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A B S T R A C T

Stringent CO2 reduction targets and tightening emission regulations have intensified interest in hydrogen in
ternal combustion engines (H2ICEs) as a clean and robust solution for the heavy-duty (HD) sector. This study 
experimentally compares port fuel injection (PFI), early low-pressure direct injection (LPDI), and late LPDI 
strategies on a single-cylinder HD H2ICE under steady-state medium and high loads. The injection timing and 
fuel pressure are varied to study the overall influences on a single-cylinder heavy-duty H2ICE. PFI and early LPDI 
deliver high charge homogeneity but reduced volumetric efficiency compared to late LPDI. At medium load, all 
three strategies achieve ~41 % gross indicated thermal efficiency (gITE). Increasing LPDI pressure from 12.8 to 
20 bar enhances mixture uniformity, cutting BSNOx emissions by up to 75 %. At high load, early LPDI reaches 
41.7 % gITE with low NOx (0.72 g/kWh), while late LPDI benefits from reduced heat transfer loss and 
compression work, achieving 42.4 % gITE. However, late injection also increases BSNOx (9.3 g/kWh), unburnt 
H2 (435 ppm), and pressure rise rate (19.7 bar/◦CA). These results highlight LPDI’s potential for high efficiency, 
with injection timing and pressure as key levers to balance emissions and performance.

Abbreviations

aTDC After top dead center HD Heavy-duty
BD Burn duration H2ICE Hydrogen internal combustion 

engine
BDC Bottom dead center H2 Hydrogen
BMEP Brake mean effective 

pressure
ICE Internal combustion engine

BSNOx Indicated specific nitro- 
oxide

IMEP Indicated mean effective 
pressure

BTE Brake thermal efficiency LPDI Low pressure direct injection
oCA Crank angle ITE Indicated thermal efficiency
CR Compression ratio NOx Nitrogen oxides
DI Direction injection OEM Original equipment 

manufacture
EGR Exhaust gas recirculation PFI Port fuel injection
EOI End of injection PRR Pressure rise rate
EU European union RPM Rotation per minute
gITE Gross indicated thermal 

efficiency
SOI Start of injection

GHG Greenhouse gas ​ ​

1. Introduction

The European Climate Law, as part of the European Green Deal, aims 
to transition Europe’s economy and society toward climate neutrality by 
2050. An intermediate target has been established to reduce net 
greenhouse gas (GHG) emissions by at least 55 % by 2030 [1]. The 
transportation sector plays a significant role in this context, accounting 
for 32 % of carbon dioxide (CO2) emissions in Europe [2]. Within this 
sector, light-duty vehicles contribute approximately 15 % of EU CO2 
emissions, while heavy-duty vehicles are responsible for over a quarter 
of CO2 emissions from road transport, constituting about 6 % of the total 
GHG emissions in the EU [3]. To address these challenges, the European 
Parliament has adopted stringent regulations, mandating a 90 % 
reduction in CO2 emissions from new trucks by 2040. Specifically, new 
trucks are required to reduce CO2 emissions by 43 % by 2030 (compared 
to 2019 levels), 64 % by 2035, and 90 % by 2040. For city buses, the 
transition is even more aggressive, with 90 % of sales mandated to be 
zero-emission by 2030 and a complete phase-out of fossil-fueled buses 
by 2035 [4]. Additionally, the introduction of the stringent Euro 7 
emission standards imposes further challenges on original equipment 
manufacturers (OEMs) worldwide. These regulatory measures present 
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significant obstacles but also serve as critical drivers for innovation in 
the transportation sector.

Hydrogen, as a promising energy carrier, has gained significant 
attention due to its high energy density (H2:119.7 MJ/kg vs CH4:50 MJ/ 
kg [5]), sustainability, and zero-carbon emissions. These attributes po
sition hydrogen as a renewable and carbon-neutral alternative fuel, 
capable of leveraging advancements in state-of-the-art internal com
bustion engine (ICE) technology. Hydrogen-fueled internal combustion 
engines (H2ICEs) offer a practical pathway toward carbon-neutral 
transport by leveraging existing engine platforms while eliminating 
CO2 emissions at the tailpipe [6]. The hydrogen internal combustion 
engine (H2ICE) offers several distinct advantages, including established 
engine research and development, and a well-developed engine supply 
chain. These strengths make H2ICE a potential technical solution for 
applications such as off-road sectors (e.g. agriculture, construction, and 
power generation), long-haul heavy-duty road transportation, and ma
rine shipping [7]. The aforementioned heavy equipment either faces 
challenges in being battery-powered or suffers from a lack of accessible 
electricity. Moreover, the zero-carbon emissions of H2ICE provide a 
compelling advantage over alternative technological pathways such as 
fuel cells, particularly when considering factors such as affordability, 
minimized need for substantial infrastructure investment, and the ease 
of retrofitting existing engines (PFI, for example). These benefits posi
tion H2ICE as both a near-term and long-term solution for achieving 
carbon neutrality, especially in sectors where electrification may not be 
practical or economically feasible [8]. Compared with conventional 
fossil fuels, hydrogen enables high indicated efficiency due to its wide 
flammability range and fast flame speed, yet poses unique challenges 
related to backfire, pre-ignition, and NOx formation [9]. To realize high 
efficiency with ultra-low emissions, H2ICE requires tailored design 
changes including optimized injection strategies, improved mixture 
preparation, and advanced aftertreatment solutions [10]. Recent studies 
have highlighted both the opportunities and technical hurdles of 
deploying H2ICEs in heavy-duty and aviation sectors, emphasizing the 
need for systematic experimental research on injection strategies to 
balance efficiency [11,12].

