

In this method, the heat release rate of 

combustion is calculated using the given 

central difference BMF. The mass of fuel 

burned is calculated using the following ex-

pression: 
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(
𝐝𝐦𝐟𝐮𝐞𝐥

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

= (
𝐝𝐁𝐌𝐅

𝐝𝐭
) .𝐦𝐫𝐞𝐟 (6) 

Where, (
𝐝𝐁𝐌𝐅

𝐝𝐭
) is the value of the central 

derivative and mref is determined depending 

on the application and the ratio between the 

mass of fuel and the mass of air supplied to 

the engine (A/F equivalent ratios/AFRs/Air-

to-Fuel equivalent ratios). 

For spark ignition applications, mref is the 

mass of fuel present in the combustion 

chamber at the moment of ignition. 

For compression ignition applications, 

mref is the mass of fuel injected specified at 

port 11 of the ENGBMFWIEBE01V01 model. 

Using the change in mass of fuel and the 

LHV (Lower Heat Value) of the fuel under 

consideration (the fuel is represented here 

by the general formula CxHyOz), the variation 

in the rate of heat release during combustion 

is calculated by: 

𝐝𝐐𝐜𝐨𝐦𝐛

𝐝𝐭
= −𝐋𝐇𝐕 ⋅ (

𝐝𝐦𝐟𝐮𝐞𝐥

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

 (7) 

2.1.2. Combustion heat release rate method 

In this method, the growth of the 

combustion heat release rate is calculated 

directly from the combustion heat release rate 

provided by the input file. Then, the 

combustion mass flow rate is calculated using 

the following equation: 

(
𝐝𝐦𝐟𝐮𝐞𝐥

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

= −
𝐝𝐐𝐜𝐨𝐦𝐛

𝐝𝐭
.
𝟏

𝐋𝐇𝐕
 (8) 

2.1.3. Wiebe Modeling Method 

This method calculates the heat release rate 

of the combustion process using Wiebe's law. 

Wiebe's law can be used to calculate the 

evolution of the burned mass fraction during 

the combustion process. In this approach, the 

evolution of the burned mass fraction is 

determined using Wiebe's law in which the 

shape of the curve is assumed in advance [24]. 

The evolution of the burned mass fraction 

(BMF) is determined by equation (9) according 

to Wiebe's law: 

𝐟𝐰𝐢𝐞𝐛𝐞 =
𝐝𝐁𝐌𝐅

𝐝𝛉

= 𝐀.
𝐟 + 𝟏

∆𝛉
. (

𝛉

∆𝛉
)
𝐟

. 𝐞𝐱𝐩
(−𝐀(

𝛉
∆𝛉

)
𝐟+𝟏

)
 

(9) 

Where, A and f are the coefficients of 

Wiebe's law. θ is the angle from the start of 

combustion and Δθ is the combustion time. 

Knowing the mass fraction of fuel burned, 

the instantaneous heat released by the 

combustion process can be determined by: 

𝐝𝐐

𝐝𝛉
=
𝐝𝐁𝐌𝐅

𝐝𝛉
. 𝐐𝐭𝐨𝐭 (10) 

Where, Qtot is the total heat released during 

combustion. 

Using the rate of heat release during 

combustion and the LHV of the fuel under 

consideration, the evolution of the fuel mass is 

calculated according to the following equation: 

(
𝐝𝐦𝐟𝐮𝐞𝐥

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

= −
𝐝𝐐𝐜𝐨𝐦𝐛

𝐝𝐭
.
𝟏

𝐋𝐇𝐕
 (11) 

2.1.4. Long-Tail combustion Wiebe modeling 

method 

In this method, the heat release rate of the 

combustion process is calculated by combining 

the formulas (1), (2), (3), (4), and (5). 

Using the heat release rate during 

combustion and the LHV of the fuel under 

consideration, the growth of the fuel mass is 

calculated by equation (11). 

