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Abstract

Hydrogen is recognized as a promising energy vector for the decarbonization of energy
production. Besides the undoubted benefits, its utilization poses some technological chal-
lenges in the generation, transportation, storage and utilization phases, which must be
carefully assessed. The aim of this work is to assess the effect of methane substitution with
hydrogen in a dual-fuel diesel/methane engine on fuel conversion efficiency and pollutant
emission levels. Therefore, an extensive experimental campaign has been designed in
which a hydrogen/methane mixture with variable composition is ignited with a pilot
injection of diesel fuel. The engine was operated in naturally aspirated or supercharged
conditions, and conventional or alternative combustion strategies were implemented, span-
ning a pilot injection timing over a broad range of values. The results show that the effect of
a variation in H2 percentage of up to 20% strongly depends on air intake pressure and pilot
injection timing. In particular, engine efficiency and HC and CO emissions are penalized
as H2 percentage increases; however, this penalty can be mitigated in naturally aspirated
conditions if a late pilot SOI strategy is adopted. In terms of NOx, a reduction is observed
as H2 percentage increases. Late SOIs determine the lowest levels of NOx emissions in both
naturally aspirated and supercharged conditions.

Keywords: hydrogen enrichment; dual-fuel engine; diesel/methane combustion;
hydrogen–methane mixture; pilot injection timing (SOI); engine efficiency; NOx

emissions; HC and CO emissions; naturally aspirated and supercharged operation;
alternative combustion strategies

1. Introduction
The path towards decarbonization requires replacing conventional fuels with carbon-

free ones. In particular, in reciprocating Internal Combustion Engines (ICE), hydrogen
has been proposed as a replacement for methane in both spark and compression ignition
dual-fuel (DF) engines [1–3]. In the latter, hydrogen addition has been proposed as a way
for improving the exploitation of methane in dual-fuel diesel/methane engines. Hydrogen
is characterized by a higher flammability limit and a faster burning rate compared to
methane. Therefore, hydrogen can improve the poor combustion of methane at low to
medium loads. On the other hand, methane can control hydrogen combustion at high
loads [4].

Unfortunately, hydrogen still presents critical problems in the production, transporta-
tion and storage phases from both energetic and economic points of view [5,6]. For example,
concerning production, electrolysis is the only technology which can, at present, guarantee
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near-zero carbon emissions but only if electric power is produced from renewables. In
addition, electrolyzers’ efficiency, based on today’s technologies, is not high enough to
make hydrogen utilization profitable. Moreover, the transport phase presents some issues
as well; the existing piping, designed for natural gas transportation, shows embrittlement
if hydrogen is added to natural gas at a percentage exceeding 10% in volume. The addi-
tion of higher hydrogen percentages would therefore require significant investments to
upgrade the existing piping. As a consequence, the substitution percentage to be adopted
in dual-fuel diesel/methane engines must be carefully established, evaluating the draw-
backs on the transportation side (infrastructure upgrade) and the effects on the utilization
side, particularly in terms of fuel conversion efficiency, CO2 and pollutant emission levels.
Obviously, improving the effects on the utilization side would make the investments on
the transportation side more affordable. Therefore, it is mandatory to further improve
hydrogen utilization strategies in ICE.

Concerning this last point, research on combustion path improvement is still ongoing,
aiming to control pollutants and improve the fuel economy. While there is extensive
documented experimental and simulation research on spark ignition engines fed with
methane/hydrogen mixtures, research activity on compression ignition DF engines fed with
methane/hydrogen mixtures is less common, despite the higher fuel conversion efficiency
that can be reached in full- and part-load operations thanks to the higher volumetric
compression ratio. In DF engines, recent research has focused on combustion characteristics
and how to obtain them through proper in-cylinder charge preparation. Low-Temperature
Combustion (LTC) has been proposed to reduce pollutant levels and several strategies have
been tested in order to obtain this on ICE [7–10]. However, there is a limited number of
studies available in the literature dealing with the effect of injection strategies and their
effectiveness in improving combustion development [11]. Among the most tested is the
early introduction of high-reactivity fuel in the cylinder [12–14]. This strategy can obtain a
quite homogeneous air–fuel mixture before ignition thanks to the long ignition delay but,
for the same reason, unburned fuel reaches the cylinder walls, resulting in wall quenching
(and therefore combustion losses) and lubricating oil deterioration. For this reason, the
authors of the present paper have proposed a different strategy, consisting of injecting a
high-reactivity fuel close to TDC [15]. This approach, which was previously proposed for
diesel engines [16], can still obtain a long ignition delay. Moreover, the swirl motion, which
is more intense when close to TDC than during the early compression stroke, supported
a fast mixing between air and fuel and, consequently, a fast premixed combustion. In
previous tests [15], the effect of the injection pressure, intake air pressure and H2 addition
were evaluated with a late pilot injection and the results were compared with conventional
and early pilot injections on a DF diesel/methane engine. During tests, the % substitution of
methane with hydrogen was kept constant, equal to 10%. This concentration was indicated
in previous studies and standards as the maximum percentage that can be safely injected
into existing natural gas pipelines without the risk of embrittlement.