It should be noted that hydrogen presents a low volumetric energy 
density compared to natural gas (H2 10.8 MJ/m3 vs. CH4 35.8 MJ/m3 

[5]). Consequently, high volumetric flow rates are necessary to meet the 
demand of high engine load ranges. Based on how hydrogen is intro
duced into the engine and the mixture formation types, Fig. 1 presents 
an overview of potential hydrogen combustion concepts intended for HD 
engines. Among them, three major H2ICE concepts are taken as the most 
mature solutions for vehicle application: port fuel injection (PFI), 
low-pressure direct injection (LPDI), and high-pressure direct injection 
(HPDI). The mainstream HPDI technology requires highly-reactive fuel 
(for example: diesel) to ignite prior to the direct injected H2 (H2 pres
sure: 200–300 bar) [14], which introduces additional CO2 emissions. 
Seykens et al. reported that HPDI achieves a net indicated thermal ef
ficiency (nITE) of 47–48 % with engine-out NOx emissions in the range 
of 6–7 g/kWh at 24 bar brake mean effective pressure (BMEP). This 

performance is achieved without the need for new or updated hardware, 
utilizing a base engine platform that closely resembles current diesel 
engine designs. In contrast, Port Fuel Injection (PFI) systems require 
additional measures such as water injection, compression reduction, and 
high boost pressures exceeding 4 bar [15]. Further investigation is 
necessary to determine whether HPDI technology can meet the Vecto 
CO2 standard. As this study primarily compared PFI and LPDI systems, 
the discussion of HPDI falls outside the scope of this work and will not be 
addressed further.

PFI benefits from a high degree of homogeneity, resulting in less high 
temperature zones and thermal NOx formation is close to zero at suffi
ciently lean mixtures (lambda = 2.5 [16]). Yet, studies have shown that 
PFI in hydrogen engines results in a notable reduction in volumetric 
efficiency as hydrogen occupies approximately 30 % of the intake vol
ume, reducing power density compared to DI systems [17,18]). Despite 
this limitation, advanced turbocharging strategies can compensate for 
the loss. For instance, Lai et al. optimized turbo-matching in a 5.13L PFI 
H2ICE to achieve 128.9 kW of maximum power and 662.6 Nm of tor
que—an improvement of 38.7 % and 7.7 %, respectively, compared to 
the original configuration [19]. The maximum reduced mass flow of the 
selected turbine is extended to 0.0156 (kg/s)*K^0.5/kPa. Additionally, 
simulation studies reveal that PFI H2ICE requires 50 % higher mass flow 
and 90 % higher boost pressure than conventional turbocharged gaso
line engines. These demands require two-stage boosting systems with 
variable geometry turbines at the high-pressure stage [20]. Practical 
implementation by Frigo et al. demonstrated that a converted H2ICE 
(retrofitted from natural gas engine) retained high efficiency (>39 %) 
and low NOx emissions (<200 ppm) under PFI operation at a lambda 
2.5, albeit with a 10 % loss in torque and power compared to its 
methane-fueled baseline [21]. DI systems mitigate the volumetric effi
ciency issues of PFI by injecting hydrogen directly into the combustion 
chamber, enabling higher power density and improved thermal effi
ciency. Experiments on a light-duty single-cylinder H2ICE (displace
ment: 0.4L, CR:11.3) by Mohamed et al. showed that LPDI achieved 2 % 
higher indicated thermal efficiency (ITE) than PFI due to reduced 
pumping losses and hydrogen slip in the exhaust. Furthermore, LPDI 
required lower boost pressures, reducing pumping loss and demand on 
the boosting system [22]. Both concepts demonstrate near-zero NOx 
emissions at lambda 2.5–3.7. In addition, positive valve overlap can be 
used on LPDI to enhance the scavenging effects. This is also confirmed 
by Silveria et al. that valve overlap should be eliminated or minimized 
for PFI H2ICE to prevent backfire in the intake manifold [23]. They 
highlighted that load is largely constrained by the compressor power. 
Furthermore, knock was detected at lambda <1.8, and combustion 
became unstable at lambda>3. The low density and high diffusivity of 
hydrogen present significant challenges in achieving an optimal mixture 
adjustment [24]. It is found that the deflector structure of the LPDI H2 
injector determines the first movement path of the hydrogen. Simulation 
results show that a single hole 12◦ tilted upwards forms a concentrated 
region and reaches a 42.9 % indicated thermal efficiency. Although both 
injection timing and pressure affect the interaction between the 

Fig. 1. H2ICE concepts and related fueling and injection systems [13]. Reprinted with permission from [Bekdemir, C., SAE Technical Paper 2022-01-0472, 2022].
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hydrogen jet and the cylinder flow field, and thus alter the distribution 
of mixture at ignition timing [24], injection timing appears to be more 
influential in improving engine performance. Up to 44.05 % indicated 
thermal efficiency is achieved at injection timing of − 100 crank angle 
degree after top dead center (oCA aTDC). Furthermore, compared with 
the original single injection, the delayed single injection and two-stage 
injection result in higher stratification and up to 44.7 % indicated 
thermal efficiency is achieved at the expense of much higher NOx 
emissions.

