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Abstract 

The global rush for decarbonization and the more restrictive emission regulations are pushing 
the research for cleaner powertrains to the transport sector. In this sense, this work contributes 
with an experimental investigation of the performance and emissions of a single-cylinder SI 
engine operating under lean-burn hydrogen combustion. Its performance, combustion 
parameters, exhaust emissions, and indicated efficiency for a wide range of mixture dilutions are 
then compared to methane under similar engine load conditions. Hydrogen achieved stable 
combustion up to lambda 3.4, presenting zero CO emission and very low HC emission for all 
tested operating conditions. Hydrogen operation also presented zero NOx emissions for 
conditions leaner than lambda 2.2 and 3.0 at 2000 and 3000 rpm, respectively, however, the NOx 
emissions increase as the mixture is enriched. The high in-cylinder pressure rise rate limited the 
operation at mixtures richer than lambda 1.3 at 2000 rpm. When compared to methane, the 
hydrogen allows de-throttle the engine to burn lean mixtures maintaining a proper flame speed, 
resulting in lower pumping losses, lower pollutants emissions for most of the conditions tested, 
and higher indicated efficiency, making hydrogen a promising fuel to replace conventional fuels 
on cleaner SI engines. 
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1. Introduction 

The imperative shift towards a cleaner energy infrastructure pushed by the concern about 
global warming and air pollution in big cities is driving the policy makers to impose emission 
regulations more and more restrictive to commercial and passenger cars [1,2]. These restrictions 
have led to several improvements in terms of fuel conversion efficiency and tailpipe emission 
reduction over the last years [3,4]. The upcoming regulations in the transport sector are directing 
attention mainly to the powertrain electrification, but more efficient Well-to-Wheel (WTW) 
solutions as the use of alternative fuels on the already widespread internal combustion engine 
(ICE) or the use of unconventional technologies such as fuel cell has also been studied [5]. 

One of the most promising fuels to extend the use of ICE in transportation is the hydrogen, a 
carbon-free fuel that can be produced from renewable energy sources and which produces zero 
carbon emission from its combustion, aside from the nitrogen oxides formed due to the high-
temperature combustion [6–8]. Like all gaseous fuels, the hydrogen has the drawback of low 
energy density, requiring a larger (and at high pressure) tank or more often refueling stops 
compared to liquid fuels, making it difficult to implement in heavy-duty or long-distance 
applications [9]. However, it emerges as a feasible technology for light- and medium-duty vehicles 
in the near future [10]. 

On spark-ignited (SI) engines, the use of hydrogen was reported as a substitute or combined 
with other fuels [11–14]. The main operating challenges of using pure hydrogen on SI engines 
with port-fuel injection (PFI) are back-fire and pre-ignition issues, mainly due to the contact of the 
fresh mixture with hot residual gases, hot spots and exhaust back-flow [15]. With the direct 
injection (DI) strategy, as the fuel is injected during the compression stroke, these phenomena 
are mitigated. Besides abnormal combustion prevention, the DI method also allows reaching 
higher engine load (above GDI operating condition), higher indicated efficiency at same load and 
air excess factor, and higher combustion velocity due to the turbulence induced by the fuel 
injection [11,16]. Hydrogen direct injection also allows working in stratified charge conditions 
extending the lean limit of a spark ignition engine [17]. In addition to the experimental studies, 
numerical studies investigated the flame front velocity [18], NOX emissions and future emission 
regulation compliance [19–21]. 

On compression-ignited (CI) engines, experimental studies are reported using the hydrogen 
as the low reactivity fuel in the Dual-Fuel mode with diesel (high reactivity fuel), being able to 
reach up to 98% of the energy share ratio [22]. The hydrogen potential on CI engines was also 
assessed by numerical simulations, highlighting the challenges and future research topics to 
optimize the injection and combustion of gaseous fuel in this particular engine [23]. The hydrogen 
addition (up to 37.58% in energy basis) in diesel and diesel-vegetable oil mixtures was also 
experimentally assessed, pointing out the benefits of reducing HC, CO and CO2 emission and 
specific fuel consumption, but with the drawbacks of lower thermal efficiency and higher NOX 
emissions [24,25]. 

The use of hydrogen as a fuel is also reported on homogeneous charge compression ignition 
(HCCI) engines [26,27]. The high peak of heat release compels running at lean conditions, 
reducing the maximum power compared to the baseline diesel. Nevertheless, higher efficiency 
and lower pollutant emissions were reported. 

