
Citation: Morales Rojas, A.D.;

Quintana, S.H.; Caro, I.D.B.

Experimental Study of a

Homogeneous Charge Compression

Ignition Engine Using Hydrogen at

High-Altitude Conditions.

Sustainability 2024, 16, 2026. https://

doi.org/10.3390/su16052026

Academic Editors: Davide Di Battista,

Fabio Fatigati, Marco Di Bartolomeo

and Sergio Nardini

Received: 28 July 2023

Revised: 12 February 2024

Accepted: 14 February 2024

Published: 29 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Experimental Study of a Homogeneous Charge Compression
Ignition Engine Using Hydrogen at High-Altitude Conditions
Andrés David Morales Rojas 1,*,† , Sebastián Heredia Quintana 2,† and Iván Darío Bedoya Caro 2,†

1 Grupo de Investigación e Innovación en Energía—GIIEN, Institución Universitaria Pascual Bravo,
Medellín 050034, Colombia

2 Grupo de Ciencia y Tecnología del Gas y Uso Racional de la Energía—GASURE, Universidad de Antioquia,
Medellín 050010, Colombia; sebastian.heredia@udea.edu.co (S.H.Q.); ivan.bedoya@udea.edu.co (I.D.B.C.)

* Correspondence: andres.morales@pascualbravo.edu.co
† These authors contributed equally to this work.

Abstract: One of the key factors of the current energy transition is the use of hydrogen (H2) as fuel
in energy transformation technologies. This fuel has the advantage of being produced from the
most primary forms of energy and has the potential to reduce carbon dioxide (CO2) emissions. In
recent years, hydrogen or hydrogen-rich mixtures in internal combustion engines (ICEs) have gained
popularity, with numerous reports documenting their use in spark ignition (SI) and compression
ignition (CI) engines. Homogeneous charge compression ignition (HCCI) engines have the potential
for substantial reductions in nitrogen oxides (NOx) and particulate matter (PM) emissions, and
the use of hydrogen along with this kind of combustion could substantially reduce CO2 emissions.
However, there have been few reports using hydrogen in HCCI engines, with most studies limited to
evaluating technical feasibility, combustion characteristics, engine performance, and emissions in
laboratory settings at sea level. This paper presents a study of HCCI combustion using hydrogen
in a stationary air-cooled Lombardini 25 LD 425-2 modified diesel engine located at 1495 m above
sea level. An experimental phase was conducted to determine the intake temperature requirements
and equivalence ratios for stable HCCI combustion. These results were compared with previous
research carried out at sea level. To the best knowledge of the authors, this is the first report on the
combustion and operational limits for an HCCI engine fueled with hydrogen under the mentioned
specific conditions. Equivalence ratios between 0.21 and 0.28 and intake temperatures between 188 ◦C
and 235 ◦C effectively achieved the HCCI combustion. These temperature values were, on average,
100 ◦C higher than those reported in previous studies. The maximum value for the indicated mean
effective pressure (IMEPn) was 1.75 bar, and the maximum thermal efficiency (ITEn) was 34.5%. The
achieved results are important for the design and implementation of HCCI engines running solely on
hydrogen in developing countries located at high altitudes above sea level.

Keywords: internal combustion engines; homogeneous charge compression ignition (HCCI); power
generation; hydrogen

1. Introduction

Over half of Colombia’s national territory includes non-interconnected zones (NIZ)
to the electrical grid. Currently, these areas have an electricity generation capacity of
264.4 MW, with only 5.36% coming from non-conventional energy sources (NCES) [1].
The NIZs are geographically and naturally isolated from the rest of the country, making it
necessary to generate electricity locally. This results in the need to acquire fuels for local
electricity generation and domestic consumption, a significant challenge since the NIZ
needs more energy supply infrastructure. As a result, the energy supply is unreliable, and
energy costs are high [2]. However, there is potential for power generation or electrical
energy in small towns in the NIZ that have access to large amounts of residual biomass
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from agricultural activities. Applying different technologies for energy transformation and
later use is possible in these areas.

Hydrogen (H2) is a versatile fuel produced from various primary energy sources,
including coal, natural gas (NG), biomass, nuclear power, and renewable energy sources
such as solar, wind, geothermal, and hydropower. The three technologies currently
used for small-scale distributed generation are electrolysis, reforming of natural gas, and
biomass gasification [3,4].

Internal combustion engines (ICEs) are a top choice for generating power in various
applications due to their reliability, affordability, and widespread use. Gasoline, diesel, and
NG are the primary fuels used in these engines, but there is growing interest in alternative
and renewable fuels [5,6]. The challenge for the industry is to develop technologies with high
energy transformation efficiency and meet increasingly strict emissions standards [7–9]. Spark
ignition (SI) engines effectively minimize emissions, but their thermal efficiency is low at
medium and low loads. Compression ignition (CI) engines, on the other hand, offer high
thermal efficiencies and emit low amounts of carbon dioxide (CO2). However, their gas
treatment technologies are expensive to buy and maintain, which limits their use [10].

