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ABSTRACT 

This paper studies the combustion phenomenon of hydrogen (H2) direct injection 

(DI) in a modified spark ignition (SI) engine. As we known, ignition timing strongly 

correlates with combustion performance, especially for power output and efficiency. 

Therefore, different ignition timing varying among -20, -15, -10, -5, 0, 5, 10, 15, and 

20 deg top dead center (TDC) are tested in this research. Besides, different H2 

injection timings and injection pressures are also compared in this study. Moreover, 

as H2 usually favors lean-burn combustion, λ at 3, 3.5, and 4 are tested to find the 

lean-burn limitation. In order to obtain the engine speed influences on power 

output, finally 1500, 2000, and 2500 revolutions per minute (rpm) are evaluated in 

this study. Finally, thermal brake efficiency (BTE) and power output are analyzed. 

Results showed that power output and efficiency increase with the delay of ignition 

timing from -20 to 5 deg TDC and then decrease with delaying timing from 5 to 20 

deg TDC. However, injection timing has less effect on the H2 combustion 

phenomenon. H2 lean-burn limitation is found that when λ is larger than 3, the 

efficiency decreases sharply. Moreover, both power output and efficiency firstly 

increase then decrease with higher engine speed and 2000 rpm is the best option 

for this small engine. Finally, by evaluating the contribution index, ignition timing and 

engine speed should be optimized first to achieve higher efficiency.  
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1. Background 

Climate change, energy security, and air pollution are key drivers of current research worldwide [1]. Much more 

efforts into new sustainable and renewable energy technologies should be conducted. Nowadays, reducing 

carbon emissions is a big issue in the world, not only for developed countries but also for developing countries [2, 

3]. Therefore, to achieve the target of "carbon neutral" in the middle of the 21st century, many efforts should be 

made, including reducing the source of carbon production and absorption from emissions [4, 5]. In this study, as 

shown in Fig. (1), a regional system is designed to explore carbon recycling. In this system, animals can live and 

produce agricultural products. 

Moreover, their excrements will be used to ferment gaseous fuels such as methane (CH4), carbon dioxide (CO2), 

and ammonia (NH3) through hydrothermal pretreatment and high-temperature biogas fermentation. Then, these 

fuels can be applied for electric power generation. Besides, obtained through pyrolysis of NH3, H2 can be added 

for combustion as well, owing to the better performance of H2 in lean-burn combustion. Finally, all the electric 

supplies in this system can be generated by themselves successfully, which is called the local self-circulating 

ecosystem in this study. Therefore, four parts can be involved in this project: biogas fermentation, hydrogen 

production, engine combustion for power output, and energy conversion. 

Furthermore, the last one is the main work in our study. From our previous reports, biogas combustion with H2 

addition was widely analyzed under various conditions [6-8]. However, due to H2 port fuel injection (PFI), BTE 

cannot increase significantly. Then, H2 direct injection (DI) will be used here, and H2-only combustion should be 

investigated to explore the H2 lean-burn limit for this retrofit engine.  

 

Figure 1: Schematic diagram of the regional energy system. 

2. Introduction 

Generally, H2 is considered the ultimate fuel for internal combustion engines (ICEs) because of its beneficial 

combustion properties. More importantly, H2 combustion enables mitigating pollutant emissions down to zero-

impact levels because the wide hydrogen flammability limits allow the realization of lean burning [9]. However, H2 

injection in the intake manifold leads to power output loss and abnormal combustion [10, 11]. In contrast, the 

direct injection into the cylinder could avoid the above drawbacks with subsequent efficiency enhancement and 

emissions mitigation. Thus, in this study, H2 (DI) is adopted by retrofitting a one-cylinder gasoline engine. 

Moreover, the main topic here is controlling different parameters to achieve higher efficiency and power output. 
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As the H2 engine is an advanced engine with near-zero emissions and high efficiency [12], many scholars study 

it to improve its efficiency and decrease emissions. Yu et al. have studied the H2 DI combustion engine [13-20]. 