The aforementioned research on PFI H2ICE has been primarily 
conducted on passenger vehicle engines or light-duty engines. Similarly, 
the development of LPDI engines has also focused on these categories of 
engines. Researchers have extensively examined various direct injection 
(DI) systems to enhance the performance, efficiency, and emissions 
profile of H2ICE. Lee et al. compared the H2/air mixture formation 
under homogeneous mode (injection: 158oCA aTDC, lambda 1) lean- 
homogeneous mode (injection: 158oCA aTDC, lambda1.7/1.75) and 
lean-stratified mode (injection: 26/-44oCA aTDC lambda 2.3/1.95) on a 
single cylinder LPDI H2ICE platform (CR:12 displacement: 0.5L) [25]. It 
is shown that lean stratified combustion yields the highest ITE of 34.09 
% because of lower exhaust loss and heat transfer loss. Yet due to the 
local rich H2 rich mixture also leads to the higher engine-out NOx 
emissions (low load:6.68g/kWh, high load: 10.84 g/kWh). In contrast, 
lean homogeneous mode produced the lowest NOx emissions (low load: 
2.21 g/kWh, high load: 1.59 g/kWh). Among all three combustion 
modes, the homogeneous mode produces the highest engine-out NOx 
emissions because of stochiometric combustion (lambda 1) and lowest 
ITE (20 % throttling valve, pumping loss, and heat loss). Molina et al. 
investigated an outwardly opening poppet valve DI system for hydrogen 
injection in a 0.45L single-cylinder engine (compression ratio: 10.7) 
designed for light-duty applications [26]. A PFI system was also 
employed for comparative analysis under the following test conditions. 
Engine tests were conducted at 1500 rpm, with indicated mean effective 
pressures (IMEP) of 4 and 6 bar, lambda values ranging from 2.2 to 3.2, 
and start of injection (SOI) timings between − 130 and − 85 crank angle 
(oCA). It was found that LPDI requires less boost pressure than PFI. The 
LPDI system achieved a 0.6 %− 1.1 % improvement in gross indicated 
efficiency (gITE) relative to the PFI system under identical operating 
conditions. The gITE exhibited an increasing trend with higher lambda 
values, peaking at 41.2 % for λ = 3.2 at IMEP = 4 bar and 41.5 % for λ =
3 at IMEP = 6 bar. However, these efficiency gains were accompanied by 
diminished combustion efficiency for both LPDI and PFI systems. 
Delayed SOI timings reduced compression work by 7.6 % and 3.9 % at 4 
and 6 bar IMEP respectively, which corresponded to a 3.1 %–3.2 % 
decrease in fuel consumption. Nevertheless, shorter mixing times at late 
SOI led to charge stratification and locally rich hydrogen combustion, 
contributing to increased NOx emissions. The trends and levels of NOx 
emissions were found to be comparable between LPDI and PFI systems, 
indicating limited differentiation in emission performance under the test 
conditions. Thawko et al. compared the combustion performance and 
emissions characteristics of hydrogen, methane, and reformate gas 
(CO2+H2) in a LPDI single-cylinder engine (displacement: 0.37L, 
compression ratio: 15.5) [27]. The engine was operated at a constant 
speed of 2700 rpm with IMEP values ranging from 4 to 5.5 bar. 
Hydrogen combustion demonstrated the shortest burn duration and the 
highest ITE among the three tested fuels, attributed to its unthrottled 
lean combustion properties. Hydrogen exhibited lower NOx emissions 
than methane up to 4.9 bar IMEP, despite its higher rate of heat release. 
However, gITE decreased at late injection timings, likely due to 
impaired hydrogen-air mixing. It should be noted that hydrogen com
bustion yields a higher particulate number than methane combustion at 
5.5 bar IMEP, which is likely associated with hydrogen’s shorter 
quenching distance and the consequent enhancement of lubricant oil 
evaporation.

In addition to experimental studies, simulation-based investigations 
of H2ICE are increasingly prevalent due to their cost-effectiveness and 

ability to provide deeper insights into complex in-cylinder phenomena. 
These simulations allow for detailed examination of combustion pro
cesses, emissions formation, and optimization strategies for H2ICE sys
tems. For instance, Maio et al. utilized a 3D Reynolds-Averaged Navier- 
Stokes (RANS) approach combined with the Extended Coherent Flame 
Model (ECFM) to simulate critical aspects of H2ICE operation, including 
spark ignition, flame propagation, auto-ignition, and NOx formation 
[28]. Their model effectively captured knocking and NOx trends 
observed in experimental conditions. For PFI scenarios, slight 
re-calibration of the turbulent strain source term was necessary to ac
count for richer operating conditions due to the absence of preferential 
diffusion effects in the model. Gammaidoni et al. conducted numerical 
studies on a 0.5L optical single-cylinder engine (CR: 9) to compare PFI 
and DI systems under various injection timings and lambda conditions 
(up to lambda = 3.5) [29]. The study revealed that PFI maintained high 
combustion efficiency up to lambda = 3, after which it dropped signif
icantly (e.g., 70 % combustion efficiency at lambda = 3.5). Injection 
timing showed minimal influence on combustion efficiency for LPDI at 
lambda = 2, though earlier injection timing improved H2/air mixing. 
However, as lambda increased, combustion efficiency decreased across 
both PFI and LPDI, with late injection timing exacerbating these effects 
by slowing turbulent combustion. Recent research highlights the bene
fits of advanced injection timing and extended injection duration in DI 
systems, which promote mixture homogeneity, enhance flame propa
gation, and improve combustion efficiency [30]. However, when in
jection occurs after the intake valve opens, hydrogen backflow into the 
intake manifold can occur, depending on the timing and duration of 
injection. Musy et al. employed ANSYS Forte to simulate PFI and DI 
configurations in a naturally aspirated Volkswagen engine (displace
ment:1.4 L, CR:10.5) [31]. The DI configuration showed superior per
formance, delivering: 39.5 % increase in brake power, 30.6 % 
improvement in volumetric efficiency and 37.6 % reduction in NOx 
emissions compared to PFI. The reduction in NOx emissions was 
attributed to the stratified combustion and lower peak temperatures 
associated with DI.

Moreover, it is essential that the H2 fuel flow is operated under 
choked conditions (i.e., sonic flow at Mach number = 1), as this ensures 
that the flow rate is governed solely by the injection duration, fuel 
pressure, and needle lift. For hydrogen, the critical pressure ratio is 
~0.53 at a polytropic coefficient of ~1.4, indicating fuel pressure needs 
to be about 1.89 times the in-cylinder pressure [32]. In addition, 
hydrogen presents a low volumetric energy density compared to natural 
gas (10.8 MJ/m3 vs 35.8 MJ/m3 [33]), therefore high volumetric flow 
rates are necessitated to meet demand at high engine load range. This 
consideration is particularly critical for LPDI systems, where H2 fuel 
pressure is limited to 40 bar, as specified by current mainstream injector 
manufacturers [33]. The low fuel pressure poses challenges to achieve 
choked flow during the late compression stroke due to the high 
in-cylinder pressure at this stage. The choked flow is more practical to 
realize for PFI system, where the downstream pressure corresponds to 
the boost pressure and thereby alleviating constraints of fuel pressure.

