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This article discusses the possibilities of powering a commonly used diesel engine with renewable fuels. It

analyses scientific studies that clearly indicate that the use of hydrogen is a potentially future-proof option due
to its potential to reduce specific fuel consumption and improve performance and increase thermal efficiency.
The research was carried out on a laboratory bench designed to test a diesel engine fueled by different fuels.
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A proprietary hydrogen injection system with dedicated control software was used. Hydrogen injection pressures
of 0.15, 0.18, 0.20 MPa and hydrogen injector opening times of 2.5, 3.0, 3.5 ms, respectively, were set as control
parameters. The rapidly varying engine operating parameters were recorded and the parameters calculated
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1. Introduction

The well-known effects of excessive pollutant emissions
such as global warming, higher sea levels, smog or a health
crisis are driving the drive towards climate neutrality [1].
This goal can be achieved, among other things, through the
use of alternative fuels. This is why engines powered by
renewable energy sources are currently gaining more and
more interest. These include hydrogen, which is an envi-
ronmentally friendly fuel with a zero carbon footprint that
contributes to cleaner combustion. There is a huge dynamic
of interest in hydrogen on a global scale. In the report '‘Geo-
politics of the Energy Transformation The Hydrogen Fac-
tor', according to Francesco La Camera Director-General
International Renewable Energy Agency, hydrogen sources
are expected to cover up to 12 per cent of global energy
consumption by 2050 [14].

According to the European Automobile Manufacturers
Association (ACEA), the European Union has 560 passen-
ger cars and 81 commercial vehicles per 1000 inhabitants.
Diesel-powered light commercial vehicles continue to dom-
inate in most EU countries, with as much as 91.2% of the
commercial vehicle fleet in the EU running on diesel.
A similar situation (96.3%) applies to heavy goods vehi-
cles. In the second quarter of 2022, the market share of
passenger cars powered by both petrol and oil was still
55.8% despite the declines [12, 13].

It is, therefore important that conventional diesel en-
gines can eventually be adapted to run on hydrogen, e.g.
while leaving the pilot diesel injection in place. A great deal
of research work is being carried out in this area. The use of
hydrogen as a fuel for diesel engines is a complex issue.
Ceraat et al. [2] carried out experimental studies in which
they showed that increasing the amount of hydrogen im-
proves the combustion process and reduces the carbon
content in the fuel-air mixture, leading to lower CO, and
CO emissions. It has been noted that soot content decreases
with an increase in hydrogen by up to 20%.

Similarly, Juknelevi¢ius et al. [5] showed that the intro-
duction of hydrogen fuel has a positive effect on exhaust
emissions, smoke and CO emissions. Combustion becomes

smoother, smoke and CO emissions decrease, while HC
emissions increase. In [15], it was found that with the en-
richment of the mixture with hydrogen, there is a signifi-
cant reduction in specific CO, emissions (the maximum
reduction in emissions is observed at 62% in the presence
of 46% hydrogen). It was noted that soot emissions de-
crease significantly with the addition of hydrogen and are
0.28 g/kWh, 0.20 g/kWh and 0.16 g/kWh at 16% H,, 36%
H, and 46% H,, respectively. In contrast, the amount of
soot emitted without hydrogen addition was 0.66 g/kwh.
According to Santoso et al. [16], at constant load and en-
gine speed, the addition of hydrogen to the intake manifold
results in a reduction in diesel consumption.

Work has shown that hydrogen is a potentially future-
proof option because it reduces specific fuel consumption
[3, 4, 6, 7], increases engine performance, improves effi-
ciency and thermal efficiency [8-10]. It has also been found
that, by increasing the dosage of diesel, more hydrogen can
be supplied without adversely affecting the working process
[11,17-19].

2. Materials and Methods

2.1. Test stand

The tests were carried out in the Laboratory of the De-
partment of Motor Vehicles of the Lublin University of
Technology. The test object was a 1.3 MultiJet compres-
sion-ignition engine installed in a Fiat Qubo car. Parameters
and technical data of the engine are presented in Table 1.
The test environment is shown in Fig. 1.

Table 1. Main characteristics of Fiat Qubo vehicle used for the tests

Parameter Unit
Engine capacity 1248 cm®
Cylinder diameter 69.6 mm
Piston stroke 82 mm
Compression ratio 16.8:1

Max power 55 kW CEE/75 KM CEE
Max torque 190 Nm CEE/kg m CEE
Idle speed 850 £20 rpm
Rotational speed at maximum torque 1500 rpm

Injection system/fuel supply Common Rail/diesel
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Fig. 1. Test bench: 1 — 1.3 Multijet engine, 2 — Fiat Qubo, 3 — Dynorace