An alternative to conventional combustion regimes in ICEs is homogeneous charge
compression ignition (HCCI) combustion. This combustion mode offers several benefits
compared to SI and CI engines. HCCI engines can work with several types of fuels, even
those of renewable origin, and generate low nitric oxides (NOx) and particulate matter
(PM) emissions, making them an excellent choice for those who want to reduce their
emissions [8,11–13]. HCCI engines work by admitting an air–fuel mixture, like an SI engine,
but an electric discharge does not induce ignition. Instead, ignition occurs thanks to the
increased charge temperature on the compression stroke. Considering that HCCI engines
do not have an external ignition control system such as a spark plug or injector, the admitted
mixture’s chemical–kinetic characteristics define the ignition. Since an air–fuel mixture
is admitted, ignition occurs almost homogeneously throughout the combustion chamber,
thus generating very high heat release (HRR) and pressure rise rates (PRR). Therefore, to
avoid damage to the engine (cylinder head, valves, rings, and piston), the admitted fuel
must be highly diluted, either due to running at lower equivalence ratios (∅) or using high
levels of recirculated exhaust gases (EGR). HCCI engines can generate thermal efficiencies
compared to CI engines. On the other hand, HCCI engines present considerable amounts
of carbon monoxide (CO) and unburned hydrocarbons (UHC) in the exhaust gases [11,13].

Using hydrogen in power generation systems based on ICEs has gained significant
interest from researchers worldwide because it is a renewable alternative to petroleum-
based fuels. Research studies have been conducted on SI and CI engines using hydrogen as
the primary or secondary fuel source. Some notable studies include those run by [14–18].
One significant advantage of using hydrogen is working the engine at low equivalence
ratios, with some studies achieving equivalence ratios as low as 0.10. Also, hydrogen’s
high resistance to autoignition allows for higher compression ratios (CR) [19]. However,
concerns have been raised about hydrogen’s low density and low volumetric heating value,
which may negatively affect the engine performance.

Few works have been found in the scientific literature in which the use of hydrogen in
HCCI engines was considered. Most of the works found used hydrogen as an additive or
combustion’s precursor rather than a main fuel [20–23]. In those works, hydrogen showed
that it can widen the ignition limit of mixed fuel, advance the ignition time of the mixture
gas, and reduce the intake temperature. Also, hydrogen offers the possibility of reducing
pollution levels and improving fuel economy.

Regarding the use of hydrogen as a main fuel in HCCI engines, the most representative
papers were presented by Stenlåås et al., 2004 [24], Gomes et al., 2008 [25], Caton and Pruitt,
2009 [26], Bika et al., 2012 [27], and Pochet et al. 2020 [28].

In a report from Stenlåås et al., 2004 [24], a Volvo TD100 6-cylinder diesel engine with
a displacement of 1.6 lt was modified to work in HCCI combustion mode. A mixture
of H2/CO (67% H2 and 33% CO), which simulates the gas composition obtained from
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methanol reforming (RMG), and hydrogen was used to study the ignition timing, efficiency,
and emissions. They found the HCCI combustion using H2, and an H2/CO mixture could
be obtained with equivalence ratios between 0.16 and 0.33 for a compression ratio of 17:1
and an engine speed of 800 rpm. The ignition temperature for H2 at an engine speed
of 1200 rpm and a compression ratio of 17:1 was between 910 ◦C and 950 ◦C. IMEPn of
2.5 bar and thermal efficiencies of 40% were obtained with equivalence ratios of 0.33, intake
temperatures of 110 ◦C, 800 rpm, and a compression ratio of 17:1 both for operation with
hydrogen and with H2/CO mixtures. The maximum emissions of NOx were 6 ppm, and
CO reached 2600 ppm.

Gomes et al., 2008 experimented on HCCI combustion in a hydrogen-fueled engine.
They used an air-cooled Deutz diesel engine with a displacement of 825 cc, a compression
ratio of 17:1, and an engine speed of 2200 rpm. The study focused on the engine’s thermal
efficiency, emissions, and maximum loads. The range in which stable engine operation
was possible was established with an intake temperature of 93 ◦C and equivalence ratios
between 0.16 and 0.33, like the range reported by Stenlåås et al. 2004 [24]. The maximum
reported thermal efficiency (BTE) was 45%, with an equivalence ratio of 0.33, while it
was 35% with an equivalence ratio of 0.16. The autoignition timing advanced as the
intake temperature increased for a constant equivalence ratio. The maximum reported
IMEP was 6.8 bar, and the maximum power was 8.4 kW, which fell with increased air
intake temperature due to decreased volumetric efficiency. The maximum NOx emissions
obtained were 0.65 g/kWh for an operating point at 2200 rpm and an intake temperature
of 100 ◦C, which decreased when the equivalence ratio decreased. The H2 emissions, on
the other hand, showed inverse behavior, with maximum values of 0.60 g/kWh reported.
This is because, with lean equivalence ratios, the temperatures in the combustion chamber
are low, which reduces the formation of NOx and prevents fuel oxidation.