The findings from prior studies demonstrate the potential of PFI and 
LPDI on H2ICE to achieve high efficiency and low emissions from light- 
duty applications or passenger vehicles, with a notable lack of research 
on heavy-duty applications. The overall performance of H2ICE is 
significantly influenced by injection strategies and the specific re
quirements of the target application. Notably, both experimental and 
simulation studies have reported inconsistent results regarding the ad
vantages of LPDI and PFI systems. And the comparison of PFI and LPDI 
have been conducted on different engine platforms. This study addresses 
these gaps by directly comparing PFI and LPDI systems using the single- 
cylinder HD H2 engine. It has to be noted that most DI H2 injection starts 
after the intake valve closes, which reduces the risk of backfire. Still, 
backfire is one of the abnormal phenomena that needs to be reduced for 
PFI. This can be largely prevented by selecting a dedicated injection 
window. In this study, PFI H2 injection was initiated only after a portion 
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of hydrogen-free fresh air had been inducted into the cylinder, which not 
only reduces the likelihood of pre-ignition but also provides an oppor
tunity for dilution of the fresh charge with residual combustion gases 
from the previous cycle. To achieve a hydrogen-free mixture near the 
intake valve for the next cycle, the PFI injection window is terminated 
well before intake closing. This strategy further minimizes the potential 
for hot residual gases to come into direct contact with the injected 
hydrogen. LPDI is classified based on the SOI regimes into two cate
gories: early LPDI (SOI between − 300 and − 200 ◦CA aTDC, before 
intake valve closes) and late LPDI (SOI between − 150 and − 90 ◦CA 
aTDC, after intake valve closes). These different injection regimes 
inevitably result in variations in charge homogeneity and stratification, 
which subsequently affect engine performance and emission character
istics. Guided by these research questions, this work also investigates the 
effects of fuel pressure and injection timing for both PFI and LPDI at both 
medium and high loads.

2. Experimental setup and approach

In this study, a single-cylinder research H2 engine (spark ignition) 
platform was developed, targeting Euro 7 HD truck application. This 
single-cylinder HD engine has a compression ratio of 10.5 and a rated 
power of 60 kW. As illustrated in the schematic configuration in Fig. 2, 
the engine is equipped with a low-pressure direct injection (LPDI) sys
tem. Additionally, a port fuel injection (PFI, injector supplied by Nikki) 
system is also installed in the intake manifold. The LPDI hydrogen 
injector (supplied by Bosch) is capable of delivering gas at pressures up 
to 40 bar. The test rig was connected to an external air compressor to 
achieve the desired inlet boosting pressure. The hydrogen fuel used was 
99.99% pure and supplied from a hydrogen storage tube trailer (240 kg 
of hydrogen per trailer) located adjacent to the test facility. This enables 
continuous testing of the heavy-duty engine. The engine cylinder was 
mounted with a Kistler 6054 in-cylinder pressure sensor. Since piezo
electric sensors are drift-sensitive, the intake manifold pressure was used 
to correct the drift of each individual cycle by equating the pressures at 
bottom dead center (BDC) of the intake stroke. The pressure signal was 
recorded at 0.1 oCA intervals using an AVL XION. Raw engine-out 
emissions were measured using a Horiba MEXA-ONE analyzer. Un
burnt H2 is detected by the Horiba system using mass spectrometry, 
which is designed to measure concentrations of hydrogen in exhaust 
gases accurately and quickly. Each measurement consisted of 100 cycles, 
collected by the data acquisition system, while the emission 

measurements were averaged over 30 s during the test. Throughout the 
tests, the engine speed was maintained at a constant 1000 rpm, and the 
brake mean effective pressure (BMEP) was kept constant. These speed- 
load points are representative of a typical cruise speed and medium 
(BMEP: 10 bar) and high load (BMEP: >19 bar) conditions on highways. 
Three injection strategies are specifically investigated: PFI, early LPDI 
(SOI between − 300◦ and − 200 ◦CA), and late LPDI (SOI between − 150◦

and − 90 ◦CA). The selection of the injection window preserves both the 
required injection duration to achieve the target load and the need to 
avoid backfire and pre-ignition. Note that the early LPDI is injected in 
the open valve period and the late LPDI is injected in the closed valve 
period. The investigation begins with varying the fuel pressure ranging 
from 4 to 10 bar for PFI and 13–30 bar for LPDI at medium load. This 
was followed by a SOI sweep at high load. All tests are performed with 
fixed inlet temperature of 44.5 ± 0.5 ◦C.

3. Data processing

In this work, the brake mean effective mean pressure (BMEP) is 
defined as follows: 

BMEP=
(2⋅π⋅M⋅N/60)

Vd
Equation 1 

Where M stands for the engine torque, N is engine speed in rpm, Vd 
represents the swept volume. And gross indicated thermal efficiency 
(gITE) is calculated by ratio between gross indicated work (Wg) and total 
energy input: 

gITE=
Wg

Total
=

∫180

− 180

P⋅dV

ṁfuel⋅LHVfuel
Equation 2 

where ṁfuel is fuel flow and LHVfuel is the lower heating value of 
hydrogen, P is measured in-cylinder pressure (from − 180 to 180oCA). 

nIMEP=

∫360

− 360

P × dV

Vd
Equation 3 

For hydrogen combustion, the number of mole change after the 
combustion can differ significantly from the number of moles before 

Fig. 2. Single-cylinder HD H2ICE test rig (CAC: compressor air cooling; Pinl: Inlet pressure; Pexh: exhaust pressure).
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combustion, which is not the case for hydrocarbon-based fuel combus
tion. This distinction necessitates a tailored approach to heat release 
analysis, ensuring accurate assessment of the combustion process. In this 
work, the rate of heat release (ROHR) is determined according to: 

ROHR=
γ

γ − 1
P

∂V
∂θ

+
1

γ − 1
V

∂p
∂θ

−
1

γ − 1
PV

1
n

∂n
∂θ

Equation 4 

where ∂V
∂θ is the volume change of the cylinder. The rate of mole during 

combustion is represented by ∂n
∂θ. The derivative of cylinder pressure, 

termed pressure rise rate (PRR), is denoted ∂p
∂θ.

ROHR is integrated to determine the cumulative heat released (HR). 
The combustion phasing parameters CA10, CA50 and CA90 are deter
mined from 10, 50 and 90 % of the HR, respectively. Burn duration (BD) 
is the crank angle interval between CA10 and CA90, i.e. BD=CA90- 
CA10. These are taken from the HR with a heat loss correction using 
correlations (Woschni-type).

In this work, both abnormal combustion phenomena such as pre- 
ignition (PI) and general stability aspects such as the occurence of 
combustion instabilities are considered. Specifically, the coefficient of 
variance of nIMEP is used as an indicator of stability, defined according 
to Equation (5). 