The aim of this work is therefore to extend the previous study, in particular assessing
the effect of methane substitution % variation with hydrogen in a dual-fuel diesel/methane
compression ignition engine and verifying whether the improvement of the engine oper-
ation can justify investments for piping upgrade. The engine used for testing activities
was fed using diesel as high reactivity fuel and three gaseous mixtures of methane and
hydrogen—with hydrogen volumetric percentages of 5, 10 and 20%—as low-reactivity
fuel. During tests, pilot Start OF Injection (SOI) spanned over a wide range covering early,
conventional and late phasings, pilot injection pressure (PIP) was varied on two levels, and
air intake pressure was varied on two levels corresponding to naturally aspirated (NA)
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and supercharged (SC) conditions. Their effect was evaluated on engine performance,
combustion behaviour and gaseous emission levels.

2. Materials and Methods
Figure 1 depicts the experimental setup. The tested engine is the single-cylinder,

4-stroke, common-rail diesel engine AVL model 5402 (AVL List GmbH, Graz, Austria). The
main characteristics of the engine are reported in Table 1, while the experimental setup is
shown in Figure 1.

 

Figure 1. Experimental setup.

Table 1. Technical characteristics of the test engine and operating parameters adopted during the
experimental campaign.

Item Specification

Engine configuration Single-cylinder diesel engine equipped
with common-rail injection

Rated power output 18 kW
Cylinder bore × stroke 82 mm × 90 mm
Geometric compression ratio 17.1:1

Combustion chamber design Bowl-in-piston geometry with flat cylinder
head and valve pockets

Maximum rail pressure Common-rail
Valve actuation timing
Intake valve opening 13.5 CAD BTDC
Intake valve closing 46.5 CAD ABDC
Exhaust valve opening 51.5 CAD BBDC
Exhaust valve closing 16.5 CADATDC
Baseline engine operating conditions
Engine speed 1500 rpm
Pilot diesel mass per cycle 8 mm3/cycle
Pilot injection timing range −2.5 to 90 CAD BTDC
Pilot injection pressure range 500–1000 bar
Intake conditions

Naturally aspirated mode (NA conditions) Boost pressure 1.1 bar, λ = 1, intake
temperature 303 K

Supercharged mode (SC conditions) Boost pressure 1.6 bar, λ = 1.25, intake
temperature 303 K

Gaseous fuel blends investigated
Blend A CH4 (95%)–H2 (5%)—(Hi,gf = 50.7 MJ/kg)
Blend B CH4 (90%)–H2 (10%)—(Hi,gf = 51.4 MJ/kg)
Blend C CH4 (80%)–H2 (20%)—(Hi,gf = 52.8 MJ/kg)
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In addition to the parameters—intake air pressure, methane substitution with H2, pilot
injection pressure and timing—varied during the experimental campaign illustrated in [14],
in this work, the impact of H2 percentage has been evaluated. An injector (see [17] for
details) positioned along the engine’s intake duct introduces the gas (a mixture of methane
and hydrogen in variable %), which then mixes homogeneously with the intake air before
entering the cylinder through a swirling intake port and the intake valve.

The engine supercharging was obtained thanks to an external volumetric compressor
ATLAS COPCO GA30 (ATLAS COPCO AB, Nacka/Stockholm, Sweden).