The study by Caton and Pruitt, 2009 [26] used a water-cooled CFR diesel engine
to investigate sources of thermal efficiency losses and operating parameters for stable
engine operation using hydrogen as fuel in HCCI combustion mode. They used a unit
displacement of 612 cc and a constant engine speed of 900 rpm, with two intake temper-
atures of 80 ◦C and 100 ◦C. The compression ratio varied between 16.5:1 and 20:1 with
0.50 increments, and intake air heating was used as the ignition control variable. The main
findings were that, for a constant compression ratio, there was an equivalence ratio value
that generates maximum efficiency and load; increasing the compression ratio decreases
the largest loads obtained, and increasing the intake temperature enables operation with
higher equivalence ratios. Heat transfer to cylinder walls, energy loss in exhaust gases,
and unburned fuel emission were identified as the primary energy losses. Combustion
centering (CA50) was found to have the most significant impact on thermal efficiency and
stable engine operation. The engine’s thermal efficiency decreased with higher intake
temperature and compression ratios and was lower at low equivalence ratios. Stable com-
bustion could be set up with equivalence ratios between 0.15 and 0.37, and the hydrogen
emissions were 0.5% to 1%. The NOx emissions ranged from 1 ppm to 50 ppm, increasing
with increasing equivalence ratio and compression ratio at a constant intake temperature.

In a study conducted by Bika et al. in 2012 [27], three different syngas compositions
were used in a Yanmar engine changed to run in HCCI. The engine was a single-cylinder,
four-stroke, air-cooled, direct injection, and naturally aspirated engine with a constant speed
of 1800 rpm, a compression ratio of 21.2, and a displacement of 435 cc. The study found that
the maximum pressure rise rate limited the largest intake temperature, while Cov-IMEP
values greater than 10% determined the smallest inlet temperature. To achieve the highest
IMEPn, the intake air temperature must be increased as the amount of H2 decreases. The
combustion duration for all the tested conditions was faster than that in conventional SI and
CI engines. The IMEPn varied between 1.75 bar and 2.75 bar, and the combustion efficiency
was between 83% and 88% for all the tested conditions. However, these efficiencies were
lower than those in SI and CI modes due to the low combustion temperatures. The efficiency
of the cycle for all operating conditions was less than 30%, which was lower than reported
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in compression ignition engines. The emissions and performance of an ammonia–hydrogen
HCCI engine were examined in the paper by Pochet et al. 2020 [28]. A single-cylinder
diesel engine (Yanmar L100V) with an effective compression ratio of 22:1 was launched. As
an effect of some primary control parameters—intake temperature, ammonia–hydrogen
blending ratio, equivalence ratio, and EGR—the emissions (NOX and unburned NH3) and
performance metrics (combustion efficiency, indicated thermal efficiency, output power,
etc.) were analyzed. The main findings regarding neat hydrogen include the observation of
low NOX emissions, approximately 50 ppm, and the requirement of maximum combustion
temperatures of 1600 K to avoid bulk quenching. Additionally, the study found that
high equivalence ratios and turbocharging are used to enhance the maximum combustion
temperature and fuel loads, ultimately leading to a 50% increase in indicated mean effective
pressure (IMEP) compared to neat hydrogen.

The sustainability of using clean fuels along with advanced combustion modes for
power generation depends on determining the operational limits and the most important
environmental benefits in developing countries. Fully hydrogen-fueled HCCI engines have
the potential to emit ultra-low CO2, particulate matter, and NOx emissions; however, the
main drawback of this combination of clean fuel and advanced combustion is the reduction
in power density and operational limits. Furthermore, the autoignition temperature, which
is the most important control variable in HCCI combustion, is highly dependent on ambient
conditions, engine size and speed, and fuel composition. In this research, a fully hydrogen-
fueled HCCI engine was implemented and tested at 1495 m above sea level. The power
density loss and intake temperature requirements for enabling stable HCCI combustion at
these conditions were fully determined and compared with previous research carried out
at sea level. To the best knowledge of the authors, this is the first report on the combustion
and operational limits for an HCCI engine fueled with hydrogen under the mentioned
specific conditions. The results achieved in this research are important for the design and
implementation of HCCI engines running solely on hydrogen in cities and rural zones
located at high altitudes above sea level, which is characteristic of developing countries.

The document commences with a comprehensive description of the experimental
configuration, encompassing the engine and every measurement instrument (Section 2.1).
The experimental procedure is subsequently detailed and the equations for the most
important variables are clearly described (Section 2.2). An entire section is devoted to
a discussion of the research’s findings, which are then compared to those documented
in other studies that also investigated the use of hydrogen as a fuel in HCCI engines
(Section 3). The principal parameters and results utilized and obtained in this study, as well
as those reported by other researchers, are summarized and discussed (Section 3). Finally,
the conclusions of this research are provided (Section 4).