COVnIMEP=
std(nIMEP)

mean(nIMEP)
⋅100% Equation 5 

Both the standard deviation (std) and mean are calculated over 100 
cycles. Pre-ignition is a major challenge for H2ICE. It occurs when the 
hydrogen/air mixture ignites before the intended spark timing, resulting 
in uncontrolled combustion [34]. This advanced combustion phasing, 
causing higher pressure and temperature levels, can lead to knock when 
the unburnt hydrogen/air mixture auto-ignites before the flame front 
reaches it. Knocking combustion generates pressure waves that travel 
through the combustion chamber, potentially damaging engine com
ponents and impairing engine performance. Therefore, minimizing or 
eliminating uncontrolled combustion is crucial to protect engine hard
ware and maintain optimal performance. In this work, PI is defined as PI 
= spark timing-CA5, where positive values indicate that 5 % of the HR 
occurs before the sparking timing. The PI ratio is essentially the ratio of 
the number of PI cycles to the total recorded cycles in each 
measurement.

4. Uncertainty analysis

To reduce the influence of random errors such as cycle-to-cycle 
variations and high-frequency noise, all experimentally acquired data 
were processed per cycle and averaged over multiple consecutive engine 
cycles during post-processing. This statistical averaging significantly 
minimizes the random (Type A) uncertainty. However, systematic (Type 
B) uncertainties—originating from sources such as sensor calibration 
errors, pressure offset, full-scale (FS) error, and crank angle mis
alignment—remain present and must be addressed through uncertainty 
analysis. In this study, an error propagation method is applied to esti
mate the combined measurement uncertainty in the gross indicated 
thermal efficiency (gITE). The relative uncertainty in gITE, denoted as 
μgITE, is calculated by considering the major contributing sources: 
(

μgITE
gITE

)2

=

(
μWg
Wg

)2

+

(
μṁfuel

ṁfuel

)2

+

(
μLHVfuel

LHVfuel

)2

Equation 6 

Indicated work uncertainty μWg is load dependent, based on the 
pressure sensor’s ±1 % FS accuracy and a crank angle resolution of 
0.1◦CA. Fuel mass flow rate uncertainty: μ ṁfuel ≈ 0.25 %, derived from 
the accuracy specification of the Coriolis flow meter. Fuel lower heating 
value uncertainty: μLHV ≈0.1 %, reflecting the certified 99.9 % purity of 
bottled hydrogen. The combined relative uncertainty in gITE is then 
computed using the root-sum-square (RSS) method, assuming the error 

sources are uncorrelated. The uncertainties of used apparatus in this 
work are summarized in Table 1.

5. Effects of fuel pressure at medium load

This section focuses on the influences of fuel pressure on PFI and 
LPDI. Table 2 displays the operating conditions for three injection 
strategies. The engine was operated in a steady-state condition at me
dium load (10 bar BMEP, 1000 RPM) with a fixed CA50, while the fuel 
pressure was varied. For both LPDI and PFI, the spark timing was 
adjusted to maintain CA50 at approximately 8 ◦CA aTDC, thereby 
compensating for the effects of fuel pressure and timing variations. This 
choice of CA50 represents a trade-off between avoiding knock and pre- 
ignition while ensuring high combustion efficiency. As a result, both 
CA10 and the burn duration (CA90–CA10) remained stable across the 
investigated fuel pressures, as illustrated in Fig. 3. To achieve a similar 
CA50, spark timing of PFI must be earlier than that of LPDI, likely due to 
an overall leaner H2/air mixture. Interestingly, the late LPDI cases (SOI: 
130/-140/-150 oCA) exhibit shorter burn durations (CA90-CA10) 
compared to PFI. This is attributed to increased charge stratification due 
to late injection timing, which accelerates the burn rate.

Fig. 4 compares the cylinder pressure and aROHR profiles of both PFI 
(− 320 oCA aTDC) and early LPDI (− 260 oCA aTDC) at same CA50. 
Intriguingly, PFI and LPDI show similar heat release processes despite 
the fuel pressure and timing differences. In this case, LPDI injection 
timing is − 260 oCA aTDC during the intake stroke, and the mixing time 
for H2 and air is apparently long enough to reach a similar charge ho
mogeneity as PFI. Table 3 highlights the key performance metrics of 
these two measurements. While the combustion phasing (CA50, burn 
duration) and PRR are similar for both PFI and LPDI, PFI achieves a 
marginally higher gITE (41.5 ± 0.8 %) compared to early LPDI (41.0 ±
0.8 %). Note that this should not be interpreted as a definitive efficiency 
advantage for PFI, as it lies within the estimated 2 % relative systematic 
uncertainty of the measurements. Fig. 5a shows the engine-out BSNOx 
emissions and gITE of LPDI and PFI in various fuel pressures and tim
ings. Since the H2 flow is always choked at this boost level, regardless of 
the injection strategy, it is only influenced by the fuel pressure and 
duration. Due to the effects of increased momentum and shorter injec
tion duration to maintain constant BMEP (resulting in a longer mixing 
time), it is expected that overall mixture homogeneity improves at high 
fuel pressure for late LPDI, which reduces both fuel-rich and fuel lean 
local pockets, consequently, lowers NOx and unburnt H2 emissions 
formation. This is particularly true for the case with SOI at − 130 oCA, 
which has the shortest mixing time for H2 and air. The BSNOx of late 
LPDI (SOI: 130 oCA) decreases from 3.08 g/kWh to 0.76 g/kWh as the 
fuel pressure increases from 12.8 bar to 20 bar. This remarkable 75 % 
NOx reduction indicates an optimum fuel pressure for late LPDI. As the 
SOI gradually advances from − 130 to − 150 oCA aTDC, the influence of 
fuel pressure becomes less dominant due to the increased mixing timing. 
Among the three injection strategies, PFI generally produces lower NOx 
emissions compared to late LPDI, despite a comparable global lambda 
value, highlighting the importance of mixture homogeneity to NOx 

Table 1 
Uncertainty of experimental apparatus.