In-cylinder dynamic pressure was measured using a piezoelectric pressure sensor
AVLQC33C (AVL List GmbH, Graz, Austria) and pegged using a Kistler piezoresistive
sensor, model 4045A2 (Kistler GmbH, Winterthur, Switzerland). Data were acquired every
0.2 CAD for 250 consecutive cycles and then averaged. Based on absolute in-cylinder
pressure (pcyl,abs), the gross heat release rate (HRR) was estimated as:

HRR(CAD) =
k

k − 1
pcyl,abs

dV
d(CAD)

+
1

k − 1
V

dpcyl,abs

d(CAD)
+

dQw

d(CAD)
(1)

where k is the ratio of constant pressure to constant volume-specific heats (assumed equal
to 1.38), V is the instantaneous volume of the cylinder and Qw is the heat transferred to the
cylinder walls. The term dQw

d(CAD)
has been estimated as:

dQw

d(CAD)
= Ahthc(T − Tw) (2)

where Aht is the instantaneous heat exchange area, T is the instantaneous bulk temperature,
determined using the state equation of perfect gases, and Tw is the temperature of the
cylinder walls, set constant and equal to 600 K (suggested in the literature as average
value of cylinder head, piston, and cylinder walls). The heat transfer coefficient, hc, was
calculated using the Woschni model:

hc = 130 · D−0.2 · pc(CAD)0.8 · Tc(CAD)−0.53 ·
[

C1 · cm + C2 · VD
Tc,1

pc,1 · Vc,1
(pc(CAD)− pc,m(CAD))

]0.8
(3)

D is the cylinder bore, pc and Tc are the instantaneous in-cylinder pressure and
temperature in fired conditions, cm is the mean piston speed, VD is the engine displacement,
Tc,1, pc,1 and Vc,1 are the temperature, pressure and cylinder volume at Inlet Valve Closing
(IVC), pc,m is the instantaneous in-cylinder pressure in motored conditions, and C1 and
C2 are constants, respectively, equal to 2.28 and 3.24 × 10−3. Tc,1 has been set equal to
410 K, while in-cylinder temperature traces were derived from in-cylinder pressure curves,
calculated using the state equation of perfect gases and assuming constant the mass trapped
in the cylinder during compression and expansion strokes.

Once HRR(CAD) is known, it is possible to estimate its peak value and the related
CAD, as well as CAD at which the heat released from the combustion beginning is 10% of
overall heat released during one engine cycle.

Based on pcyl,abs measurement, the indicated power Pi was estimated as:

Pi =
∮

cycle

pcyl,absdV
n

nR
(4)

where n is the engine speed, while nR is the number of crank revolutions per power stroke
(equal to 2 for a 4-stroke engine). Diesel fuel mass flow rate,

.
md, was measured using

an AVL 733S Fuel Balance (AVL List GmbH, Graz, Austria). The gaseous fuel flow rate,
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.
mg f , was measured using a thermal flow controller Aalborg Instruments and Controls
Inc., model DFC 36 (Aalborg Instruments & Controls, Inc., Orangeburg, NY, USA), whose
output was rectified in order to take into account the composition and the density of the
gas mixture under test. The Percentage Energy Substitution (PES) was then calculated as:

PES =

.
mg f Hi,g f

.
md Hi,d +

.
mg f Hi,g f

(5)

where Hi,d and Hi,g f are the lower calorific values, respectively, of diesel (44.4 MJ/kg) and
gaseous fuel (see Table 1).

Indicated fuel conversion efficiency (ηf) has been calculated as:

η f =
Pi

.
md Hi,d +

.
mg f Hi,g f

(6)

An AVL AMA i60 emission analyzer (AVL List GmbH, Graz, Austria) was used in
order to measure emission levels of gaseous regulated pollutants like indicated specific
nitric oxides (ISNOx), hydrocarbons (ISHC), and carbon monoxide (ISCO). Measured levels
have been converted in g/kWh as indicated on SAEJ1003 standard [18]. Particulate matter
was not measured since it has been shown by the same Authors in a previously published
paper [15] that dual-fuel combustion with methane/hydrogen mixture as low reactivity
fuel fumigated along the intake duct and ignited by a late pilot injection determines very
low levels of particulate matter. In Table 2, the error associated with each experimental
device is reported.