2. Methods
2.1. Experimental Setup

A Lombardini 25 LD 425-2 diesel engine was modified for allowing HCCI combustion
in the experimental phase of this research. The compression ratio of the engine was reduced
from 19:1 to 15.6:1 by flattening the piston bowl. This modification was implemented
to reduce knocking combustion and H2 emissions, according to previous research of the
authors. The main characteristics of the engine after conversion are shown in Table 1.
Figure 1 shows the experimental setup used in this work.

A YIHUA three-phase electric generator of 20 kW was coupled to the engine for
running at 1800 rpm; the electrical power generated was monitored using a TRJ analyzer
and was dissipated using a 20-kW electric resistor controlled by a NOVUS three-phase
power control. The generator was coupled to a WEG asynchronous electric of 15 kW and
controlled by a Schneider variable speed drive. Provided that the engine speed was reduced
from 3600 to 1800 rpm, a fan was installed to guarantee the necessary airflow to cool the
engine and avoid overheating. An Oshram-Silvania electric heater of 6 kW was used along
with an SCR (silicon-controlled rectifier) power control device in a closed loop to heat the
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intake airflow. The hydrogen was injected in the intake manifold by using calibrated orifices
operating at local sonic speed. A more detailed description of the operating principles can
be found in [20].

Table 1. Technical specifications and main geometric engine parameters.

Item Description or Value

Engine Lombardini 25 LD 425-2, naturally aspirated, air-cooled,
and two cylinders.

Engine displacement [cc] 851
Bore [mm] 85

Stroke [mm] 75
Original Compression Ratio [-] 19
Modified Compression Ratio [-] 15.6

Original engine speed [rpm] 3600
Modified engine speed [rpm] 1800
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Figure 1. Experimental setup.

A Kistler piezoelectric sensor with a measurement range of 0–300 bar was installed
in the cylinder. The sensor signal was conditioned by a Kistler SCP conditioning unit. An
angular encoder Nord with a resolution of 3600 pulses per revolution was adapted to the
engine crankshaft. A commercial sensor was installed in the engine block, which enabled
the reference of the top dead center (TDC) in each engine thermodynamic cycle. Air, fuel,
and flue pressure measurements were conducted using WIKA absolute pressure sensors
with a 0–7 bar measurement range. Temperature measurements were conducted with
commercial-type K thermocouples. These sensors were placed in the intake and exhaust
manifolds and in the sonic flow meter. A Bacharach gas analyzer was used to measure the
NOx (NO and N2) concentrations in the exhaust gases. A Maihak analyzer was used to
measure O2 concentrations. An NI temperature meter and its control module were used to
read and control some signals and actuators within the experimental setup. An NI data
acquisition card with a 16-bit resolution and a sampling rate of 1 MS/s was used to capture
the chamber pressure and crankshaft rotation angle data. All the data collected in the
experimental setup were processed, visualized, and stored on a computer using an online
monitoring and control platform developed in LabView 2019 SP1. The engine control was
created by heating the intake air and considering the in-cylinder pressure in the chamber,
the temperature of the exhaust gases, the temperature in the head of cylinder one, and the
online calculation of the RI and the IMEP. The precision and uncertainty od each instrument
used in the experiments are shown in Table 2.
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Table 2. Precision and uncertainty of each instrument used in the experiments.

Measured Variable Resolution Accuracy

In-cylinder pressure ±0.02 bar 4%
Temperature ±0.2 ◦C 4%

Intake pressure ±0.01 bar 0.5%
Crank angle ±0.1 ◦CA 8%

O2 ±0.1 %vol. 0.2%
NOx ±1 ppm ±5 ppm

Fuel mass flow ±3 mg/s 4%
Aire mass flow ±0.1 mg/s 2%

2.2. Experimental Procedure

Before each experimentation session, the engine was run for a few minutes to ensure
that engine operation signals and indicators were acquired, processed, and visualized.
Then, the cooling air blower was turned on at full speed, and the intake air heating was
initialized. The intake air temperature was increased by 20 ◦C every 2 min until the desired
temperature was reached, and it was kept constant until the exhaust and cylinder head
temperatures were stabilized. Once the target intake temperature was achieved, the fuel gas
supply pressure necessary to achieve the desired equivalence ratio was defined. Adding
fuel decreased the intake temperature, so additional time was necessary for the electrical
resistance control system to stabilize it again. If the intake temperature and equivalence
ratio conditions were insufficient to generate the HCCI combustion, the desired equivalence
ratio was kept, and the intake temperature was increased. With the temperature variation
in the admission, the fuel gas supply pressure values had to be changed to ensure the
equivalence ratio due to the variation in air density.

It was found that the engine was in the HCCI combustion regime through the in-
cylinder pressure curve, the exhaust gas temperature values, and the engine’s sound. The
temperature conditions at the intake and equivalence ratio that generated operating points
with ringing were determined from the in-cylinder pressure signal, online calculation of
the RI, and the engine’s sound. The temperature conditions at the intake and equivalence
ratio that generated a high variation in IMEP, or a lack of combustion, were defined based
on the pressure signal, exhaust temperature, and the engine’s sound. The experimental
data were taken after having a constant value (±5 K) of the exhaust temperature for 3 min
and throughout 100 thermodynamic cycles of the engine. Combustion diagnostics were
performed using a calculation algorithm based on MATLAB R2019b [29]. The experimental
array used in this research is presented in Table 3.