When the heat release rate is known, using 

the air-to-fuel ratio (AFR), the increase in air 

mass is determined by: 

(
𝐝𝐦𝐚𝐢𝐫

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

= −
𝐀𝐅𝐑𝐬𝐭

𝐋𝐇𝐕
. (
𝐝𝐐𝐜𝐨𝐦𝐛

𝐝𝐭
) (12) 
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Meanwhile, the increase in mass of the 

burned gas is calculated by the mass 

conservation equation according to the 

following expression: 

(
𝐝𝐦𝐁𝐆

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

= −(
𝐝𝐦𝐟𝐮𝐞𝐥

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

− (
𝐝𝐦𝐚𝐢𝐫

𝐝𝐭
)
𝐜𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

 

(13) 

2.2. Heat transfer process 

Heat transfer Q is calculated by correlations 

based on algorithms such as Eichel-berg, 

Annand, or Woschni, defined as follows: 

2.2.1. Eichelberg equation 

According to the Eichelberg equation, the 

amount of heat transferred is calculated as 

follows: 

𝐐 = 𝟐. 𝟒𝟑 ∙ 𝐕𝐩 ∙ 𝐒𝛚 ∙ (𝐓 − 𝐓𝛚)√𝐏𝐓 (14) 

In which: 

 P: is the pressure in the combustion 

chamber [Pa]; 

 T: is the temperature in the combustion 

chamber [K]; 

 Vp: is the mean speed of the piston 

[m/s]; 

 Sw: is the heat exchange surface of the 

cylinder wall [m2]; 

 Tw: is the temperature of the cylinder 

wall [K]. 

2.2.2. Annand equation 

According to Annand equation, the amount 

of heat transferred is calculated as follows: 

𝐐𝐀𝐧𝐧𝐚𝐧𝐝 = 𝐡𝐜𝐨𝐧𝐯 ∙ (𝐓𝐠𝐚𝐬 + 𝐓𝐰) ∙ 𝐒𝐰 + 𝛃 ∙ 𝛔

∙ (𝐓𝐠𝐚𝐬
𝟒 − 𝐓𝐰

𝟒) ∙ 𝐒𝐰 
(15) 

In which: 

 hconv: is the convection exchange 

coefficient calculated according to the 

function of combustion chamber 

geometry and the piston mean speed 

[W/m2/K]; 

 Tgas: is the temperature in the 

combustion chamber [K]; 

 Tw: is the temperature of the cylinder 

wall [K]; 

 Sw: is the exchange surface of the 

cylinder wall [m2]; 

 β: is the radiation coefficient 

(approximately 0.6) [-]; 

 σ: is the Stefan-Boltzmann constant; σ = 

5,67e-8 [W/m2/K4]. 

2.2.3. Woschni equation 

According to Woschni equation, the amount 

of heat transferred is calculated as follows: 

𝐐 =
𝟏𝟑𝟎 ∙ 𝐩𝟎.𝟖

𝐓𝟎.𝟓𝟑 ∙ 𝐁𝐨𝐫𝐞𝟎.𝟐

∙ (𝐂𝟏 ∙ 𝐕𝐩 + 𝐂𝟐 ∙
𝐕𝟎 ∙ 𝐓𝟏
𝐩𝟏 ∙ 𝐕𝟏

∙ (𝐩 − 𝐩𝟎))

𝟎.𝟖

∙ 𝐒𝐰 

(16) 

𝐕𝐩 = 𝟐 ∙ 𝐬𝐭𝐫𝐨𝐤𝐞 ∙ 𝐨𝐦𝐞𝐠𝐚 (17) 

In which: 

 Vp: is the piston mean speed [m/s]; 

 stroke: is the piston stroke [m]; 

 omega: is the engine crankshaft rotation 

speed [rad/s]; 

 p: is the pressure in the combustion 

chamber [bar]; 

 T: is the temperature in the combustion 

chamber [K]; 

 C1, C2: are the first and second 

coefficients of the Woschni heat transfer 

model, they are determined in the 

eng_cyclephase2 utility according to the 

cycle phase (suction, compression, 

combustion, and exhaust); 

 V0: is the combustion chamber volume 

[m3]; 

 p1, T1, V1: are the pressure, temperature, 

and volume before combustion [bar, K, 
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m3], respectively. They are also defined 

in the eng_cyclephase2 utility; 

 p0: is the intake air pressure [bar]; 

 Sw: is the wall surface area [m2]. 