Recent publications reported the use of pure hydrogen on SI ICE’s [28–31], as well as the 
use of hydrogen to enable stable lean operation for various fuels, such as gasoline, compressed 
natural gas (CNG) and Acetone-Butanol-Ethanol (ABE) [32–34]. Due to its low ignition energy 
and high flame speed, the hydrogen addition reduces the cycle-to-cycle variability and extends 
the lean-burn limit. For this reason, pure hydrogen applications allow extremely high dilution rates 
with air or EGR, leading to very low NOx emissions at lean and ultra-lean mixtures while 
maintaining satisfactory combustion stability. The drawback, however, is the power limitation 
caused when a diluted operation strategy is used, limiting its use on high-density power demand 
applications. 

Fischer et al. studied the use of hydrogen on a 1 L 3-cylinder turbocharged direct-injected 
gasoline engine converted to hydrogen operation. At 19 bar BMEP and stoichiometric condition, 
the hydrogen-fueled engine presented lower NOx emission and a faster and more stable 
combustion than gasoline, but with the inconvenience of a higher in-cylinder pressure and a 



   

 

   

 

sharper pressure rise. The authors also highlight the potential of charge dilution (with air or EGR) 
to increase the indicated efficiency; limited, however, to the capability of the boost system to 
provide the required air/EGR rate. To conclude, the authors point out the inability of NOx reduction 
using lean operation above low part-load operation due to turbocharger capability issues, 
therefore being more suitable to use stoichiometric mixture in those conditions. 

Bao et al. conducted experiments aiming achieve near-zero NOx emission at high power 
demand and high thermal efficiency on a 2 L 4-cylinder turbocharged direct-injected engine. As 
mentioned by the authors, the high injection pressure play an important role to achieve high 
engine load at mid-high engine speed while maintain low NOx emission. The better fuel 
homogenization caused by early injection it is also crucial to the NOx emission reduction. 
Additionally, the increase of the compression ratio and the use of a turbocharger allowed to 
significantly increase the engine load and brake thermal efficiency up to 13.3 bar BMEP and 
40.4%, respectively, making it possible to achieve near-zero engine-out emission in most working 
conditions. Nevertheless, the authors remarks that it is impossible to achieve 20 bar BMEP or 
42% of brake thermal efficiency without NOx penalization. 

In addition to these experimental studies, recent papers reported a comprehensive review on 
the role of hydrogen for future internal combustion engines, which highlights the necessity of 
further contributions in such an interesting topic for the future mobility [35,36]. The current work, 
therefore, aims to investigate the hydrogen operating limits in a direct injection single-cylinder SI 
engine, identifying the leanest and richest mixture where a stable and safe operation is achieved. 
Afterwards, the hydrogen feasibility to replace conventional carbon-based fuels is assessed 
considering the engine performance, combustion parameters, exhaust gaseous emissions and 
indicated efficiency obtained with hydrogen and methane operation. To the best of the author's 
knowledge, there are few studies comparing the pure hydrogen operation with methane or 
compressed natural gas (CNG), furthermore these were carried out under non-similar test 
conditions such as low engine load or low injection pressure [37,38]. The main objective of 
comparing with methane, however, is to stablish a baseline case with a well-known and widely 
used fuel, which additionally was previously studied by the authors [39,40]. 

2. Materials and methods 

This section describes the experimental facilities, fuel injection system and testing 
methodology used in this work. 

2.1. Engine characteristics 

The experimental investigation was carried out in a naturally aspirated 4-stroke single-cylinder 
SI engine. The cylinder head has a central sparkplug, four-valves and a pent-roof-shaped 
combustion chamber. Two injection systems are available in this engine: direct injection (DI) and 
port-fuel injection (PFI), but only DI configuration was used in this work. Table 1 summarizes the 
main characteristics of the engine. 

Table 1. Engine specifications. 