Table 2. Accuracy of the experimental device.

Measured Quantity Measuring Range Accuracy

Dynamometer 0–100 kW ±0.25%
Cylinder pressure sensor 0–250 bar ±0.1%
Fuel line pressure 0–2000 bar ±0.8% FSO
Fuel flow metre 0–2 kg ±0.12%
Air flow metre 8–480 kg/h ±4% measured value
Gas flow metre 0–30 L/min ±1% FSO
Total Hydrocarbon (THC) 0–10,000 ppm C3 ±1% FSO
Nitrogen Oxide (NOx) 0–10,000 ppm ±1% FSO
Carbon Monoxide (CO) 0–3% ±1% FSO

In ICE fed with methane (and hydrogen) fumigated along the intake duct, a small
portion of methane (and hydrogen) can flow directly from the intake to the exhaust valve
during the valve overlap, i.e., the angular (or time) interval during which both valves
are open. This phenomenon, referred to as methane (and hydrogen) slip, can determine
significant emissions of methanic hydrocarbons and hydrogen directly at the exhaust.
While surely present on the engine under test, these species have not been measured.
However, their levels at the exhaust mainly depend on angular interval of overlap and
engine speed. Both these parameters have not been varied during tests; therefore, it can be
argued that the impact of methanic hydrocarbons and hydrogen emissions due to slip is
the same for all tested conditions.

Table 1 reports the experimental factors and the related levels set during the experi-
ments. The heat introduced per cycle was fairly constant despite the variation in gaseous
fuel composition. Moreover, PES was equal to about 75%.

During the experimental campaign, the Coefficient of Variance (CoV) associated with
maximum in-cylinder pressure peak over 250 cycles was also calculated, since values higher
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than 5% are generally considered unacceptable and, in the literature [19,20], it is reported
that early and late injections lead to higher CoV. In particular, in the present Design of
Experiments, several operating conditions characterized by SOI = −2.5 CADBTDC and
SOI earlier than 35 CADBTDC exhibited CoV > 5%. Therefore, in the following section,
data relating to those operating conditions have not been plotted.

3. Results and Discussion
3.1. Combustion Analysis

Figure 2 shows the effect of SOI delay at different H2 percentages on in-cylinder pres-
sure and corresponding HRR traces acquired in NA conditions and with a PIP = 1000 bar.
When SOI is 35 CAD BTDC, the HRR shows a shape characteristic of premixed combustion.
This shape, already reported associated with dual-fuel operation with advanced pilot injec-
tion [21,22], does not change when SOI is further advanced. With 5% H2, combustion starts
earlier, is characterized by a higher HRR peak, and is shorter than with 20% H2. When SOI
is delayed (10 and 0 CAD BTDC), combustion is characterized by a shorter ignition delay,
a lower HRR peak, and a longer combustion duration. In these cases as well, the effect
of increasing H2 percentage is to delay combustion, reduce the HRR peak, and increase
combustion duration.
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Figure 2. In-cylinder pressure traces and corresponding HRR traces with SOI = 35–10–0 CAD BTDC
at two H2 percentage levels (5% and 20%) under NA conditions; PIP = 1000 bar.

The comparison of Figures 2 and 3 allows the effect of supercharging the engine to
be evaluated. In fact, apart from the air mass trapped in the cylinder, the traces shown in
Figure 3 have been obtained while keeping unchanged all the other parameters used for
obtaining the data reported in Figure 2. In SC conditions (Figure 3), advanced SOI leads to
a HRR with a shape still related to premixed combustion. However, compared to previous
results, in this case, it is evident that the HRR peak is significantly reduced and combustion
duration is increased. Moreover, heat release starts earlier compared to NA conditions and
at higher H2 percentages. Delaying SOI, however, determines a significant variation in
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HRR shape. In particular, it is possible to notice that, for both H2 percentages tested, the
HRR is characterized by a first premixed combustion phase followed by a diffusive queue.
The premixed peak is significantly lower than in NA conditions. Consequently, combustion
duration is higher. The effect of increasing H2 percentage is to slightly advance combustion
and reduce the HRR peak, while combustion duration remains comparable.
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Figure 3. In-cylinder pressure traces and corresponding HRR traces with SOI = 35–10–0 CAD BTDC
at two H2 percentage levels (5% and 20%) under SC conditions; PIP = 1000 bar.