Accordingly, the eng_cyclephase2 utility 

determines the values of the first and second 

coefficients of the Woschni heat transfer model 

C1woschni and C2woschni. Depending on the engine 

stroke, these values can change as shown 

below: 

 

Figure 1. C1woschni and C2woschni values according to 

crankshaft angle. 

TDC in Figure 1 is the Top Dead Center, 

which is the end of the compression process, at 

which point the spark plug will emit a spark to 

ignite the mixture of air and fuel inside the 

combustion chamber, thereby starting the 

combustion process. 

2.3. NOx Emissions 

When the NOx emission model is activated, 

depending on the value of the parameter 

“application type”, NOx emissions are 

calculated. For ‘compression combustion’ 

applications, the generation of NOx species is 

calculated using the engbmfnox_IFPEN utility. 

This utility calculates the mass change of NO, 

O2, and N2 components in the exhaust gas due 

to the following kinetic reaction: 

𝐎𝟐 + 𝐍𝟐 ⇌ 𝟐𝐍𝐎 (18) 

The reaction rates ωf and ωb of the forward 

and reverse reactions, respectively, are 

calculated using the usual Arrhenius laws. To 

take into account the effect of the presence of 

combustion exhaust gas on NO production, the 

forward reaction rate is adjusted according to 

the following formula: 

𝛚𝐟,𝐛 = 𝛚𝐟,𝐛(𝟏 − 𝐛𝐠𝐫𝐰𝐞𝐢𝐠𝐡𝐭𝐧𝐨𝐱. 𝐟𝐫𝐚𝐜𝐠𝐛) (19) 

Allows access to the variation of the 

assumed species through the variable “mass 

NOx in combustion gas”. In order to have 

consistent thermochemical properties of the 

gas in the combustion gas, the turbulent mass 

transfer from fresh gas to combustion gas is 

calculated using the engbmfm utility tool. This 

tool calculates the fresh gas mass transfer of 

the ith species, mgbentrainedot[i], into the 

combustion exhaust gas region due to 

turbulent entrainment according to the 

following model: 

𝐦𝐠𝐛𝐞𝐧𝐭𝐫𝐚𝐢𝐧𝐞𝐝𝐨𝐭[𝐢] = −
𝐦𝐠𝐟[𝐢]

𝛕  (20) 

Where, τ represents the characteristic 

mixing time of the turbulence and is calculated 

as follows: 

𝛕 = 𝐂𝐨𝐞𝐟𝐟𝐆𝐅𝐆𝐁 ⋅ 𝐂𝐝𝐢𝐬𝐬 ⋅ 𝐤𝐬𝐩𝐫𝐚𝐲𝟎.𝟓/𝐝𝐢𝐧𝐣 (21) 

The turbulent kinetic energy, “kspray”, is 

assumed to be generated entirely by the fuel 

injection flow rate, 𝒎̇𝒊𝒏𝒋 , according to the 

following equation: 

𝐤̇𝐬𝐩𝐫𝐚𝐲

= −𝐂𝐝𝐢𝐬𝐬
𝐤𝐬𝐩𝐫𝐚𝐲
𝟏.𝟓

𝐝𝐢𝐧𝐣

+
𝐂𝐭𝐮𝐫𝐛
𝐦𝐠𝐚𝐬

.
𝐦̇𝐢𝐧𝐣

𝟑

𝟐(𝐊𝐢𝐧𝐣. 𝐧𝐡𝐨𝐥𝐞
𝛑𝐝𝐢𝐧𝐣

𝟐

𝟒
. 𝛒𝐥)

𝟐
 

(22) 

Where, mgas and 𝝆𝒍 are the total mass of gas 

in the cylinder and the liquid density of the 

injected fuel, respectively. 