Parameter Principle Uncertainty

NO/NO2/NOx Heated_CLD ±(1 ppm or 2 % of reading), whichever is 
greater [35]

Unburnt H2 Mass 
spectrometry

±2 % of reading [35]

Cylinder 
pressure

Piezoelectric ±1 % [36]

Crank angle crank angle 
encoder

0.1◦CA [36]

Fuel Mass flow Corolis ±0.25 % [37]
Air mass flow Corolis ±0.25 % [37]
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formation. Early LPDI, however, results in even lower NOx emissions 
than PFI. In this case, early LPDI benefits from both a relatively long 
time for mixing and stronger in-cylinder turbulence due to the higher 
fuel pressure of the DI injector. This results in an even more uniform 
mixture distribution, thereby suppressing local hot spots that favor NOx 
formation [38]. Fig. 5b shows that both early and late LPDI reduce 
unburnt H2 with increasing fuel pressure, consistent with the simulta
neous decrease in BSNOx. This highlights the critical role of fuel pres
sure in LPDI H2ICE operation, as higher pressure enhances mixture 
homogeneity despite limited mixing time. As illustrated in Fig. 6a, PFI, 
and early LPDI exhibit comparable gITE, both achieving a peak value of 
approximately 41.6 %. In contrast, late LPDI demonstrates a modest 
increase in gITE as the SOI advances toward top dead center (TDC), 
reaching a maximum gITE of 41.9 %. The variations in gITE observed at 
different fuel rail pressures are attributed to minor shifts in combustion 
phasing (CA50), as shown in Fig. 3c. Overall, the three hydrogen in
jection strategies yield similar gITE performance, consistently exceeding 
41 %. A slight efficiency advantage is observed for late LPDI; however, 

this gain remains within the estimated system uncertainty and should 
therefore be interpreted with caution.

When it comes to combustion stability, all three injection strategies 
successfully maintain COVnIMEP below 1 % at 10 bar BMEP (Fig. 6b). 
Similarly, PRR (Fig. 6c) is also kept below 10 bar/oCA for all injection 
strategies. It is noteworthy that late LPDI shows higher PRR than early 
LPDI cases. This is most likely due to the increased mixture stratification 
in late LPDI, resulting in regions with a lower lambda and thus higher 
flame speed compared to early LPDI and PFI. This corroborates well with 
the shorter burn duration found for late LPDI as shown in Fig. 3. Addi
tionally, the late LPDI presents narrower aROHR profiles (Fig. 7) and 
higer peak than PFI, indicating a faster burn rate. Despite the shortened 
injection duration at high fuel pressure, the overal cylinder pressure and 
heat release rate profiles remain quite similar regardless the fuel 
pressure.

6. Effects of injection strategy on high load

This section mainly focuses on the high operating load (BMEP:20 ±
1 bar) cases, where problematic combustion events like pre-ignition and 
knock occur more frequently. Three different H2 injection strategies on 
SI H2ICE, namely: PFI, early LPDI, and late LPDI are compared and the 
effects of SOI will be discussed. To be more specific, the SOI of PFI is 
changed from − 320 to − 295 oCA, the SOI of early LPDI is varied from 
− 260 to − 200 oCA (open valve period), and the SOI of late LPDI is swept 
from − 150 to − 95 oCA (closed valve period). As is shown in Table 4, the 
speed is constant at 1000 rpm and BMEP varies from 19.1 bar to 20.7 
depending on the specific injection strategy. Spark timing is selected to 
balance the prevention of pre-ignition with the maximization of gITE 
across the three injection strategies. In late LPDI scenarios, the boost 
pressure is deliberately limited to ensure that the ratio of fuel pressure to 

Table 2 
Operating matrix.

PFI Early LPDI Late LPDI

BMEP [bar] 10 ± 0.2 10 ± 0.2 10 ± 0.2
Speed [rpm] 1000 1000 1000
CA50 [oCA aTDC] ~8 ~8 ~8
Pfuel [bar] 4–10 12–30 12–30
SOI [oCA aTDC] − 320 − 260 − 140/-130/-120
Spark [oCA aTDC] Varies Varies Varies
EGR% 0 0 0
lambda 2.23 2.26 2.3
Boost (absolute) [bar] 1.99 2.07 1.77

Fig. 3. Spark timing and combustion phasing at different fuel pressure for both PFI and LPDI.
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cylinder pressure at the end of injection ratio does not exceed 1.9, 
thereby maintaining sonic flow conditions. Since the boost pressure 
directly contributes to the cylinder pressure (i.e. < 21 bar) at the end of 
injection. Moreover, the late LPDI benefits from the enhanced volu
metric efficiency, as the injection commences after intake valve closes. 
On the contrary, the early LPDI likely presents a similar level of volu
metric efficiency as PFI since injection happens during inlet valve open 
period. Therefore, late LPDI is operated at 3.11 bar boost pressure 
(lambda 2.23), Early LPDI is operated at 3.76 bar (lambda 2.31), and PFI 
is operated at 3.83 bar (lambda 2.14). Table 5 gives an better under
standing of volumetric efficiency (air mass flow) for three injection 
strategies at identical operating points. It is shown that the inlet air flow 
for PFI (Boost: 3.84 bar, Air flow: 232.9 kg/h) and LPDI (Boost: 3.76 bar 
Airflow: 228.2 kg/h) are essentially identical with same boost level, 
while late LPDI presents 5.6 % higher air flow with 11.3 % lower boost 

pressure than these two open valve injection strategies.
It is shown in Fig. 8 that the CA10, CA50, and CA90 stay relatively 