Engine type 4-stroke SI 

Bore x Stroke [mm] 72 x 60 

Displaced volume [cm3] 244.3 

Compression Ratio [-] 11.5:1 

Injection system DI @ 6.5 bar 

SOI [CAD] 315 BTDC 

Valve timing [CAD] 

IVO=6 ATDC 

IVC=50 ABDC 

EVO=41 BBDC 

EVC=1 ATDC 



   

 

   

 

Rated Power [kW] 16 @8000 rpm 

Rated Torque [Nm] 20 @5500 rpm 

2.2. Test cell characteristics 

To allow proper engine monitoring and data acquisition of a wide range of relevant information 
for engine testing, the experimental activities were carried out in a fully instrumented test cell, as 
depicted in the scheme in Figure 1. The engine was coupled to an active dynamometer to control 
load and speed. The in-cylinder pressure was measured through an AVL GH12D piezoelectric 
pressure transducer in conjunction with an AVL FlexIFEM Piezo charge amplifier and referenced 
by an encoder with a resolution of 0.1 crank-angle degrees (CAD). A manifold absolute pressure 
(MAP) sensor was used to measure the intake pressure. The air and fuel mass flow rate were 
measured, respectively, through a Sensyflow NW 25 and a Brooks SLA5861 thermal mass 
flowmeters. A Bosch wide-band lambda sensor LSU 4.9, conditioned by an ETAS Lambda Meter 
LA4, determined the exhaust oxygen concentration and allowed the calculation of the actual air-
to-fuel ratio. The ignition and injection settings were controlled by an AVL Engine Timing Unit 
(ETU) multi-channel system. All the sensors above were connected to an AVL IndiModul high-
speed data acquisition unit, allowing real-time combustion analysis using AVL IndiCom software. 
Quantitative information about the combustion process and its cycle-to-cycle variability was 
obtained through a heat-release analysis from 400 consecutive cycles. A low-frequency system 
using type-K thermocouples was used to measure the intake and exhaust gas temperatures. The 
concentration of HC, CO, CO2, O2 and NOx on the exhaust were measured by an AVL DiGas 
4000 gas analyzer. 

 

 Figure 1 – Test cell scheme. 

2.3. Fuel injection system 

In this research, the engine was operated with methane (CH4 ≥ 99.95 %) and gaseous 
hydrogen (H2 ≥ 99.999%). Additional fuel characteristics are found in Table 2. Although the 
availability of PFI and DI injection strategies, the DI configuration was chosen due to the benefit 
of increasing the volumetric efficiency compared to the PFI, as related in further details on the 
author’s previous works [41,42]. The DI configuration also helps prevent back-fire and pre-ignition 
phenomena, especially when fueled with hydrogen [15]. 

Table 2. Fuel characteristics. Source: [43,44] 

Property Methane Hydrogen 

Formula CH4 H2 

Lower Heating Value [MJ/kg] 50.0 120.0 



   

 

   

 

Molecular weight [kg/kmol] 16.042 2.016 

Density @ 300 K and 6.5 bar 
[kg/m3] 

4.2269 0.5233 

Specific heat [kJ/kg K] 2.20 1.44 

Ratio of specific ratio [-] @ 300 K 
and 6.5 bar 

1.3198 1.4059 

Gas constant [kJ/kg K] 0.5182 4.124 

Autoignition temperature @ 1 atm 
and stoichiometric mixture [K] 

813 858 

Research Octane Number 120 120-140 

Stoichiometric air/fuel ratio [kg/kg] 17.23 34.33 

A natural gas low-pressure direct injector was adapted in the cylinder head and was used 
both for methane and hydrogen fuels. The upstream injector pressure was regulated at 6.5 bar 
(both for methane and hydrogen), ensuring critical flow through the nozzle. The start of injection 
(SOI) was set at 315 CAD-BTDC and the duration of injection (DOI) varied according to the 
desired operating condition (load and air-to-fuel ratio). 

For safety reasons, the fuel gas line was equipped with a flame arrestor and a pneumatic-
actuated valve downstream of the pressure regulator, enabling the operator to provide fuel gas 
to the injector only when the engine is powered, preventing premature wear and possible 
accidents due to the injector failures. The fuel gas line is then composed by the high-pressure 
fuel tank, pressure regulator, pneumatic-actuated valve, mass flow meter, flame arrestor and 
injector. 

2.4. Hydrogen mass flow rate determination 

Based on the mass rate of injection (i.e. fuel mass per energizing time curve) of a baseline 
gaseous fuel, it is possible to estimate the mass rate of injection of a different gaseous fuel using 
the physical properties of both fuels and the equation of a flow through an orifice of an ideal gas: 

 
𝑑𝑚𝑓𝑢𝑒𝑙

𝑑𝑡
=

𝐴𝑇𝑃𝑢𝑝

√𝛾𝑅𝑇𝑜
𝛾 (

2

𝛾 + 1
)

𝛾+1
2(𝛾−1)

 2.1 

where 𝑚𝑓𝑢𝑒𝑙 is the mass of fuel, 𝐴𝑇 is the cross-sectional area of the injector nozzle, 𝑃𝑢𝑝 is the 

upstream injector gas pressure, 𝛾 is the ratio of specific heat, 𝑅 is the gas constant, 𝑇𝑜 is the 
upstream injector gas temperature. 