For “Ignition” applications, the production 

of NOx species is calculated using the 

engbmfzeldoreduced utility, which allows 

access to the variation of the assumed species 

via the variable 'mass of NOx in combustion 

gas'. That is, this utility calculates the mass 

variation of NO, O2, and N2 species in the 
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combustion gas according to the Zeldovich 

reduction kinetic reaction. In this approach, the 

complete Zeldovich mechanism: 

𝐍𝟐 + 𝐎 ⇌ 𝐍𝐎 + 𝐍 (23) 

𝐍𝐎 + 𝐎 ⇌ 𝐍 + 𝐎𝟐 (24) 

The reaction rate of NO formation decreases 

to: 

𝐝[𝐍𝐎]

𝐝𝐭
= 𝐜𝟎𝐍𝐎𝐱. 𝟐. 𝐤𝟏𝐟. [𝐍𝟐]. [𝐎]. (𝟏

−
𝐤𝟏𝐛. 𝐤𝟐𝐛. [𝐍𝐎]

𝟐

𝐤𝟏𝐟. [𝐍𝟐]. 𝐤𝟐𝐟. [𝐎𝟐]
)

/ (𝟏 +
𝐤𝟏𝐛. [𝐍𝐎]

𝐤𝟐𝐟. [𝐎𝟐]
) 

(25) 

Where kxy denotes the reaction rate of the 

xth reaction and the subscript y indicates 

whether the reaction rate refers to the forward 

(f) or reverse (b) reaction direction. The 

reaction rate is calculated using the usual 

Arrhenius law. 

2.4. Mechanical transmission 

The compressive force acting on the piston 

(Fpiston) is calculated using the following 

expression: 

𝐅𝐩𝐢𝐬𝐭𝐨𝐧 = (𝐏𝐜𝐲𝐥 − 𝐏𝐚𝐭𝐦𝐨). 𝐀𝐩𝐢𝐬𝐭𝐨𝐧 (26) 

Where: 

 Pcyl: is the pressure in the combustion 

chamber; 

 Patmo: is the atmospheric pressure; 

 Apiston: is the piston surface area. 

The total volume of the combustion 

chamber is calculated by taking the total 

volume obtained by the piston displacement 

during the entire piston stroke and the dead 

volume, which is a parameter calculated from 

the other parameters of the model: 

𝐝𝐯 = 𝛑. 𝐁𝟐.
𝐑

𝟐. (𝐫𝐜 − 𝐥)
 (27) 

In which: 

𝐫𝐜 = (𝐕𝐝 + 𝐕𝐜)/𝐕𝐜 (28) 

With: 

 𝐝𝐯: is dead volume; 

 R: is crankshaft radius (1/2 piston 

stroke); 

 rc: is the compression ratio; 

 Vc: is combustion chamber volume; 

 Vd: is the displacement volume created 

when the piston moves during its stroke. 

3. Simulation of the engine 

3.1. Engine configurations 

The research engine is a 13.5 L, six-cylinder, 

turbocharged, spark-ignition engine fueled by 

hydrogen with direct injection and low-

pressure exhaust gas recirculation (LP EGR) 

[22, 23, 25-29]. The main engine 

configurations are shown in Table 1. 

Table 1. Main engine configurations. 

Parameters Values 

Cylinder bore [mm] 130 

Piston stroke [mm] 170 

Connecting rod length [mm] 250 

Compression ratio [-] 11 

Combustion chamber height [mm] 2 

The block diagram of the calculation 

process is shown in Figure 2. 



 
Paper Title 

 

  133      

 
Figure 2. The block diagram of the calculation process. 