They found that H2 direct injection had the highest combustion temperature, the fastest combustion rate, and the 

highest efficiency in contrast to gasoline DI and port fuel injection (PFI) [13, 14]. Besides, it was reported that H2 DI 

could reduce hydrocarbon (HC) and carbon monoxide (CO) emissions but increase NOX emission [15], which is the 

main reason for our design and investigation on H2 DI combustion. Furthermore, H2 injection pressure and 

ignition time should be reconsidered because H2 DI could form a stratified hydrogen distribution to enhance the 

stability of the ignition and reduce the coefficient of variation (COV), thus improving the engine combustion rate 

and efficiency [16, 17]. 

Moreover, H2 DI can furtherly extend the lean-burn limit and achieve ultra-lean combustion [18-20], which 

should also be checked in this study. Recently, Fan et al. computationally studied the H2 injection strategy on the 

combustion performance in a DI rotary engine fueled with natural gas/ hydrogen blends. The results showed that 

H2 injection timing and angle could significantly change the flame propagation process by changing the fuel 

stratification pattern in the cylinder [21]. As a result, these parameters should also be reconsidered in our 

research here. 

Furthermore, Fischer et al. modified a 3-cylinder turbocharged direct-injected gasoline engine to hydrogen 

operation. Results showed that hydrogen-fueled engines presented lower NOx emissions and faster and more 

stable combustion than gasoline [22]. Then, Bao et al. conducted experiments for achieving near-zero nitrogen 

oxide (NOx) emission at high power demand and high thermal efficiency in a 2L 4-cylinder turbocharged direct-

injected engine. Results showed that higher injection pressure played an important role in obtaining high engine 

load at mid-high engine speed while maintaining low NOx emission [23]. Moreover, many investigations were done 

on hydrogen stratification by Wang et al. and Huang et al. [24-27], which could favor the study in H2 engine 

combustion. In addition to the above studies, recent papers reported a comprehensive review of H2 in future 

internal combustion engines, highlighting the necessity of further contributions to future mobility [28, 29].  

To the best of the author's knowledge, there are few studies on power generation for electricity. Besides, small 

engines for H2 are limited until now. Therefore, the current work aims to investigate H2 operating limits in a DI 

single-cylinder modified SI engine. At first, H2 ignition and injection timing effects will be clarified. Then, the lean 

limit of H2 combustion for high efficiency is tested. Afterward, H2 injection pressure will be evaluated by engine 

performance with the consideration of safe usage. Finally, engine speed should be checked in the current status to 

obtain the highest brake thermal efficiency. The main objective is to understand H2 DI combustion performance 

with various parameters, which also lays a significant foundation in the follow-up research for power generation. 

Furthermore, the most innovative in this paper is to seek the best condition for H2 DI combustion by considering 

ignition timing, injection timing, injection pressure, λ, and Engine speed. Furthermore, through contribution index 

analysis, ignition timing and engine speed should be considered first to achieve higher efficiency. 

3. Experimental Conditions and Setup 

The specifications of the test engine are listed in Table 1. The gas engine was modified from a Robin EH12-2DS 

gasoline engine with a displacement volume of 121 cc. The compression ratio (CR) of this engine was set at 8.5. 

The cylinder bore diameter is 60 mm, and the stroke is 43 mm, with connecting rod length of this engine being 

110 mm. The 100% throttle opening was maintained in this study, also called the whole opening. Only H2 was used 

as DI for combustion in this research. Generally, the engine runs for 30 minutes to warming-up before 

experiments at the beginning.  