In this work, the first approximation of hydrogen mass rate of injection was based on methane 
mass rate of injection. As the injector and the upstream thermodynamic condition are the same 
for both fuels, the difference in mass flow rate is only due to the different fuel physical properties. 
Therefore, assuming the pressure and temperature upstream of the injector as 6.5 bar and 300 
K, respectively, the mass flow rate for hydrogen is 0.362 times the mass flow rate for methane at 
same duration of injection. Due to the linearity of the mass rate of injection and the supercritical 
flow condition of the injection process, the fuel mass injected of hydrogen can be determined for 
a wide range of DOI. Figure 2 shows the hydrogen mass flow rate versus energizing time for 2000 
and 3000 rpm. 

 



   

 

   

 

 

 Figure 2 – Hydrogen mass flow rate versus energizing time. 

 

2.5. Testing methodology 

The present study is divided in two sections: (1) the first one explores the operating limits of 
a hydrogen fueled naturally-aspirated SI engine and (2) the second one performs a comparison 
between hydrogen and methane at 2000 and 3000 rpm at different engine loads and dilution 
rates. 

2.5.1. Exploring the hydrogen operating limits  

As a preliminary approach to identify the current limits with hydrogen fuel, the engine was 
operated from its lean limit to the closest-to-stoichiometric condition in lambda steps of 0.2. The 
former was constrained by the combustion stability (IMEPCOV limit of 5%), whereas the latter by 
structural load (in-cylinder pressure and its rise rate). For each condition, the spark timing (ST) 
was adjusted at maximum brake-torque (MBT) timing, being this the only tuning parameter in 
each lambda value. Table 3 presents all the operating points for hydrogen fuel. 

The objective during the operation with hydrogen was to explore the benefit of its wide 
flammability limits, de-throttling the engine and controlling the load by the amount of fuel injected. 
In this way, the pumping losses are diminished, and the NOx formation is greatly reduced due to 
the lower combustion temperature. At low loads, however, the cycle-to-cycle variability became 
excessively high due to the high dilution rate (lambda close to 3), suggesting that in such cases 
a throttled operation is needed. 

Table 3. Engine test matrix for hydrogen operation. 

Engine 
Speed 
[rpm] 

Fuel 
IMEP 
[bar] 

IMEPCOV 

[%] 
TPS [%] 

ST [CAD 
BTDC] 

MFB50% 
[CAD 

ATDC] 

DOI 
[CAD] 

Lambda 
[-] 

2000 Hydrogen 

6.14 0.68 100.0 3.6 6.50 234 1.29 

5.72 0.71 100.0 4.6 6.85 220 1.39 

5.08 0.73 100.0 10 6.25 194 1.60 

4.72 0.88 100.0 8.6 8.05 168 1.81 

4.36 0.92 100.0 12.6 7.70 150 2.00 

4.13 0.97 100.0 14.6 8.70 139 2.20 

3.87 1.20 100.0 18.6 7.65 128 2.41 

3.66 1.45 100.0 20.6 9.60 119 2.60 



   

 

   

 

3.44 1.50 100.0 24.6 10.45 109 2.80 

3.21 2.01 100.0 26.6 11.65 100 3.01 

2.97 2.83 100.0 28.6 13.50 92 3.18 

2.46 6.63 100.0 28.6 18.40 84 3.40 

3000 Hydrogen 

5.50 0.84 100.0 13.8 7.75 295 1.97 

5.09 0.78 100.0 16.8 7.10 265 2.20 

4.76 0.76 100.0 18.8 7.05 248 2.41 

4.32 0.94 100.0 20.8 9.10 215 2.59 

4.02 0.87 100.0 23 9.65 194 2.78 

3.69 1.04 100.0 24.8 10.80 176 3.01 

3.41 1.80 100.0 27 12.00 162 3.20 

3.00 3.06 100.0 27 15.00 144 3.40 

2.48 6.78 100.0 27 17.75 130 3.51 

2.5.2. Hydrogen potential to replace methane as fuel 

In the second phase of the study, a comparison between hydrogen and methane was 
performed at 2000 and 3000 rpm at different engine loads and dilution rates. The engine 
performance, combustion parameters, indicated efficiency and exhaust emissions of both fuels 
are compared and discussed. For each condition, the spark timing (ST) was adjusted at MBT 
timing. The operating conditions used in the comparison are described in Table 4. 