3.2. Air intake and fuel injection system 

The air intake and fuel injection system of 

the engine in the simulations is presented in 

Figure 3. The air intake system includes an air 

filter, an intake valve for controlling EGR, a 

compressor, a throttle, an intercooler, and a 

variable nozzle turbine. The LP EGR circuit 

comprises an EGR valve controller and a heat 

exchanger to manage the temperature of the 

recirculated gases. The direct injection system 

introduces H2 gas into the combustion 

chamber using trapezoidal injection profiles 

[22-24, 30-33].  

 

Figure 3. Air intake and fuel injection system. 

 

 

3.3. In-cylinder combustion model in 

simulation software 

3.3.1. Wiebe model 

The combustion process is modeled using 

the Long-Tail Combustion Wiebe method. This 

model provides an analytical formula for the 

heat release process during combustion and 
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employs a two-zone approach to calculate 

phenomena involving fresh and burnt gases, 

such as knocking and NOx formation. 

The Wiebe model is a widely used 

mathematical model for describing the 

combustion process in internal combustion 

engines. Developed by Ivan Wiebe in the mid-

20th century, it has become a crucial tool for 

analyzing and simulating combustion. The 

Wiebe model describes the progression of the 

combustion reaction through a mathematical 

function, helping to predict changes in 

pressure and temperature within the 

combustion chamber. A schematic diagram for 

the Wiebe combustion model setting 

representation is shown in Figure 4. 

 
Figure 4. Combustion model representation. 

The Long-Tail Combustion Wiebe model is 

an extended version of the basic Wiebe model, 

designed to provide a more detailed 

description of prolonged combustion, 

especially under varying operating conditions 

of H2-ICE engines. It accounts for factors such 

as flame propagation and incomplete 

combustion, particularly in engines using 

alternative fuels like hydrogen [34, 35]. 

The general formula for the Wiebe model is 

expressed as follows: 

𝛉%𝐁𝐮𝐫𝐧𝐞𝐝 = 𝟏 − 𝐞𝐱𝐩⁡(−𝐚 (
𝛉 − 𝛉𝟎
∆𝛉

)
𝐦

) (29) 

Where: 

 θ%Burned: is the percentage of fuel that 

has been burned; 

 A: is the adjustment coefficient (usually 

related to the combustion rate); 

 m: is the exponent of the Wiebe function 

(related to the shape of the combustion 

process); 

 θ: is the crank angle; 

 θ0: is the start angle of the combustion 

process; 

 Δθ: is the combustion duration (usually 

the difference in crank angle between 

the start and end of combustion). 

The term Long-Tail refers to the extension of 

the tail of the heat distribution, indicating that 

a small portion of the fuel continues to burn 

after the majority of the combustion process 

has been completed. This is particularly 

important for fuels such as hydrogen, where 

the combustion process can extend longer 

compared to traditional fuels. 

3.3.2. Advantage of the Long-Tail combustion 

Wiebe mode 

 Higher Accuracy: Compared to the basic 

Wiebe model, the Long-Tail model 

provides a more accurate description of 

the combustion process, especially 

during the final stages; 

 Versatile Applications: It is suitable for 

engine research using alternative fuels 

like hydrogen, where the combustion 

process can differ from traditional fuels; 
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 Detailed Analysis: It allows for in-depth 

analysis of temperature, pressure, and 

emissions throughout the combustion 

process, helping optimize engine 

performance and reduce NOx emissions. 

3.3.3. Application in research 

Within this study, the Long-Tail Combustion 

Wiebe model is used to simulate the 

combustion process in an H2-ICE engine. This 

model aids in analyzing and predicting engine 

performance and NOx emissions under 

various operating conditions, while also 

supporting the development of engine control 

strategies to achieve optimal performance and 

emission reduction [36-43]. 