DF4FS-HLS chassis dynamometer, 4 — computer with software: AVL

Indicom, MultiEcuScan and dedicated gas control software, 5 — MAHA

MET 6.3 exhaust gas analyzer, 6 — MultiCon CMC-99 data logger, 7 —

AVL IndiMicro 602 measuring system, 8 — ZPR 1-B/S fuel consumption
meter

During the tests, the engine was fueled with diesel and
hydrogen, the dosage of which was adjusted using dedicat-
ed control software. Traction tests were carried out using
a Dynorace DF4FS-HLS chassis dynamometer. The test rig
is shown in detail in the block diagram (Fig. 2). The test
vehicle can be supplied with diesel fuel from the vehicle's
main tank and other liquid fuel mixtures from an installed
auxiliary tank, which allows rapid replacement of the test
fuel. The entire process is managed by ECU1 (Electronic
Control Unit 1). Fuel consumption was then measured
using a flow meter which took into account the return over-
flow from the injectors and high-pressure pump. Fuel was
then fed sequentially to the high-pressure pump, the fuel
tank and the injectors. In addition, the stand was adapted to
supply the engine with hydrogen gas. The hydrogen fuel
supply line originates in a hydrogen storage tank, and the
flow pressure can then be set via the I-regulator. The pres-
surized hydrogen then enters the flow meter with the possi-
bility of recording it in real time. Reducer Il has the task of
stabilizing the hydrogen operating pressure (this is a control
parameter). From this point, two options are possible for
feeding the engine. The first is to feed the fuel to the main
rail, from which the hydrogen is distributed to four injec-
tors. Each one assigned to a specific cylinder. In the second
option, fuel is fed directly from the reducer Il via two injec-
tors mounted between the turbocharger and the air cooler.
The block diagram shows the electrical signal measurement
paths through which the hydrogen injection controller
(ECU2) receives information from the sensors on the tem-
perature, hydrogen pressure, and temperature of the reducer
I and then controls the gas injectors.

The control and measurement track allows the recording
of parameters of engine operation under dynamic condi-
tions, measurement of fuel consumption and environmental
and energy parameters. The AVL IndiMicro 602 measure-
ment system, together with the AVL IndiCom software,
allows the recording of rapidly changing in-cylinder pres-
sures and the analysis of injection parameters. Ecological
measurements are made using the MAHA MET 6.3 ex-
haust-gas analyzer, the measuring probe of which is in-

stalled upstream of the catalytic converter. The analyzer
measures HC, CO, CO,, O,, NOy, A, PM and smoke opaci-
ty. Other actual engine operating values were recorded
using the Multiecuscan OBD Il (On Board Diagnostics)
diagnostic interface.
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Fig. 2. Block diagram of the test bench

2.2. Course of tests

Tests were carried out with the vehicle running on
a chassis dynamometer in fourth gear (closest to direct
ratio) at a constant speed of 2600 rpm. The vehicle was
subjected to rolling movement resistance. Measurements
were carried out for two variants of engine fueling, i.e.
diesel and diesel with hydrogen injection into the intake
manifold. Hydrogen was injected sequentially according to
the ignition sequence 1-3-4-2 (first option shown in Fig. 2)
at the opening of the intake valves on successive cylinders.
The operating pressures of the hydrogen addition were
determined experimentally, based on preliminary tests
described in [9], and were set successively at — 0.15 MPa,
0.18 MPa and 0.20 MPa. In addition, the hydrogen injection
time was changed for each pressure value; it was 2.5 ms,
3.0 ms and 3.5 ms, respectively.

3. Results

The graphs show the values of the average indicating
pressure, maximum combustion pressure, and maximum
combustion pressure build-up rate. Also highlighted are the
values for the position of the accelerator lever, amount of
fuel injected, air flow, hydrogen flow and amount of fuel
consumed.

During the combustion of diesel with hydrogen, the rec-
orded values of the average index pressure increased. The
observed increase had a linear trend and depended mainly
on the set pressure on the operating regulator. The highest
values were reached at 0.20 MPa. Hydrogen injection with
an injector opening time of 2.5 ms and an injection pressure
of 0.20 MPa resulted in a higher average index pressure of
13.7% than diesel combustion. The exact results are includ-
ed in the table below the graph (Fig. 3). In the case of max-
imum combustion pressure, higher values were recorded
with increasing hydrogen pressure and increasing the open-
ing time of the hydrogen injectors, as shown in Fig. 4. Un-
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der the set test conditions, the maximum value of 7.51 MPa
achieved gave an 11.2% increase compared to the combus-
tion of diesel alone. Parallels were noted in the case of the
maximum combustion pressure rate. At the maximum set
hydrogen injection rate, a 20% increase was recorded com-