Table 3. Experimental variables used in the experiments.

Variable Description or Value

Fuel H2
Intake pressure [kPa] 84.00
Engine Speed [RPM] 1800
Equivalence ratio [-] 0.21–0.28

2.3. Engine Performance Calculations

Indicated mean effective pressure (IMEPn) is the constant fictitious pressure (bar)
would produce the same work per cycle at the same displacement volume. This parameter
is particularly interesting when comparing the performance of different engines regardless
of their size.

IMEPn =
Wi,n

Vd
(1)

where Wi,n is the work produced (kJ), and Vd is the displacement volume (m3).
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Volumetric efficiency (ηv) defines the amount of air drawn into the engine due to
restrictions in the intake system.

ηv =
ma,r

ρaVd
∗ 100 (2)

In the last equation, ma,r is the air mass (kg), ρa is the air density (kg/m3) at intake
temperature and pressure, and Vd is the displacement volume (m3).

Recirculated gas fraction (RGF) is the ratio between the mass of residual combustion
gases and the total mass trapped in the combustion chamber in a new thermodynamic
cycle after the intake valve has closed.

RGF =
mRG

ma,r + m f ,r + mRG
∗ 100 (3)

where mRG is the recirculated gas mass (kg), ma,r is the air mass (kg), and m f ,r is the fuel
mass (kg) admitted.

Indicated thermal efficiency (ITEn) shows how well the energy supplied by the fuel
has been transformed directly into usable work.

ITEn =
Wi,n

m f LHV
∗ 100 (4)

Wi,n is the work produced by the gas expansion into the combustion chamber (kJ), m f
is the fuel mass (kg) admitted, and LHV is the low heating value of the fuel (kJ/kg).

Coefficient of variation of IMEP (CovIMEP) indicates that the in-cylinder pressure
varies from cycle to cycle due to minor changes in the operating conditions and the mass
and temperature distribution within the combustion chamber. The CovIMEP is defined
as the relationship between the standard deviation of a variable and its average; see
Equation (5). The operation of an HCCI engine at low loads (low equivalence ratios) or in
delayed operating conditions (CA50 values after TDC) generates high variation in IMEP;
this is because there is not enough energy to guarantee that the oxidation reactions start
or complete [11].

CovIMEP =
SDIMEP

IMEP
∗ 100 (5)

where SDIMEP is the standard deviation of IMEP (kPa); IMEP is the average indicated
mean effective pressure, kPa. The maximum allowed values of Cov-IMEP in engines
depend on the application. For automotive engines, it is recommended that this not exceed
5% [30]. For stationary engines, this range can be extended up to 10% [25].

2.4. Heat Release Rate Calculations

The heat release rate (HRR) is a measure of the amount of energy released per unit of
time from the combustion of a fuel; it was calculated from the in-cylinder pressure using a
zero-dimensional thermodynamic model [7]:

dQchem
dθ

=
γ

γ − 1
p

dV
dθ

+
1

γ − 1
V

dp
dθ

+
dQw

dθ
+ hcr

dmcr

dθ
(6)

where dQchem is the chemical energy released by the fuel (J), γ is the specific heat ratio, p
is the in-cylinder pressure (Pa), V is the instantaneous cylinder volume (m3), Qw is wall
heat losses (J), hcr and mcr is the enthalpy (J/kg) and mass (kg) of the piston–cylinder–ring
crevices, respectively, and θ is the crank angle.

Heat transfer is calculated using the Chang et al. correlation [31]:

hg = αsL−0.2 p0.8T−0.73v0.8 (7)
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v = C1Sp +
C2

6
VdTIVC

pIVCVIVC
(p − pmot) (8)

where hg (W/m2.K) is the heat transfer coefficient, αs is a scaling factor of the heat transfer
coefficient (2.5 in this research), L (m) is the instantaneous chamber height, p (kPa) is the
in-cylinder pressure, T (K) is the gas temperature calculated from ideal gas state equation,
v (m/s) is the combustion induced velocity, Sp (m/s) is the mean piston speed, Vd (m3) is the
cylinder displacement volume, pIVC (kPa), TIVC (K), and VIVC (m3) are the gas conditions
at IVC, and pmot (kPa) is the motoring pressure (without combustion). C1 is a dimensionless
constant with value of 2.28, while C2 (m/s.K) is a constant that takes the value of zero
during the compression period and 0.00324 during the combustion and expansion period.