Finally, comparing Figures 3 and 4, it is possible to evaluate the effect of PIP, decreased
to 500 bar in Figure 4, while keeping constant all the other parameters with respect to
the data reported in Figure 3. The results indicate that the differences determined by a
reduction in pilot injection pressure are negligible compared to the effect determined by
the variation in the other parameters previously analyzed.

In Figure 5, the descriptive analysis of Figures 2 and 3 is quantified, reporting the peak
of HRR and the Ignition Delay (ID), defined as the angular interval between SOI and the
CAD at which 10% of the overall fuel heat has been released.

In particular, in Figure 5a, data related to tests run in NA conditions, PIP = 1000 bar,
and H2% = 5% and 20% are compared, while, in Figure 5b, data related to tests run with
H2% = 5%, PIP = 1000 bar, and NA and SC conditions are compared. Figure 5a shows
that HRR decreases with delayed SOI. ID decreases with delayed SOI as well; however,
for very delayed values, ID inverts the previous trend. The effect of H2% increase from
5% to 20% is to reduce the HRR peak and slightly increase ID. Figure 5b illustrates that
supercharging the engine (SC conditions) determines a reduction in HRR peak compared to
NA conditions while keeping unchanged the dependence on SOI. The effect of SOI on ID in
SC conditions is a decreasing then increasing trend with delayed SOI, as for NA conditions.
Moreover, supercharging the engine leads to shorter ID with conventional and late SOI,
while the opposite can be observed for early SOI.

https://doi.org/10.3390/en19081909

https://doi.org/10.3390/en19081909


Energies 2026, 19, 1909 8 of 17

 

−60

−40

−20

0

20

40

60

80

100

120

140

−10

10

30

50

70

90

110

130

150

170

190

−30 −25 −20 −15 −10 −5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

in
-c

yl
 p

re
ss

ur
e 

[b
ar

]

HR
R 

[J/
CA

D]

CAD ATDC [°]

5% H2
20% H2

35 CAD BTDC

10 CAD BTDC

0 CAD BTDC

35 CAD BTDC

10 CAD BTDC

0 CAD BTDC

Figure 4. In-cylinder pressure traces and corresponding HRR traces with SOI = 35–10–0 CAD BTDC
at two H2 percentage levels (5% and 20%) under SC conditions; PIP = 500 bar.
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Figure 5. HRR peak and ID as a function of SOI: (a) comparison between 5% and 20% H2, under NA
conditions, PIP = 1000 bar; (b) comparison between NA and SC conditions—5% H2, PIP = 1000 bar.

In Figure 6, the maximum in-cylinder pressure and related CAD are shown as a
function of SOI and for different H2 percentages. In particular, Figure 6a shows data related
to NA conditions and PIP = 500 bar, while Figure 6b illustrates data related to SC conditions
and PIP = 1000 bar. In NA conditions (Figure 6a), maximum in-cylinder pressure does
not vary significantly from early to conventional SOI, while a remarkable reduction is
observed with SOI from conventional to late. At the same time, CAD related to maximum
in-cylinder pressure does not change significantly from early to conventional SOI, while a
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remarkable increase (indicating a delayed combustion) is observed, further delaying SOI.
Supercharging the engine modifies slightly this behaviour. In fact (Figure 6b), the first
difference with NA conditions is that SOI range with stable operation is narrower. Moreover,
moving from early to conventional SOI, an increase in maximum in-cylinder pressure and
a reduction in CAD-related angle (indicating advanced combustion) is observed. Delaying
SOI further determines a behaviour similar to that analyzed in NA conditions. The effect of
H2 percentage increase from 5% to 20% in NA conditions is to reduce in-cylinder pressure
peak as H2 percentage increases. In SC conditions, on the other hand, in-cylinder pressure
peaks first increase (from 5% to 10%) and then decrease (from 10% to 20%). The reduction
in in-cylinder pressure peak with increasing H2 percentage in methane–hydrogen mixtures
in dual-fuel engines has been reported in other works [15,23–25]. The effect of methane
substitution with H2 in compression ignition engines on combustion development is still
investigated and not fully understood. It depends on many factors, such as PES, air-to-
fuel ratio, H2 percentage, and spatial distribution of high-reactivity fuel in the combustion
chamber. In particular, in the conditions proposed in this work, characterized by high values
of PES and low values of H2 percentage, the effect of H2 is to inhibit fuel autoignition,
thus leading to the observed reduction in maximum in-cylinder combustion pressure.
Concerning the SOI effect, late timings lead combustion to develop during the expansion
stroke, thus resulting in lower peak values.
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Figure 6. Maximum in-cylinder pressure and corresponding CAD as a function of SOI and for
different H2 percentage levels: (a) NA conditions, PIP = 500 bar; (b) SC conditions, PIP = 1000 bar.