While using hydrogen the engine was operated at wide-open throttle (WOT), with methane, 
nonetheless, the throttled operation was necessary to limit the load and maintain the dilution rate 
within admissible levels to a proper combustion development. Moreover, due to a narrow 
flammability range of the methane and knock limitation on close to stoichiometric mixtures with 
hydrogen (further detailed on Section 3.1), it was impossible to make a comparison at same 
dilution rate between both fuels. Therefore, the methodology chosen for the methane operation 
was to reproduce the same IMEP range as the hydrogen, preserving the stoichiometric mixture 
to ensure a good conversion efficiency of the three-way catalyst (TWC). 

Table 4. Engine test matrix for methane operation, λ=1. 

Engine 
Speed 
[rpm] 

Fuel IMEP [bar] 
IMEPCOV 

[%] 
ST [CAD 
BTDC] 

MFB50% 
[CAD 

ATDC] 
DOI [CAD] 

2000 Methane 

5.42 0.7 28 8.2 150 

5.15 0.9 28 10.3 140 

4.43 1.8 34 9.7 125 

4.31 3.7 28 18.1 118 

4.14 1.4 34 11.4 114 

3.71 6.3 34 17.0 105 

2.59 15.4 38 27.4 86 

3000 Methane 

5.64 2.27 31 12.6 243 

4.86 1.7 34 11.2 200 

4.16 2.0 36 8.9 180 

3.23 1.9 44 9.9 136 

2.71 5.5 39 18.0 120 



   

 

   

 

2.29 3.4 51 9.9 100 

3. Results and discussion 

3.1. Exploring the hydrogen operating limits 

The first step during the experimental campaign with hydrogen was to sweep the mixture 
dilution and optimize the ST to achieve MBT on each operating point. It is important to notice that 
only WOT conditions were assessed during this exploratory campaign; therefore, the load was 
controlled by the amount of injected fuel. Due to the lean operation, a substantial engine power 
reduction was noticed when fueled with hydrogen. The maximum IMEP reached was 6.14 bar, 
about 53% of the maximum rated engine load. To overcome this power limitation while 
maintaining a diluted mixture, a supercharged operation is recommended for future works. 

As depicted in Figure 3, as the mixture dilution is increased, the combustion stability 
(quantified by the coefficient of variation of the Indicated Mean Effective Pressure – IMEPCOV) is 
worsened. This exacerbated cycle-to-cycle variability in reason of the mixture composition is 
caused by the deterioration of the flame development on its initial stages, leading to different 
combustion development or, in some cases, flame front quenching. The condition in which the 
IMEPCOV limit of 5% has been exceeded was lambda 3.40 and 3.51 at 2000 and 3000 rpm, 
respectively. Therefore, at low engine loads, where the dilution increases at WOT condition, a 
throttled operation is recommended to reduce the mixture dilution and stabilize the combustion. 
This partialization reduces the high cycle-to-cycle variability and misfire occurrences that 
penalized the engine efficiency and would affect the drivability in a future vehicle application. For 
this particular engine, setting a IMEPCOV limit of 5%, the leanest possible mixture would be around 
lambda 3.31 and 3.46 for 2000 and 3000 rpm, respectively. 

 

Figure 3 – Coefficient of variation of the IMEP in 400 consecutive cycles. 

As the engine load increases (here represented by the dilution rate due to the WOT condition), 
the in-cylinder pressure and temperature become higher, which increase the end-gas 
temperature and promotes the formation of hotspots in the combustion chamber, increasing the 
tendency to knock in such conditions. In this study, the engine knock was monitored by the 
maximum amplitude of pressure oscillations (MAPO), where a band-pass filter (between 5 and 
20 KHz) is applied to the in-cylinder pressure and the maximum amplitude of the high-frequency 
resulting signal is taken. Due to the random occurrence of the knock, the MAPO was calculated 
for each individual cycle and the mean value over 400 cycles represents the frequency and 
intensity of this abnormal event. As the MAPO is a parameter based on the pressure wave caused 
by the knock phenomenon, it depends on the geometry of the combustion chamber and must be 
empirically determined for each engine geometry and speed. Since no knock condition was 
detected, it was not possible to define the MAPO limits for hydrogen operation on the tested 
conditions. However, under MAPO 0.23 and 0.21 bar, for 2000 and 3000 rpm respectively, knock-
safe conditions are obtained thanks to the hydrogen direct injection and the relatively low load 



   

 

   

 

due to naturally-aspirated intake system. The MAPO values for all tested conditions can be 
observed on Figure 4. 