As shown in Fig. (2), H2 was injected by a customized DI injector. A dynamometer coupled with this engine was 

applied to control the load and speed. A digital air/fuel ratio meter (LM-2) was used as the excess air ratio (λ) 

sensor to measure the λ value. One data acquisition system was utilized to collect λ, engine speed, H2 flow rate, 

and torque. Then, parameters such as BTE and power output were calculated simultaneously in this system. More 

details about the calculation process can be found in our previous publication [6]. 
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Table 1: Engine specifications. 

Engine type Robin EH12-2DS 

Compression ratio 8.5 

Displacement volume  121 cc 

Bore & stroke  60 mm & 43 mm 

Connecting rod length  73 mm 

Fuel  H2 

Throttle opening  100% 

 

Furthermore, the crankshaft position was measured by a crank angle encoder (OMRON E6B2-CWZ6C) with a 

resolution of 1000 P/R. Four thermocouples were applied to measure the temperatures of exhaust emission, 

intake air, main engine body, and engine oil. Moreover, a total of 200 cycles' results are recorded for analysis. 

 

Figure 2: Experimental setup. 

In order to obtain the various effect of H2 direct injection combustion, different experimental cases are 

designed as listed in Table 2. It changes from -20 to 20 deg TDC to check the effect of ignition timing. Then, H2 

injection timing varies among -300, -240, -180, -120, -60, and 0 deg TDC. The safety and limitations allow injection 

pressure to be used only at 5, 8, and 10MPa, respectively. For investigating the lean-burn combustion of H2, λ at 3, 

3.5, and 4 are selected. Finally, according to the performance of this modified gas engine, speed can increase from 

1500 to 2500 rpm.  

4. Results and Discussion 

Fig. (3) shows the power output and thermal brake efficiency (BTE) at different ignition timings. The horizontal 

axis presents the ignition timing, with the left vertical axis describing power output and the right as efficiency. For 
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Table 2: Experimental cases. 

Case No. Objective Parameter (Injection Duration) Other Conditions 

# 1 Ignition timing  
 -20, -15, -10, -5, 0, 5, 10, 15, 20 deg 

(0.82 ms) 

λ＝2.2; 1500 rpm; Pinj=8 MPa; 

Injection timing @ -20 deg ; 

# 2 Injection timing 
-300, -240, -180, -120, -60, 0 deg 

(0.82 ms) 

λ＝2.2; 1500 rpm; Pinj =8 MPa 

Ignition timing @ 5 deg; 

# 3 
Injection 

pressure 

5, 8, 10 MPa 

(0.95, 0.54, 0.40 ms) 

λ＝2.9; 1500 rpm;  

Ignition timing @ 5 deg; 

Injection timing @ 0 deg ; 

# 4 λ 
3, 3.5, 4 

(0.39, 0.34, 0.30 ms) 

1500 rpm; Pinj =10 MPa;  

Ignition timing @ 5 deg; 

Injection timing @ 0 deg ; 

# 5 Engine speed 
1500, 2000, 2500 rpm 

(0.52, 0.71, 0.95 ms) 

λ=2.5; Pinj =10 MPa;  

Ignition timing @ 5 deg; 

Injection timing @ 0 deg ; 

 

this case, λ is set at 2.2 with engine speed at 1500 rpm. It is clear to see that power output and efficiency are 

greatly affected by different ignition timings. Moreover, both firstly increase and then decrease with retarding 

ignition timing. As we demonstrated before, for H2 addition in CH4 combustion, the maximum brake torque (MBT) 

ignition timing should be delayed owing to the high flame speed of H2 [7]. Therefore, for only H2 combustion, the 

ignition timing should be retarded to achieve higher efficiency. As a result, 5 deg TDC is the MBT ignition timing for 

H2-only combustion in the current study. Moreover, in the following discussion, the gas engine will be operated at 

5 deg TDC for all cases.  

 

Figure 3: Ignition timing effect. 

Next, H2 injection timing will be checked in Fig. (4). The horizontal axis presents the injection timing, with the 

left vertical axis describing power output and the right one being efficiency. The same as Fig. (4), λ is set at 2.2 with 

engine speed at 1500 rpm. In contrast to ignition timing, it is interesting to see that little effect can be seen from 

H2 injection timing, that only a slight increase is observed from -300 to 0 in both power output and efficiency. 