pared to the combustion of diesel alone (Fig. 5).
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time of 2.5 ms, the observed increase in hydrogen flow with
respect to pressures of 0.15 and 0.18 MPa was up to 1.7
dm?*/min. On the other hand, each time the injector opening
time increased by 0.5 ms, the hydrogen flow increased by
an average of about 8 dm*min (Fig. 6). As the hydrogen
flow increased, the average diesel fuel consumption de-
creased. The largest reduction in diesel fuel consumption
was recorded at the hydrogen injector opening setting of 3.5
ms and a pressure of 0.18 MPa and was 3.31 dm¥h. This
was compared with a value of 4.22 dm*h of average diesel
consumption alone. At this static test measurement point,
this is 0.91 dm*/h less diesel consumption (Fig. 7).
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Fig. 3. Indicative mean effective pressure — diesel-hydrogen co-com-
bustion for selected hydrogen pressures and hydrogen injector opening
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Fig. 6. Hydrogen flow — diesel-hydrogen co-combustion for selected

hydrogen pressures and hydrogen injector opening times
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Fig. 5. Maximum build-up rate of combustion pressure — diesel-hydrogen
co-combustion for selected hydrogen pressures and hydrogen injector
opening times

An analysis was carried out of the recorded values of
hydrogen flow when co-combustion it with diesel fuel. By
setting the hydrogen injection control map to an opening

Fig. 7. Fuel consumption — diesel/hydrogen co-combustion for selected
hydrogen pressures and hydrogen injector opening times

It was observed that the addition of hydrogen had an ef-
fect on the set angle of the accelerator lever (Fig. 8), where,
when driving in fourth gear at 2600 rpm, the value of the
accelerator lever swing decreased as the hydrogen injection
pressure increased. At a setting of 3.5 ms and a pressure of
0.20 MPa, the difference with the diesel test was 11%. It
was also noted that there was an increase in air mass de-
mand to burn the diesel-hydrogen mixture. During one duty
cycle, the test engine required on average 6% more air to
burn the fuel mixture (Fig. 9). The average amount of diesel
fuel injected during one duty cycle of the combustion en-
gine under test was 13.1 mm?®/stroke. Re-estimating this
value in ECU1 (Fig. 2) in parallel with ECU2 (Fig. 2) by
adding hydrogen to the combustion process, a decrease of
2 mm?>/w on average was observed, as shown in Fig. 10.
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Fig. 8. Acceleration pedal position — diesel-hydrogen co-combustion for
selected hydrogen pressures and hydrogen injector opening times
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Fig. 9. Mass air intake (MAF) for three injector opening times and three
hydrogen injection pressures — diesel-hydrogen co-combustion

4. Conclusions

Indicating the engine tested for diesel-hydrogen co-
combustion clearly shows that the rapidly varying in-
cylinder combustion parameters analyses are improving.
The recorded real values indicated that, as the hydrogen
injection time and pressure increase, the air requirement for
the correct combustion process increases. In addition, it was
observed that the ECUL1 reacts by decreasing the set amount

of diesel fuel injected during a single duty cycle for each
additional fuel injection. The control parameters determined
were injection time and hydrogen pressure. Their control
range was so small that the correction of the amount of
diesel injected by ECU1 over their entire range was practi-
cally unchanged. Correct adjustment of the amount of die-
sel to hydrogen is crucial for stabilizing the working pro-
cesses of the combustion engine under power.

ON+H2.5ms ON +H 3 ms ON+H3.5ms
11.110 11.165 11.126
11.119 11.120 11.075
11.146 11.100 11.100
13.100 13.100 13.100

13.500

13.000

12.500

12.000

11.500

11.000

10.500

Total fuel quantity [mm?/stroke]

10.000

0.15 MPa

0.18 MPa
m0.20 MPa
EmON

Fig. 10. Amount of diesel fuel injected during one cycle of the diesel-
hydrogen co-combustion engine for selected hydrogen pressures and
hydrogen injector opening times

A study of a diesel engine fueled with hydrogen allowed
the control parameters for the addition of renewable fuel to
be determined so as to reduce the consumption of fossil
fuel, i.e. diesel. When driving the test vehicle in 4th gear at
an engine speed of 2600 rpm, the best fast-variable in-
cylinder parameters were achieved when the injector was
opened for 3.5ms at 0.20 MPa. Adjusted in this way, ECU2
reduced diesel consumption by an average of 21.5%. Anal-
ysis of the results indicates that the search for alternative
power sources for existing and technologically refined
internal combustion engines is in the right direction. Further
research will focus on the search for further control parame-
ters that will directly translate into improvements in the
energy and environmental values of the engine studied.

Nomenclature

ACEA European Automobile Manufacturers' Association MAF  mas air flow

CO carbon monoxide NO, nitrogen oxides

Cco, carbon dioxide OBD  on board diagnostics

ECU  engine control unit 0, oxygen

H hydrogen PM solid particles

HC hydrocarbons A excess air factor
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