3.4. Engine Control Strategies 

The engine control strategies is showed in 

Figure 5. The engine operates under eight 

different conditions, managed by 

proportional-integral (PI) controllers. These 

controllers adjust various actuators: 

 Fuel injection quantity: Controls the 

equivalence ratio; 

 Throttle position and variable nozzle 

turbine (VNT): Manages the indicated 

mean effective pressure (IMEP); 

 EGR valve and intake valve position: 

Adjusts the EGR flow rate; 

 Spark advance (SA): Controls the 

combustion phasing (CA50). 

 

 
Figure 5. Engine Control System.

4. Results and Discussion 

4.1. Engine performance 

The engine performance is evaluated 

through eight operating points (OPT), 

determined by engine speed, IMEP, 

equivalence ratio, and EGR ratio as shown in 

Table 2. Each operating condition is tested 

until a steady state is reached, ensuring reliable 

data for analysis. 

 

 

 

 

 

Table 2: Engine performance over time. 

OPT Batch Engine 

speed 

(rpm) 

IMEP 

(bar) 

Equivalence 

ratio 

EGR 

rate 

(%) 

#1 Run 1 800 6 0.5 0 

#2 Run 2 800 10 0.5 0 

#3 Run 3 1200 22 0.45 0 

#4 Run 4 1200 22 0.5 0 

#5 Run 5 1200 22 0.5 5 

#6 Run 6 1400 22 0.45 0 

#7 Run 7 1400 22 0.5 0 

#8 Run 8 1400 22 0.5 5 

4.2. NOx Emissions 

NOx (oxides of nitrogen) emissions from 

ICEs consist of thermal NOx, prompt NOx, and 

fuel NOx. It mainly refers to NO (nitric oxide) 
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and NO₂ (nitrogen dioxide). Thermal NOx is 

the most common type of NOx in high-

temperature combustion conditions, 

especially in diesel engines. At very high 

temperatures condition (usually above 1800 

K), N2 and O2 molecules react to form NOx. 

Conditions favouring thermal NOx are high 

flame temperatures, long residence 

combustion time, and high concentration of O2. 

Prompt NOx forms early in the combustion 

process. It’s generated by the reaction between 

N2 in the intake air and hydrocarbon radicals 

(like CH, C, or other fragments) from the fuel. 

Conditions favouring prompt NOx are low-

pressure and fuel-rich flames (e.g., in premixed 

combustion). Prompt NOx is usually a smaller 

contributor compared to thermal and fuel NOx. 

Fuel NOx comes from N2 compounds already 

present in the fuel itself. When a fuel contains 

chemically-bound N2 (common in coal, heavy 

fuel oils, ammonia, and some biofuels), 

combustion breaks these bonds and oxidizes 

the N2 into NOx. The condition favouring fuel 

NOx is fuels with high nitrogen content 

(ammonia, coal, residual oils, etc.). 

This study shows how NOx emissions are 

affected by engine operating conditions. 

Increasing the equivalence ratio from 0.45 to 

0.5 leads to higher NOx emissions. However, 

the application of EGR significantly reduces 

NOx emissions. Additionally, higher engine 

speeds result in lower NOx emissions due to 

the reduced residence time of the combustion 

mixture at high temperatures. 

This section will provide a more detailed 

explanation of the graphs related to NOx 

emissions under different operating 

conditions of the H2-ICE. 

Figures 6 and 7 below illustrate the 

relationship between engine speed and NOx 

emissions. It can be observed that as engine 

speed increases, NOx emissions decrease. This 

is due to the reduced residence time of the 

combustion mixture at high temperatures 

when engine speed increases, leading to a 

reduction in NOx formation. 

 

Figure 6. NOx emissions in simulation run 1. 

 

Figure 7: NOx emissions in simulation run 2. 

 

Figure 8: NOx emissions vs. engine speed. 
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Figure 8 illustrates the impact of the 

equivalence ratio on NOx emissions. As the 

equivalence ratio increases from 0.45 to 0.5, 

NOx emissions also rise. This is due to the 

excess fuel leading to higher temperatures in 

the combustion chamber, creating favorable 

conditions for NOx formation. 