The in-cylinder pressure development previously described justifies the behaviour of
indicated fuel conversion efficiency (ηf), reported in Figure 7. In particular, the following
conclusions can be derived:

• In NA conditions (Figure 7a,b), the effect of SOI delay is to increase ηf until SOI reaches
TDC; further delaying pilot injection, an abrupt reduction is observed or, in the worst
case, unacceptable values of CoV. On the other hand, in SC conditions (Figure 7c,d), ηf

remains fairly constant until SOI = 10CADBTDC, while, for more delayed values, a
significant reduction is observed; this reduction is more pronounced for low and high
H2 percentage tested, while for intermediate values this variation is not significant.
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• In general, it can be stated that an increase in H2 percentage reduces ηf; this is in
agreement with the lower values of maximum in-cylinder pressure and related CAD
shown in Figure 7; similar findings are reported in other works [26].

• Supercharging the engine generally leads to higher values of ηf; the only exception
is represented by the cases with SOI delayed more than 10 CADBTDC, for which,
as previously stated, NA cases show fairly constant values, while SC shows a
significant reduction.

• Finally, increasing pilot injection pressure (comparison between Figure 7a and Figure 7b
and Figure 7c and Figure 7d) leads to a reduction in ηf.

   
(a)  (b) 

   
(c)  (d) 

Figure 7. Fuel conversion efficiency as a function of SOI and for different H2 percentage values:
(a) NA conditions, PIP = 500 bar; (b) NA conditions, PIP = 1000 bar; (c) SC conditions, PIP = 500 bar;
(d) SC conditions, PIP = 1000 bar.

As previously discussed, from in-cylinder pressure curves, it is possible to derive
in-cylinder temperature traces, calculated using the state equation of ideal gases and
assuming constant mass trapped in the cylinder during the compression and expansion
strokes. Moreover, the in-cylinder gas temperature at IVC has been assumed equal to
410 K. In Figure 8, maximum in-cylinder charge temperature and the angular duration in
which the bulk temperature exceeds 1500 K are shown for different values of SOI and H2

percentages. This is because, in [27], it is indicated that a peak in-cylinder temperature of
1500 K is required for complete CO oxidation, regardless of hydrocarbon fuel type and
autoignition characteristics. From Figure 8, the following conclusions can be derived:

• In NA conditions (Figure 8a,b), the effect of SOI delay is first to increase maximum
in-cylinder temperature and then to decrease until the most retarded SOI is reached;
however, with low H2 percentage values (5% and 10%), it can be observed that for
the most retarded SOIs, maximum in-cylinder temperature does not decrease (5% H2)
or even increase (case 10% H2 in Figure 8a). This behaviour can be explained by
observing that, on one hand, the ignition delay is reduced with SOI around TDC;
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in addition, around TDC, bulk motions in the combustion chamber, in particular
swirl, are more intense. It is well known that swirl motion in compression ignition
engines is decisive in promoting mixing between air and fuel, and the presence of
H2 further supports combustion development and allows one to reach higher peak
temperatures even if the combustion develops during the expansion stroke. On the
other hand, in SC conditions (Figure 8c,d), the increasing then decreasing behaviour
of maximum in-cylinder temperature is evident. In SC conditions, it can be seen
that in-cylinder maximum temperature is globally reduced. This behaviour is mainly
due to the presence of more air in the cylinder. Therefore, the same heat released
by the fuel leads to lower charge temperatures. The temperature reduction slows
down the phenomena leading to the autoignition of the high-reactivity fuel as well
as the combustion development. This behaviour explains why maximum in-cylinder
temperature monotonically decreases when late SOI is adopted in SC conditions.