Flow in the piston cylinder ring crevices was modelled as an orifice flow [32]:

.
mcr = Cd Ap

√
γ

RT

(
2

γ + 1

) γ+1
2(γ−1)

(9)

When
patm

p
≤

(
2

γ + 1

) γ
γ−1

(10)

Otherwise,

.
mcr = Cd Ar p

√
1

RT

(
patm

p

) 1
γ

 2γ

γ − 1

1 −
(

patm

p

) γ−1
γ


1
2

(11)

In Equations (9)–(11),
.

mcr is the mass flow rate in the piston–cylinder–ring crevices
(kg/s), Cd is the discharge coefficient (0.7 in this research), Ar is the area of the orifice
connecting the combustion chamber and the crankcase (which is considered equal to the
passage area caused by ring gaps, m2), p is the in-cylinder pressure (kPa), Patm is the
pressure in the crankcase (which is considered equal to atmospheric pressure, kPa), γ is
the specific heat ratio, R is the gas constant (kJ/kg.K), and T is the mass temperature (K),
which is assumed equal to the wall temperature.

The mass inside the cylinder after the intake valve closure (IVC) consists of air, fuel,
and residual gas from previous cycle. The residual gas fraction was calculated using the
expression proposed by Ortiz-Soto et al. [33].

The start, centering, and end of combustion were calculated using the 10% (CA10),
50% (CA50), and 90% (CA90) of mass burned (xb), respectively, which is calculated as

xb =

∫
dQchemdθ

m f LHVf
(12)

where m f is the mass of fuel inducted per cycle and LHVf is the low heating value of fuel.

2.5. Ringing Intensity (RI)

During the operation of an HCCI engine at high loads and under advanced combustion
(CA50 values before TDC), high pressure rise rates could be produced in the combustion
chamber. Like the knock phenomenon in SI engines, HCCI engines have a phenomenon
that can be characterized and quantified as pressure oscillations in the combustion chamber
and is known in the literature as ringing. The ringing intensity (RI) is the most widely
used measure to define the upper limit of stable operation of an HCCI engine; see Equation
(11). The RI considers the pressure rise rate, the maximum pressure, and the maximum
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temperature within the combustion chamber, measuring the noise intensity generated by
the pressure waves inside the cylinder [34].

RI =
β2
(

dP
dt

)2

max

√
γRgTmax

2γPmax
(13)

where γ is the heat capacity ratio, β is a constant (ms),
(

dP
dt

)
max

is the maximum pressure
rise rate (bar/s), Pmax is the maximum pressure (bar), Tmax is the maximum temperature
(K), and Rg is the gas constant, (kJ/kgK) . In some studies, 5 MW/m2 has been proposed as
the largest acceptable limit for the IR [11].

3. Results and Discussion

The engine operation was restricted to a few points due to the difficulty of controlling
the fuel flow and the limitation of the intake temperature control system to respond quickly
to variations in the desired temperature. Figure 2 shows the average in-cylinder pressure
for all IVC temperatures and equivalence ratios in which the HCCI combustion could be
obtained. Maximum pressures between 32 bar and 40 bar were achieved.
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The first finding that may be noted in this study related to the previous research
mentioned in the Introduction section is that the intake temperatures that made HCCI
combustion possible were, on average, 100 ◦C higher than in previous studies. These high
intake temperature requirements reduced the volumetric efficiency, the energy density
(ED), the indicated mean pressure (IMEPn), and the indicated thermal efficiency (ITE).

Haggith et al. [35] developed a model for analyzing the energy potential of different
fuels used in ICEs, with energy density representing the amount of energy admitted to the
combustion chamber during each engine cycle; it depends on the intake pressure ( pint), the
intake temperature ( Tint), the low heating value of the fuel ( LHV), the equivalence ratio
(∅), and the stoichiometric air/fuel ratio ( AFRs); see Equation (14). The ED is expressed in
pressure units to be compared with the indicated mean effective pressure (IMEP).

ED =
pin

Rmix ∗ Tint
∗ LHV

AFRs
∅ + 1

(14)

Figure 3 shows the ED as a function of the equivalence ratio for some alternative and
renewable fuels compared with isooctane (gasoline) at intake conditions of 101.325 kPa and
20 ◦C, respectively.
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In HCCI combustion, the ED of hydrogen is lower when compared with gasoline
and other fuels for all equivalence ratios (∅ < 0.50). As the equivalence ratio decreases,
the difference in ED between hydrogen and gasoline becomes smaller. At an equivalence
ratio of 0.50, hydrogen has a 17% lower ED than gasoline, while the difference between
hydrogen and syngas is only 7%. Meanwhile, the ED of natural gas (CH4), biogas (60%
CH4–40% CO2), and syngas (80% H2–20% CO) is similar, so the engine performance can be
expected to be quite similar using any of these fuels. Despite having the highest heating
value, the higher air requirements (higher AFRs) and lower density of hydrogen offset its
advantage. In stoichiometric conditions, hydrogen’s low density generates a displacement
of up to 29.6% of the intake air, while NG and gasoline only displace 9.5% and 1.7% of air,
respectively. Therefore, the loss in volumetric performance of the engine is the main factor
contributing to the power loss, as Boehman et al. [19] and Hagos et al. [36] reported.