Figure 9 shows the effect of the EGR system 

on NOx emissions. As the EGR ratio increases, 

NOx emissions decrease significantly. This 

reduction occurs because exhaust gas 

recirculation lowers the combustion 

temperature, thereby reducing NOx formation. 

 

Figure 9: NOx emissions by equivalence ratio. 

Figure 10 provides an overview of NOx 

emissions under various engine operating 

conditions. The operating points are defined by 

engine speed, IMEP, equivalence ratio, and 

EGR ratio. From the graph, it is evident that 

operating conditions greatly impact NOx 

emission levels. For instance, at higher engine 

speeds and lower equivalence ratios, NOx 

emissions are significantly lower. 

 

Figure 10: Impact of EGR on NOx emissions. 

As shown in the Figure 11 below, by increasing 

the equivalence ratio from 0.45 to 0.5, the NOx 

specific emissions increase (engine calibration 

1 vs 2). On the other hand, the introduction of 

EGR allows to reduce NOx as seen on engine 

calibration 3 compared to 2. It is also possible 

to observe that by increasing the engine speed 

NOx specific emissions are reduced, since the 

residence time of the burned gas mixture at 

high temperature is reduced (red dot vs blue 

square). 

 

Figure 11: NOx emissions under various operating 

conditions. 

4.3. Summary of NOx emissions analysis 

The study shows that controlling 

parameters such as engine speed, equivalence 

ratio, and EGR ratio significantly impacts NOx 

emission levels in the H2-ICE engine. A deeper 
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understanding of the relationship between 

these parameters and NOx emissions will aid in 

optimizing engine performance while 

minimizing harmful emissions. 

Although the simulation results provide 

valuable insights into the role of EGR in 

reducing NOx emissions in turbocharged 

hydrogen engines, it is important to 

acknowledge that the current study is based 

solely on modeling using Siemens Amesim. As 

such, certain simplifications and idealized 

conditions - such as uniform gas mixing, 

constant turbocharger efficiency, and 

combustion delay assumptions - may not fully 

reflect the complexity of real-world engine 

operation. 

To improve the reliability and applicability 

of the model, future work should include 

calibration and validation against 

experimental data obtained from hydrogen-

fueled engine test benches. Parameters such as 

NOx formation, exhaust gas temperature, 

combustion stability, and CO emissions should 

be measured and compared to the simulation 

outcomes. This approach will allow for model 

refinement and ensure that EGR strategies can 

be implemented effectively in practical 

hydrogen engine systems. 

5. Conclusions 

Although the EGR strategy proves effective 

in reducing NOx emissions in turbocharged 

hydrogen engines, its implementation must be 

carefully calibrated. Excessive EGR may lead to 

incomplete combustion, thereby increasing CO 

emissions, and in certain cases, might also 

cause combustion instability or knocking 

phenomena. Future studies should evaluate 

these secondary effects under varying load and 

speed conditions to ensure optimal trade-offs 

between emission control and engine 

performance. 

The study successfully illustrates the 

operating conditions and performance 

characteristics of a turbocharged six-cylinder 

H2-fueled spark-ignition engine equipped with 

direct injection and EGR systems. 

Implementing a basic engine control system, 

including combustion control and NOx 

modeling, provides valuable insights into 

engine behavior across different operating 

points. The results highlight the importance of 

precise control over variables such as 

equivalence ratio, EGR ratio, and spark timing 

to prevent knocking and optimizing NOx 

emissions. These findings emphasize 

hydrogen's potential as a viable alternative fuel 

for heavy-duty engines, offering a pathway 

toward reduced carbon emissions and 

improved engine performance. Further 

research and development in this area could 

pave the way for broader adoption of 

hydrogen-powered engines in the automotive 

industry, contributing to more sustainable and 

cleaner transportation solutions. 
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