 

Figure 4 – Mean of maximum MAPO in 400 consecutive cycles. 

Figure 5 shows the mean of the maximum pressure rise rate for a wide range of mixture 
dilution and the two tested engine speeds. It can be observed that higher hydrogen concentrations 
lead to higher in-cylinder pressure rise rates, an expected behavior since the energy delivered by 
the fuel is gradually increased. Nonetheless, excessively high (5 bar/cad) in-cylinder pressure 
rise rates were obtained when approaching stoichiometric mixtures, therefore the engine has not 
been tested on conditions with mixtures richer than lambda 1.3 at 2000 rpm to avoid structural 
damages. 

For higher engine speed cases, at 3000 rpm, even though the maximum pressure rise rate 
was adequate, the injector was unable to supply the fuel demand necessary to reach lambda 
values below 2.0. The reason is the combination of a shorter available injection time (in seconds) 
due to higher engine speed, low density of the hydrogen (one-eighth of methane density) and the 
use of low-pressure direct injection, which limits the end of injection to a given point that the in-
cylinder pressure is below the injection pressure (here established at 65 CAD-BTDC). For this 
limited condition (lambda 2.0 at 3000 rpm), the DOI was changed from 315 to 355 CAD-BTDC to 
increase the available injection time, however a worse cylinder filling was noticed due to an 
overlap with the intake process, causing a lower in-cylinder pressure during compression stroke 
as shown in Figure 6. 

 

Figure 5 – Mean of maximum pressure rise rate in 400 consecutive cycles. 



   

 

   

 

Based on the crank angle resolved in-cylinder pressure, a heat-released analysis was carried 
out to obtain quantitative combustion parameters such as the rate of heat released (RoHR), and 
the mass fraction burned profile. The in-cylinder pressure traces and the RoHR for a wide range 
of mixture dilution are depicted in Figure 6, at 2000 rpm on the left-hand and 3000 rpm on the 
right-hand. As expected, the maximum in-cylinder pressure and the peak of rate of heat released 
decrease as the mixture is leaned. This behavior is due to the lower amount of fuel injected and 
the slower flame speed caused by the air dilution, which enlarge the combustion duration and 
slow down the energy release. 

 

Figure 6 – Effect of charge dilution on the mean of in-cylinder pressure and rate of heat released at 2000 rpm (left) 
and 3000 rpm (right). 

The slower combustion also requires more advanced spark timings to ensure a proper 
combustion centering, characterized by the crank angle at which 50% of the mixture is burned 
(MFB50%). The evolution of the spark timing necessary to achieve MFB50% around 8 CAD-
ATDC for each mixture composition tested at 2000 rpm is depicted on Figure 7. As can be seen, 
the spark timing has to be advanced as the mixture is leaned. However, for mixtures leaner than 
lambda 2.8, the combustion duration is so extended that the spark timing necessary to center the 
combustion ends up moving the maximum in-cylinder pressure towards TDC, lowering the 
indicated efficiency. At very lean mixtures (e.g. lambda 3.0 and beyond), there is a complete 
mismatch between these two engine calibration criteria, indicating that a faster combustion is 
necessary. In this sense, the pre-chamber ignition concept could be an effective method to 
shorten the combustion duration and it could enable the use of very lean mixtures, especially the 
configuration that uses stoichiometric mixture inside the pre-chamber, called active configuration. 



   

 

   

 

 

Figure 7 – Effect of charge dilution on combustion centering. 

In terms of exhaust gaseous emissions, Figure 8 shows how the formation of nitrous oxide 
(NOX) is greatly reduced as the air dilution ratio is increased, reaching zero emission at lambda 
2.2 and 3.0 at 2000 and 3000 rpm, respectively. As the NOx formation rate is strongly dependent 
on the in-cylinder temperature, the operating conditions close to stoichiometric mixtures presents 
the higher NOx emissions precisely due to the higher in-cylinder temperature, as depicted on 
Figure 9. Another point to be remarked by observing Figure 8 and Figure 9 is that the higher 
engine speed presents the higher NOx emission at the same lambda; this is due to the higher in-
cylinder temperature explained by the lower heat losses to the walls. In addition to temperature, 
the oxygen concentration plays an important role on the NOx formation, nevertheless as all tested 
conditions are at lean operation, this was not crucial in the present work. 