The engine stability at each experimental point was related to the Cov-IMEP and
the RI values. Figure 4 shows an opposite trend between the engine operating limits
concerning the equivalence ratio and the intake temperature. The Cov-IMEP grows with
lower equivalence ratios and higher intake temperatures (lower energy density), while
the RI becomes lower under these conditions. All experimental points generally have a
Cov-IMEP of less than 10%, which is within the allowable range for stationary engines [26].
In Figure 5, the dispersion map for the IMEP of 100 engines’ cycles is shown. Some points
were obtained with RI values higher than 5 MW/m2, values outside the limit recommended
in the literature [11].

IMEPn and the ITEn are related to other engine operation parameters, such as energy
density and recirculated gas fraction (RGF). As can be seen in Figure 6, at a lower intake
temperature and a higher equivalence ratio, the energy density was increased while the
amount of recirculated gases decreased; this generated a greater availability of energy
inside the combustion chamber that, added to the start of combustion in the first moments
of the expansion stroke, caused a higher rate of transformation of the energy entered into
useful work. The maximum IMEPn achieved was 1.75 bar, which, compared to those



Sustainability 2024, 16, 2026 11 of 18

values reported in previous research [24,26–28], is between 20% and 40% lower. On the
other hand, the maximum ITEn reached was 34.5%, higher than those values reported in
previous research [26,27] but lower for those reported by other studies [24,25]. The IMEPn
and ITEn losses with low equivalence ratios and high intake temperatures are related to
decreased energy density and increased recirculated gases.
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Figure 6. Energy density, recirculated gas fraction, IMEPn, and ITEn as a function of the IVC
temperature and equivalence ratio. pin = 0.84 bar.

One characteristic of HCCI combustion is the low temperatures in the combustion
chamber. These temperatures ensure low production of nitrogen oxides (NOx) but are
responsible for most unburned fuel emissions. Figure 7 shows the in-cylinder temperature
for the four experimental points in which it was possible to carry out a heat release analysis
(it is impossible to analyze experimental points with high ringing intensity through a heat
release analysis). As can be seen, the maximum temperature values reached are around
1400 K, the maximum value (1411 K) was obtained for an intake temperature of 214 ◦C and
an equivalence ratio of 0.25, and the minimum value (1363 K) was for an intake temperature
of 230 ◦C and an equivalence ratio of 0.22. The maximum temperature depends on the
energy density. This figure also shows that the temperature interval in which the ignition
occurred (900 ◦C to 1000 ◦C) coincides with those reported in previous research [24,27]. The
NOx emissions were very low (in a range of 1 to 18 ppm) because of the low-temperature
combustion, and the Bacharach analyzer used in this research was not able to capture the
trends for different experimental points because of its measuring range.
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Figure 8 shows the heat release rate (HRR) and cumulative heat released (CHR) profiles.
The HRR reached maximum values of 18 J/CA, which were lower than those reported
in [27]. At higher energy density values, the maximum HRR increases and undergoes a
displacement to the left of the TDC, influenced by the increase in the intake temperature.
Without a measure of the amount of hydrogen in the exhaust gases, direct estimation of
the combustion efficiency was not possible; however, combustion efficiency was indirectly
estimated from the actual cumulative heat released (CHR) curve. Figure 8 (right) shows the
real and normalized CHR. The maximum cumulative heat released fraction was around
75%, which indicates an energy loss due to incomplete combustion, crevices, and leaks
to the crankcase close to 25%. The presence of fuel in the coldest areas of the combustion
chamber, the high levels of recirculated gases, the high thermal conductivity of hydrogen,
and the early opening of the exhaust valve in the expansion stroke contributed to this loss
of efficiency.

Figure 9 complements the analysis presented so far by presenting the values of CA10,
CA50, and CA90-CA10. For the four operating points, the ignition was located before
TDC, which may explain the loss of efficiency of these points with the two that cannot be
analyzed but have a delayed CA10; see Figure 3. The increase in intake temperature tends
to bring forward the start of combustion, as well as CA50, except for the operating point
with an equivalence ratio of 0.23 and an intake temperature of 226 ◦C. These trends coincide
with those reported in [24,27]. The CA10-CA90 becomes shorter as the equivalence ratios
increase. The maximum CA10-CA90 is 13.3 ◦C, which is lower than reported for other
combustion regimens in ICEs and coincides with what has been reported by [24,27].
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Table 4 summarizes the main geometric, operational, performance, and emissions
parameters obtained in this work and allows their comparison with those reported in the
Introduction section. One of the main differentiating aspects of this work is the atmospheric
pressure at which the experimental phase was developed. The atmospheric pressure in
Medellín is 16 kPa, on average, lower than that in coastal cities or cities at low altitudes
above sea level. Lower intake pressures result in lower reaction rates and longer ignition
delays, which necessitate increasing the intake temperature to ensure autoignition. The
increase in the intake temperature (with a low intake pressure) decreases the energy density
and the engine’s volumetric efficiency, translating into IMEP and ITE losses.
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Table 4. Main geometric, operational, performance, and emissions parameters obtained in this work
and their comparison with others reports.