• In SC conditions (Figure 8c,d), it can be stated that H2 percentage increase reduces max-
imum in-cylinder temperature [28], while in NA conditions (Figure 8a,b) a univocal
trend is not observed.

• Finally, increasing pilot injection pressure (comparison between Figure 8a and
Figure 8b and between Figure 8c and Figure 8d) leads to a reduction in maximum
in-cylinder temperature.
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Figure 8. In-cylinder charge maximum temperature and angular duration in which the bulk tem-
perature exceeds 1500 K as a function of SOI and for different H2 percentages: (a) NA conditions,
PIP = 500 bar; (b) NA conditions, PIP = 1000 bar; (c) SC conditions, PIP = 500 bar; (d) SC conditions,
PIP = 1000 bar.
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The behaviour of angular duration during which the bulk temperature exceeds 1500 K
follows the behaviour of maximum in-cylinder temperature.

3.2. Emissions Analysis

In Figure 9, ISNOx emission levels are shown for all tested conditions. In NA condition
operation (Figure 9a,b), delaying SOI is beneficial for NOx reduction. In fact, while ISNOx

levels remain steadily high with early and conventional SOI, they reduce if SOI is delayed.
This behaviour is observed with all H2 percentages tested. In addition, ISNOx levels are
lower as H2 percentage increases. This trend is in line with the maximum in-cylinder
temperature behaviour, whose lower values are found with the highest H2 percentage.
Increasing PIP (comparison between Figure 8a and Figure 8b and between Figure 9c and
Figure 9d) leads to an increase in ISNOx emission levels.

In SC conditions (Figure 9c,d), the behaviour is different. In particular, the following
features can be noticed:

• ISNOx emission levels are globally reduced compared to NA operation. This result
can be justified by the reduction in in-cylinder temperature reported in Figure 8.

• Delaying SOI from early timings determines an increasing then decreasing behaviour;
therefore, lower values are observed with either early or late pilot injections, while
higher values are measured with conventional timings. This behaviour reflects what
is observed in terms of in-cylinder temperature (Figure 8); however, this reduction is
accompanied by an equally marked reduction in ηf, especially with low or high H2

percentage values.
• The highest ISNOx emission levels are observed with intermediate H2 percentage,

while they are reduced as H2 percentage either increases or decreases. This result is in
line with the behaviour of in-cylinder temperature shown in Figure 8c,d.

• Finally, in SC conditions, increasing PIP leads to a reduction in ISNOx emission
levels. With higher PIP, high reactivity fuel is better atomized and mixed with air
and low reactivity fuel in the combustion chamber. Therefore, its autoignition and
subsequent combustion leads to lower local temperature peaks, resulting in lower
NOx emission levels.
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Figure 9. Cont.
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Figure 9. NOx emission levels as a function of SOI and for different H2 percentages: (a) NA conditions,
PIP = 500 bar; (b) NA conditions, PIP = 1000 bar; (c) SC conditions, PIP = 500 bar; (d) SC conditions,
PIP = 1000 bar.

In Figure 10, ISHC emission levels are shown for all tested conditions. HC emissions
vary greatly depending on whether the engine is operating in NA or SC conditions. In
particular, in NA conditions (Figure 10a), low levels can be observed with early SOI; these
levels tend to increase with conventional SOI and then decrease with late SOI. Similarly,
this behaviour is observed if PIP is reduced to 500 bar, always in NA operation. In this case,
PIP reduction does not determine relevant variations in the absolute emission levels.
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Figure 10. THC emission levels as a function of SOI and for different H2 percentages: (a) NA
conditions, PIP = 1000 bar; (b) SC conditions, PIP = 1000 bar.

In supercharging conditions (Figure 10b), however, the pattern changes. Specifically,
high values are observed with both early and late SOIs, while conventional SOI values
produce the lowest emission levels. The highest H2 levels also result in the highest emission
levels, while low and intermediate levels result in comparable THC levels. In addition, this
behaviour is observed if PIP is reduced to 500 bar, always in SC operation. In this case, PIP
reduction does not determine relevant variations in the absolute emission levels as well.