Therefore, MBT is marked at 0 deg TDC. Furthermore, 0 deg TDC will be used for all the experiments in the 

Maximum brake torque 

-25 -20 -15 -10 -5 0 5 10 15 20 25
0.0

0.1

0.2

0.3

0.4

0.5
 Power output

 Efficiency

Ignition timing (deg TDC)

P
o

w
er

 o
u

tp
u

t 
(k

W
)

λ＝2.2, @1500 rpm

0

2

4

6

8

10

12

14

16

18

 B
rak

e th
erm

al efficien
cy

(%
)



Combustion Performance of Hydrogen Direct Injection under Lean-burn Conditions for Power Generation Yu et al. 

 

89 

following test. Generally, injection timing would change the mixture stratification in the cylinder. However, owing 

to the limited volume in the cylinder (0.21 L) and the fast flame speed of H2, the stratification effect is not apparent, 

leading to less variation in power output and brake thermal efficiency, which may be one possible reason for this 

phenomenon. Besides, the heat loss of this small engine should also be responsible for this phenomenon. 

 

Figure 4: Injection timing effect. 

In Fig. (5), the injection pressure effect is studied. The horizontal axis presents the injection pressure, with the 

left vertical axis describing power output and the right describing efficiency. For this case, λ is set at 2.8 with 

engine speed at 1500 rpm. It should be noted that although power output decreases slightly with higher injection 

pressure, efficiency increases correspondingly. This is because with higher injections, to ensure λ is the same value, 

injection duration should be shortened, thus decreasing the power output. However, efficiency is the most 

important parameter for consideration. Low H2 volumetric energy density requires elevated injection pressures to 

deliver a sufficient fuel mass. Consequently, a high-pressure under-expanded jet is produced with a complex 

turbulent flow involving expansion fans and shock waves with subsequent nonlinear fluid properties. Therefore, 

10 MPa should be adopted in the current case, which will be used in the following section.  
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Figure 5: Injection pressure effect. 
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Next, owing to the high laminar flame speed and low minimum ignition energy, H2 could facilitate lean-burn 

combustion. In other words, H2 could improve the efficiency at lean-burn conditions. Furthermore, this is the main 

reason for our previous study of H2 addition in CH4 for power generation. However, when transferred to H2 DI, the 

lean limitation should be clarified here. Therefore, larger λ at 3, 3.5, and 4 are selected. As shown in Fig. (6), the 

horizontal axis presents λ, with the left vertical axis describing power output and the right one describing 

efficiency. Results show that power output and efficiency decrease sharply when λ is larger than 3. Furthermore, 

in this case, efficiency is lower than 10% compared with Figs. (4 and 5), suggesting that even for H2 DI combustion, 

high efficiency should be adjusted with λ smaller than 3.  
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Figure 6: λ effect. 
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Figure 7: Engine speed effect. 

Finally, the engine speed effect is compared. As shown in Fig. (7), the horizontal axis presents engine speed, 

with the left vertical axis describing power output and the right one describing efficiency. It is interesting to see 

that different with injection pressure or λ, both power output and efficiency increase then decrease with an 

increase in engine speed, leading to the highest efficiency at 2000 rpm. The efficiency could reach almost 17%. 

Because in this research, the tested engine is modified from a small gasoline engine with a larger engine speed, 

the mechanical friction and heat loss would increase correspondingly, which may be the possible reason for this 

behavior. As a result, in future study, 2000 rpm should be applied for the investigation. Besides, CH4 and CO2 

should also be used as the primary fuels to simulate the biogas fuel in our subsequent study.  



Combustion Performance of Hydrogen Direct Injection under Lean-burn Conditions for Power Generation Yu et al. 