constant, and similarly, CA10 and CA50 for early LPDI for different SOI 
timings. However, in the case of SOI = − 250 oCA aTDC, both CA10 and 
CA50 occur earlier due to pre-ignition as is illustrated in Fig. 9a. Early 
LPDI at − 250 shows heat release before spark timing. Moreover, this 
LPDI strategy shows advanced CA90 and consequently shorter burn 
duration as injection timing shifts from − 240 to − 200 oCA aTDC. This 
higher heat release rate is also illustrated by the higher peak of the 
aROHR curves in Fig. 9a. For late LPDI cases, CA10 and CA50 show an 
initial plateau from − 150 to − 130 oCA aTDC, followed by an advancing 
trend as SOI is further delayed to − 90 oCA aTDC. Despite this early rapid 
combustion, CA90 fluctuates between SOI -125 to − 95 oCA cases. This 
behavior is explained by the aROHR curves in Fig. 9b and c, which 
exhibit a transition of combustion regimes. The rate of heat release re
mains relatively stable from SOI -150 to − 130 oCA, after which com
bustion initiates more rapidly. This is attributed to the increased mixture 
stratification for an SOI beyond − 125 oCA, leading to co-existence of 
both locally fuel-rich and lean regions within the combustion chamber. 
The high-equivalence ratio zones ignite and propagate more rapidly in 
the early combustion stages compared to earlier LPDI injection timings. 
Similar results are also found in a simulation work [39] where delayed 
H2 direct injection timing exhibits more rapid flame speed and higher 
peak cylinder pressure due to increased mixture heterogeneity and 
stratification. However, the regions with a lower equivalence ratio 
exhibit a slower burnout. These combined effects contribute to the 
observed fluctuation in burn duration for late LPDI between SOI -125 
and − 95 oCA.

Fig. 10 shows that PFI achieves a gross indicated thermal efficiency 
(gITE) of up to 41 %, with only minor sensitivity to injection timing. 
Early LPDI provides a slight improvement, reaching a gITE up to 41.7 %. 
Among the three injection strategies, late LPDI exhibits the lowest heat 
transfer loss (Fig. 11), which directly contributes to its superior effi
ciency. As is shown in Fig. 11, late LPDI presents a heat loss in the range 
of 10.4–12.9 %, while that of early LPDI and PFI are in the range of 
13.1–15.7 % and 13.3–15.6 % respectively. In this analysis, heat transfer 
loss is defined as the difference between the total energy content of the 
injected fuel (based on lower heating value) and the maximum of 
apparent heat release. Combustion loss is computed from the unburnt H2 
measured in the exhaust. Exhaust loss is determined from the remaining 
fraction of the total energy input. Notably, gITE in the late LPDI case 
increases progressively as SOI is delayed. This improvement is attributed 
to a reduction in compression work at later injection timings, as illus
trated in Fig. 12. A peak gITE of approximately 42.4 % was achieved at 
an SOI of − 95 ◦CA aTDC. Compared with the other strategies, late LPDI 
delivers efficiency gains of 0.7 percentage points over early LPDI and 1.4 
percentage points over PFI. Although the measurement uncertainty is 
estimated at ±0.4 %, the trend consistently indicates that late LPDI 

Fig. 4. Comparison of Cylinder pressure (left y axis) and aROHR (right y axis) 
for PFI and LPDI at same CA50.

Table 3 
Key performance comparison between PFI and LPDI.

Parameters PFI Early LPDI

CA50 [oCA aTDC] 8.4 8.8
Burn duration [oCA] 16.5 15.3
gITE [%] 41.5 ± 0.8 41 ± 0.8
PRR [bar/oCA] 6.3 6.3

Fig. 5. Engine-out BSNOx emissions and unburnt H2 at various fuel pressure.
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offers the greatest potential for achieving higher thermal efficiency in 
H2-fueled engines. This increased efficiency H2ICE performance of late 
LPDI is also reported in simulation work [40] that ITE increases 
remarkably as injection timing delays from − 190 to − 100 oCA aTDC, 
reaching a peak ITE of 40.5 %. This enhancement is attributed to the 
inhibition effect of gas mixture delamination on wall heat loss [41].

Although all three injection strategies show low COVnIMEP irre
spective of injection timing. The late LPDI shows much higher PRR (up 
to 19.7 bar/oCA at injection timing of − 95 oCA aTDC) than PFI and early 
LPDI and it increases as LPDI timing gets close to TDC. This is directly 
related to the mixture stratification. Compared to early LPDI and PFI, the 
largely reduced mixing time seems to be more influential at a retarded 
SOI and contributes to a more stratified mixture. The presence of locally 
richer H2/air pockets apparently lead to these high PRR. This is further 
supported by the fact that late LPDI produces more BSNOx (from the 
richer regions) and unburnt H2 emissions (from the leaner regions). The 
range of equivalence ratios obviously increases at later LPDI injection 
timings. It should be noted, however, that all three injection strategies 
retain a low PI ratio mostly below 3 %. At − 250 ◦CA aTDC, an early LPDI 
case exhibited a pre-ignition (PI) occurrence ratio of up to 6 %. The 
cylinder pressure and aROHR traces of these pre-ignition cycles, shown 
in Figure 14 in Appendix, reveal a noticeable heat release and pressure 
rise occurring prior to the spark timing.

In terms of engine-out emissions, early LPDI generates the least 
BSNOx emissions among the three injection strategies (Fig. 13). Firstly, 
the early injection timing leaves enough mixing time for H2 and air, 
resulting in largely well-mixed mixtures. Secondly, early LPDI cases 
were performed with the highest lambda (i.e. 2.31), causing lowest bulk 
temperature. These two combined factors bring about an engine-out 
BSNOx emissions as low as 0.72 g/kWh. On the contrary, late LPDI 

Fig. 6. Gross indicated efficiency(a), pressure rise rate (b) and COV of nIMEP (c) at various fuel pressure and injection timing.

Fig. 7. Cylinder pressure and aROHR from different fuel pressure for PFI (a) and late LPDI (b).

Table 4 
Operating matrix.

PFI Early LPDI Late LPDI

BMEP [bar] 20.7 ± 0.2 19.7 ± 0.2 19.1 ± 0.2
Speed [rpm] 1000 1000 1000
SOI [oCA aTDC] varied varied varied
Absolute Boost [bar] 3.84 3.76 3.11
P fuel [bar] 7 40 40
Lambda [− ] 2.14 ± 0.01 2.31 ± 0.01 2.23 ± 0.01
Spark [oCA aTDC] − 4 − 3.8 − 2.7

Table 5 
Comparison of three injection strategies at similar operating points.