   

 

   

 

 

Figure 8 – Effect of charge dilution on engine-out NOx emission. 

 

Figure 9 – In-cylinder mean temperature crank angle evolution for different charge dilution levels at 2000 rpm (left) 
and 3000 rpm (right). 

As hydrogen is a carbon-free fuel, zero CO emissions and very low amounts of HC were 
detected both for 2000 and 3000 rpm for all operation conditions tested. It is worthy to mention 
that small amounts of HC are usually due to the presence of lubricant film on chamber walls. 

3.2. Hydrogen potential to replace methane as fuel 

This section presents an assessment of the potential of the hydrogen to replace conventional 
fuels on SI engines, such as methane. Engine performance, combustion parameters, indicated 
efficiency and exhaust gaseous emissions of the hydrogen operation were compared with a 
methane operation at equivalent engine load. The main benefits of replacing methane with 
hydrogen are the possibility to de-throttle the engine to reduce the pumping losses, and the 
suitable flame front velocity even at lean operation. Besides, the lean operation also increases 
the gas specific heat ratio and decreases the average burned-gas temperature, leading to a 
higher expansion work and lower heat losses to the combustion chamber walls. Therefore, these 
advantages suggesting a higher indicated efficiency with hydrogen from a thermodynamic and 
operational point of view will be fully assessed and discussed. 



   

 

   

 

In a naturally aspirated engine, to achieve a greater indicated efficiency it is desirable that the 
energy lost during the intake and exhaust strokes be as small as possible. For both hydrogen and 
methane operation it was quantified by the pumping mean effective pressure (PMEP), 
represented in Figure 10. As it can be seen, the pumping losses with hydrogen operation 
represent 28% and 47% of the methane operation at 2000 and 3000 rpm, respectively. Thus, 
combining hydrogen and de-throttling operation, less fuel-energy is necessary to achieve the 
same indicated work (thanks to the lower energy spent during the gas exchange process), 
resulting in a gain in indicated efficiency. 

 

Figure 10 – PMEP at 2000 and 3000 rpm at equivalent IMEP for hydrogen and methane. 

Besides the pumping losses, the combustion duration also plays an important role in the 
indicated efficiency, where a faster combustion leads to a higher indicated efficiency due to its 
approximation to a constant-volume ideal cycle. In this sense, Figure 11 presents the rate of heat 
released for methane and hydrogen at 2000 rpm and equivalent engine load, normalized by the 
maximum hydrogen value. It can be said that even with a leaner mixture (lambda 2.0 vs lambda 
1.0), the hydrogen presented a faster combustion and a higher peak of heat released, contributing 
to a higher indicated efficiency. 

 

Figure 11 – Normalized rate of heat released. IMEP 4.3 bar @ 2000 rpm 

Figure 12 shows the engine-out indicated specific NOx emissions for hydrogen and methane 
at 2000 and 3000 rpm. As can be seen, the engine emitted less NOx when fueled with hydrogen 



   

 

   

 

for the most part of the tested conditions, especially below IMEP 4.5 where no NOx emissions 
were measured for hydrogen. As the engine load is increased, both fuels presented higher NOx 
formation due to the higher in-cylinder temperature. However, the higher oxygen concentration in 
hydrogen operation contributed to a higher NOx emission in the last tested load range, as 
observed at 2000 rpm and IMEP 5.7, where the hydrogen NOx emissions are higher than 
methane. 

 

Figure 12 – Engine-out indicated specific NOx emission for all tested conditions. 

The indicated specific HC and CO emissions for all operating points are shown in Figure 13 
and Figure 14, respectively. As expected, the hydrogen presented lower HC and CO emissions 
than methane as a result of the absence of carbon on its composition. The small amount of HC 
emission on hydrogen operation can be related to the contamination caused by the thin layer of 
lubricant oil on the cylinder walls. 

 

Figure 13 – Engine-out indicated specific HC emission for all tested conditions. 



   

 

   

 

 

Figure 14 – Engine-out indicated specific CO emission for all tested conditions. 