 

91 

Generally, efficiency is the most important target in engine performance. Therefore, the contribution indices 

are used to quantitatively analyze the boundary conditions, indicating the influence of Ignition timing, Injection 

timing, Injection pressure, λ, and Engine speed on BTE. The contribution index was calculated as Equation (1), and 

the results are illustrated in Fig. (8). 

K=ηi/η0 100% (1) 

where K is the contribution index in different parameters under boundary conditions; ηi and η0 are each efficiency 

and the based one. Thus, this parameter can increase efficiency by changing boundary conditions if K is greater 

than 100%. 

As depicted in Fig. (8), it is interesting that injection timing shows less contribution index on efficiency. However, 

in contrast to injection timing, ignition timing and λ show larger contribution index efficiency. Furthermore, 

delaying the ignition timing could increase efficiency, but a larger λ decreases efficiency. Moreover, injection 

pressure and engine speed show a medium contribution index on efficiency. Moreover, higher injection pressure 

could increase it from 5 to 10 MPa. However, higher engine speed firstly increases then decreases thermal 

efficiency. Among them, 40% increase from ignition timing and 10% increase from engine speed should be the 

most noteworthy indicating that when enlarging the efficiency, these two parameters should be prioritized to be 

optimized. 

 

Figure 8: Contribution index analysis. 
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5. Conclusion 

Combustion experiments were conducted for H2 direct injection in this modified engine. Different injection 

timings and ignition timings were checked first to achieve higher efficiency. Then, injection pressure, λ, and engine 

speed were compared by evaluating power output and efficiency. Moreover, the main conclusions were 

summarized as follows:  

1. By delaying the ignition timing from -20 to 20 deg TDC, power output and efficiency firstly increase then 

decrease. Moreover, the highest ones can be seen at the ignition timing of 5 deg TDC. However, only a 

slight increase can be obtained when the injection timing is changed to 0 deg TDC. 

2. Larger λ decreases efficiency and power output significantly, indicating that the lean-burn limitation also 

exists even for H2 DI combustion, which should be controlled smaller than 3. Furthermore, higher injection 

pressure could increase efficiency but decrease power output. However, engine speed increases power out 

from 1500 to 2500 rpm, and efficiency increases and decreases correspondingly.  

3. The contribution index for power generation with high efficiency evaluates different parameters. Finally, the 

ignition and injection timing was decided at 5 deg and 0 deg TDC separately. Moreover, λ should be 

controlled lower than 3 with 10 MPa of injection pressure. Additionally, the engine speed should be set at 

2000 rpm.  

4. Through analyzing all these parameters, ignition timing and engine speed should be considered and 

optimized to achieve higher efficiency owing to the higher contribution index.  

Furthermore, the limitation in this study should be noted that until now, BTE has been quite low. Two possible 

reasons are involved. The original engine is only a one-cylinder engine used in a motorcycle with low efficiency. 

After retrofitting for gas fuel, BTE would decrease much more. Another reason is that these experiments were 

conducted in lean-burn combustion (λ＞2). Without turbulent assistance (normally aspirated engine), BTE 

decreases sharply here. Therefore, next, we will analyze the H2 DI combustion when λ＜2. Moreover, cylinder 

pressure and NOx emission will be measured as well. 

List of Abbreviations 

BTE  = Brake thermal efficiency  

CH4  = Methane 

CO  = Carbon monoxide 

CO2  = Carbon dioxide 

COV  = Coefficient of variation 

CR  = Compression ratio  

DI  = Direct injection 

HC  = Hydrocarbon 

H2  = Hydrogen 

ICEs  = Internal combustion engines  

MBT  = Maximum brake torque  

NH3  = Ammonia 
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NOx  = Nitrogen oxide 

PFI  = Port fuel injection 

rpm  = Revolution per minute  

SI  = Spark ignition  

TDC  = Top dead center  

λ  = Excess air ratio  
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