PFI Early LPDI Late LPDI

BMEP [bar] 20.7 ± 0.4 20.9 ± 0.4 20.7 ± 0.4
Speed [rpm] 1000 1000 1000
SOI [oCA aTDC] − 320 − 260 − 150
Boost [bar] 3.84 3.81 3.38
P fuel [bar] 7 30 30
Lambda [− ] 2.13 ± 0.01 2.12 ± 0.01 2.24 ± 0.01
Spark [oCA aTDC] − 4 − 5.9 − 5.9

gITE [%] 40.8 41.88 41.15
BSNOx [g/kWh] 2.64 3.33 3.78
H2 [ppm] 181 148 105
PRR[bar/oCA] 6.7 6.9 9.2
Qair [kg/h] 232.9 228.2 240.9
COVIMEP [%] 0.79 0.54 0.512
PI ratio [%] 3 0 1
CA50 [oCA aTDC] 12.8 11.5 10.1
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produces the highest BSNOx and unburnt H2 emissions. Both increase 
with the injection timing delays, as expected, due to increased charge 
stratification at a late SOI. Up to 9.3 g/kWh of BSNOx and 435 ppm 
unburnt H2 are observed at an SOI of − 95 oCA.

To provide a direct comparison among the three injection strategies, 
Table 5 summarizes the key performance indicators at identical oper
ating conditions. Combined r with the findings from the injection timing 
sweep, it can be inferred that, the gITE is strongly influenced by CA50 
and overall lambda. Both the PFI and early LPDI (inject in the open valve 
period) exhibit similar intake air mass, suggesting comparable volu
metric efficiency regardless of the specific injection location within the 
valve open period. When injection timing is sufficiently early, the 
resulting mixture homogeneity is also expected to be similar. In contrast, 
late LPDI (injection during the intake valve closed period) shows a clear 
benefit in improving gITE, primarily due to reduced compression work. 
However, this improvement comes at the expense of increased engine- 
out NOx and unburned H2 emissions, which are attributed to greater 
mixture stratification and reduced homogeneity.

7. Summary and conclusions

This study directly compares PFI and LPDI systems on the same 
single-cylinder H2 HD engine, aiming to develop next-generation heavy- 
duty H2ICE targeting future Euro 7 HD truck application. Three injection 
strategies are specifically investigated: PFI, early LPDI (SOI between 
− 300◦ and − 200◦CA, before intake valve closes), and late LPDI (SOI 
between − 150◦ and − 90◦CA, after intake valve closes). The experi
mental parameter study examines variations in fuel pressure and in
jection timing, exploring the trade-offs between efficiency and emissions 
to fully harness hydrogen’s potential as a sustainable fuel. The single- 
cylinder engine tests were performed both on medium load (BMEP: 
10 bar) and high load (BMEP>19 bar). Based on the results and dis
cussions, the following conclusions were drawn. 

1. At 10 bar BMEP, early LPDI benefits from a long mixing time and 
shows similar heat release profiles as PFI at a specific phasing. This 
also leads to similar gross indicated thermal efficiency (maximum 

Fig. 8. Combustion phasing for PFI and LPDI at different injection timing.

Fig. 9. aROHR profiles of various LPDI injection timings.(a, DI: 260 to − 200 oCA aTDC b, DI: 150 to − 130 oCA aTDC, c DI: 125 to − 95 oCA aTDC).
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41.6 %), stability (PRR and COVnIMEP). Late LPDI suffers from 
decreased mixing time, making the H2/air mixture less homogeneous 
and more stratified compared to PFI and early LPDI. Therefore it 
presents higher PRR and NOx emissions. Up to 41.9 % gITE was 
achieved at the late LPDI (− 130 oCA aTDC).

2. At 10 bar BMEP, NOx emissions in general are sensitive to lambda 
and combustion phasing. Although with similar level of mixture 
homogeneity, early LPDI benefits from long mixing time and effects 
of higher fuel pressure, and therefore produces the least engine-out 
NOx emissions (0.57 g/kWh). Late LPDI shows the highest engine- 

Fig. 10. Key performance parameters for PFI and LPDI at different injection timing.

Fig. 11. Energy distribution analysis of PFI, early LPDI, late LPDI injection strategies.

Fig. 12. Compression work of different injection strategies.
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out BSNOx emission and a high fuel pressure is crucial to improve 
mixture homogeneity of late LPDI, therefore significantly less 
engine-out NOx emissions production. Up to 75 % reduction of 
BSNOx is achieved by increasing fuel pressure from 12.8 to 20 bar.

3. As the load increases to above 19 bar BMEP, combustion phasing is 
not significantly affected by variations in injection timing. All three 
injection strategies achieve 41 % gITE. Moreover, late LPDI achieves 
the highest gITE due to reduced heat transfer losses, with efficiency 
increasing as SOI approaches TDC as a result of lower compression 
work. A peak gITE of 42.4 % is observed at an SOI of − 95◦CA aTDC. 
Notably, the identical air mass flow of PFI and early LPDI under the 
same operating conditions indicates comparable volumetric 
efficiency.

4. At high load condition, all three injection strategies show good 
combustion stability (low COVIMEP and acceptable PRR). Further
more, the pre-ignition rate is kept within 6 % regardless the injection 
method and injection timing. Although late LPDI is constrained by 
boost pressure, it achieves higher volumetric efficiency than both PFI 
and early LPDI. The late LPDI suffers from the short mixing time and 
unevenly distributed rich hydrogen/air pockets, leading to increased 
engine-out BSNOx (up to 9.3 g/kWh), unburnt H2 (up to 435 ppm), 
and PRR (up to 19.7 bar/oCA). Yet, late LPDI presents the highest 
potential of gITE gain among three injection strategies.

In summary, this study demonstrates how injection strategies, in
jection timing, and fuel pressure shape the performance of a single- 
cylinder heavy-duty H2ICE. The low-pressure direct injection (LPDI) 
strategy provides flexibility to balance efficiency and emissions. Early 

LPDI, with its premixed charge formation, is highly effective at reducing 
NOx—particularly at low and medium loads. In contrast, late LPDI le
verages charge stratification at high loads, achieving superior thermal 
efficiency. Together, these findings highlight LPDI as a versatile fueling 
strategy for hydrogen engines, offering both substantial NOx reduction 
and efficiency gains depending on operating conditions.
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Fig. 13. Engine-out NOx and unburnt H2 at different injection timing.
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Appendix

Fig. A1. Cylinder pressure (a) and aROHR (b) of early LPDI (SOI: 250 oCA aTDC) with pre-ignition.
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