Finally, to support all the reasoning done throughout this section, the indicated efficiency for 
hydrogen and methane operation at 2000 and 3000 rpm and different engine load are presented 
in Figure 15. The hydrogen, therefore, showed a substantial gain both at 2000 rpm and 3000 rpm 
for all tested range of engine load. The highest hydrogen indicated efficiency (42.4%) was 
obtained at 3000 rpm and 5.5 bar IMEP, which represents a gain of 8.6% in comparison with 
methane at similar engine load.  

 

Figure 15 –Indicated efficiency comparison between hydrogen and methane for all tested conditions. 

4. Conclusions 

In this work an experimental investigation of the operating limits of a single cylinder naturally-
aspirated SI engine fueled with hydrogen is presented and discussed. Its performance, 
combustion parameters, exhaust emissions and indicated efficiency were then compared to 
methane under similar engine load conditions. The following main conclusions can be deduced 
from this study: 



   

 

   

 

• Fueled with hydrogen, the engine could be operated from lambda 1.3 up to 3.4 at 
2000 rpm. The closer-to-stoichiometric mixture was limited by the abrupt in-cylinder 
pressure rise (approaching 5 bar/cad), whereas the combustion stability constrained 
the most diluted one (exceeding 5% of covariance on IMEP). For 3000 rpm, the lean 
limit was reached at lambda 3.5 and the injector capacity limited the mixture 
composition at lambda 2.0. 

• The direct injection fuel system ensured knock-safe operation for all tested conditions 
(up to 6.14 bar IMEP @2000 rpm). 

• Throttled operation is recommended at low engine loads to decrease the mixture 
dilution and reduce the cycle-to-cycle variability. 

• To overcome the power limitation imposed by the diluted mixture, a supercharged 
operation (with a turbocharger or a mechanical supercharger) is recommended for 
futures works. 

• Despite its mostly higher laminar flame speed, the hydrogen combustion at high 
dilution rates (especially leaner than lambda 2.8) was not fast enough to center the 
combustion (MFB50%) around 8 CAD-ATDC, resulting in low indicated efficiency in 
such conditions. Alternative combustion methods that shorten the combustion 
duration (e.g. pre-chamber ignition concept) may extend the current lean limit 
achieved with conventional sparkplug. 

• In comparison with methane, the engine fueled with hydrogen presented lower 
pumping losses on all tested operating points thanks to the un-throttled operation. 

• Even with diluted mixture, the hydrogen presented a faster combustion than methane, 
which contributed to a higher indicated efficiency. 

• The absence of carbon molecules contributed to lower engine-out HC and CO 
emissions of hydrogen in comparison with methane. Moreover, the hydrogen NOx 
emissions were lower at most operating points thanks to the lean operation. 

• The hydrogen showed a substantial gain in indicated efficiency in comparison with 
methane both at 2000 rpm and 3000 rpm for all tested range of engine load. 

To conclude, hydrogen proved to be a promising carbon-free fuel to replace the conventional 
fuels currently used on SI engines. 
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Notations 

ABE Acetone-Butanol-Ethanol 

ATDC After top dead center 

ABDC After bottom dead center 

BDC Bottom dead center 

BTE Brake thermal efficiency 

CAD Crank angle degree 

CI Compression ignition 

CNG Compressed natural gas 

CO Carbon monoxide 

CO2 Carbon dioxide 

DI Direct injection 

DOI Duration of injection 

EGR Exhaust gas recirculation 

ETU Engine timing unit 

GDI Gasoline direct injection 

HC Hydrocarbon 

ICE Internal combustion engine 

IMEP Indicated mean effective pressure 

MAPO Maximum amplitude of pressure oscillations 

MBT Maximum brake-torque 

MFB Mass fraction burned 

𝑚𝑓𝑢𝑒𝑙 Mass of fuel injected 

NOx Nitrous oxide 

𝑃𝑢𝑝 Upstream injector gas pressure 

PFI Port fuel injection 

PMEP Pumping mean effective pressure 

RoHR Rate of heat released 

𝑅 Gas constant 

SI Spark ignition 

SOI Start of injection 

ST Spark timing 

𝑇𝑜 Upstream injector gas temperature 

TDC Top dead center 

WOT Wide-open throttle 

WTW Well-to-wheel 

Greek letters 

𝛾 Specific heat ratio 𝑐𝑝/𝑐𝑣 



   

 

   

 

λ Relative air/fuel ratio 

 