Finally, with reference to CO emissions, the observed trends under SC conditions
are similar to those illustrated for HC, as can be seen by analyzing the data reported in
Figure 10. Regarding NA conditions (Figure 11a), however, a delayed SOI in this case
minimizes CO levels compared to all other CO values and for all H2 percentages tested.
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Figure 11. CO emission levels as a function of SOI and for different H2 percentages: (a) NA conditions,
PIP = 1000 bar; (b) SC conditions, PIP = 1000 bar.

4. Conclusions
In this work, the effect of methane substitution with hydrogen in a dual-fuel

diesel/methane compression ignition engine has been assessed, in which the low reac-
tivity gaseous fuel mixture has been ignited through a pilot diesel injection. The tested
substitution percentages of methane with hydrogen were 5, 10 and 20. Moreover, pilot
injection phasing was varied on a wide range in order to cover early, conventional and late
timings, while pilot injection pressure was varied on two levels. Finally, the engine was
tested under naturally aspirated and supercharged conditions. The effect of all the above
parameters was evaluated on combustion development, engine performance and gaseous
emission levels.

The analysis of in-cylinder pressure and related heat release rate traces revealed
that, in naturally aspirated conditions and high pilot injection pressure, combustion
associated with early to conventional pilot injection timings is premixed-like. Lower H2

percentages are associated with shorter ignition delay, higher release rate and shorter
combustion duration. The same conclusions can be drawn if pilot injection timing is
delayed under the same conditions. Supercharging determines a reduction in heat release
rate and consequently an increase in combustion duration with early pilot injection
timings. However, delaying it, a diffusive-like combustion appears after a first premixed
combustion phase for all gaseous mixtures. Pilot injection pressure does not play a
significant role in combustion development.

In terms of indicated fuel conversion efficiency, a slight penalty is observed with
the highest H2 percentages tested when the engine is operated in naturally aspirated
conditions, while late SOI usually leads to the highest efficiency values; on the other hand,
supercharging the engine, the highest H2 percentages tested are still associated with the
lowest efficiency values, but delaying SOI determines a significant penalty as well.

Concerning NOx emissions, lowest levels are associated with late SOI in both naturally
aspirated and supercharged conditions and for all methane substitution percentages with
hydrogen. THC and CO levels assume low values with all H2 percentages and late SOI in
naturally aspirated conditions, while in supercharged conditions a remarkable increase is
observed, increasing H2 percentages and SOI delay.

HC and CO emissions vary greatly depending on whether the engine is operating in
naturally aspirated or supercharged conditions. In the first case, low values are observed
with early or late SOI, while, in the second case, high values are observed with both early
and late SOI.
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Summarizing, besides an obvious reduction in CO2 as H2 percentages increases, a
variation in H2 percentages around 10% determines:

• A slight penalty in terms of engine fuel conversion efficiency; this can be partially
compensated using a late SOI strategy in naturally aspirated conditions, while in
supercharging conditions late SOI further penalize it;

• A reduction in NOx emissions; late SOI determine the lowest levels of NOx emissions
in both naturally aspirated and supercharged conditions;

• An increase in HC and CO emissions levels; this can be partially compensated us-
ing a late SOI in strategy in naturally aspirated conditions, while in supercharging
conditions late SOI further penalize it.
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Abbreviations
The following abbreviations are used in this manuscript:

ABDC After Bottom Dead Centre
ATDC After Top Dead Centre
BBDC Before Bottom Dead Centre
BTDC Before Top Dead Centre
CAD Crank Angle Degrees
CoV Coefficient of Variance
DF Dual-Fuel
HRR Heat Release Rate
ICE Internal Combustion Engine
ID Ignition Delay
ISCO Indicated Specific Carbon Monoxide
ISHC Indicated Specific Hydrocarbons
ISNOx Indicated Specific Nitric Oxides
IVC Inlet Valve Closing
LTC Low Temperature Combustion
NA Naturally Aspirated
PES Percentage Energy Substitution
PIP Pilot Injection Pressure
SC Supercharging
SOI Start of Injection
TDC Top Dead Centre
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