Item Stenlåås et al.,
2004 [24]

Gomes et al.,
2008 [25]

Caton and Pruitt
2009 [26]

Bika et al., 2012
[27]

Pochet et al.,
2020 [28] This Work

Atmospheric pressure [kPa] 101.325 101.325 101.325 101.010 100.000 85.320
Compression Ratio [-] 15–20 17 16.5–20 21.2 21.9 15.6
Engine speed [RPM] 800–1600 2200 900 1800 1500 1800

Bore [mm] 120 100 82.6 86 86 85
Stroke [mm] 140 105 114 75 75 75

Engine displacement [cc] 1600 825 612 475 436 425.5
Intake Temperature [◦C] 90–160 85–110 80 and100 60–104 100 188–235

Equivalence ratio [-] 0.16–0.33 0.16–0.33 0.15–0.37 0.26 and 0.30 0.26 0.21–0.28
Indicated mean effective

pressure [bar] 2.75 6.8 2.2 (gross) 2.75 3.2 1.75

Indicated thermal efficiency [%] 41 45 22 (gross) 29 - 34.5
NOx [ppm] 7 0.64 [g/kWh] 50 N.D. 50 1–18
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Another aspect to consider in this comparison is that this study’s compression ratio
(CR) is lower than in the rest of the works, except for [24]. Furthermore, the engine velocity
used in this study is higher than in Stenlåås et al., 2004 [24], Caton and Pruitt, 2009 [26],
and Pochet et al., 2020 [28], is lower than in Gomes Antunes et al., 2008, and is consistent
with the velocity used by Bika et al., 2012 [27].

Figure 10 shows one-zone simulations of the effect of compression ratio and engine
speed on the angle for the peak in molar concentration of H2O2, which is related to ignition
(The next was made using CHEMKIN for HCCI combustion. A full description of the
process can be found in a previous paper written by these same authors [37]), at different
intake temperatures using detailed chemical kinetics. As can be seen in Figure 10, on the left,
at a lower compression ratio, there is an increase in the intake temperature requirements
that guarantee the ignition; an increase in the intake temperature translates into a decrease
in the energy density, the volumetric efficiency of the cycle, and the thermal efficiency of
the cycle. On the other hand, in Figure 10, on the right, as the engine speed increases, the
intake temperature requirements also increase to guarantee ignition. This can be evidenced
by comparing the intake temperature levels used in this work with those used in the works
with which it is compared. On average, there were intake temperature values 100 ◦C higher
than those reported in other works.

In terms of engine size, in this research, the smallest was used. A smaller engine
size increases energy losses, decreases thermal efficiency, and increases unburned fuel.
Although it is not possible to make a comparison of the intake valve closing (IVC), the
exhaust valve opening (EVO), the closed valves period, and the valves overlap, it is worth
noting that the engine setting used in this work is typical of a stationary engine for operation
at 3600 rpm. Decreasing the engine speed by half causes the exhaust valve opening angle
(EVO) to be too early in the cycle, decreasing the potential for conversion of thermal energy
into work, and the valve overlap is higher than recommended. On the other hand, due to
the decrease in speed by half, adding a blower was necessary to guarantee cooling air flow
and avoid engine overheating.
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4. Conclusions

A diesel engine was modified for running on HCCI combustion using hydrogen as fuel
at 1490 m above sea level. Engine operation was achieved in equivalence ratios between
0.21 and 0.28 with intake temperatures between 188 ◦C and 235 ◦C for an intake pressure
of 0.84 bar, an engine speed of 1800 rpm, and a compression ratio of 15.6:1.

High ringing intensity (RI) values at low temperatures and high equivalence ratios
(high energy density) restricted the engine’s operation. The RI, for some operating points,
was higher than the maximum allowable value (5 MW/m2) for safe operation. On the
other hand, all the values for the Cov-IMEP were less than 10%, which was within the
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admissible range for stationary engines. While the Cov-IMEP increases with higher intake
temperatures and equivalence ratios (a decrease in energy density), the RI decreases.

Maximum values of IMEPn and ITEn of 1.75 bar and 34.5%, respectively, were achieved.
Both the IMEPn and the ITEn were lower with the decrease in energy density.

The maximum peak temperature in the combustion chamber and the autoignition
temperature depend on the energy density of the mixture. With lower intake temperatures
and higher equivalence ratios, higher chamber temperature levels and lower autoignition
temperatures were obtained; with higher equivalence ratios, the reaction rates increase and
the ignition occurs earlier in the cycle. The NOx emissions exhibited ultra-low values for
the tested experimental points, in the range of 1–18 ppm.

Because there was no measurement of hydrogen in the exhaust gases, direct estimation
of combustion efficiency was not possible. Therefore, it was approximated from the actual
cumulative heat release (CHR) curves for each operation point. The maximum CHR
was obtained between 0.73 and 0.76, which indicates an energy loss due to incomplete
combustion, crevices, and leaks to the crankcase of close to 25%.

The CA10 was located before the top dead center (TDC). The CA10 jumps ahead
with rising intake temperatures. A CA10 before the TDC translates into more significant
losses in the IMEPn and the ITEn. The CA90-CA10 is shorter than any other fuel. The
maximum CA90-CA10 was 13.2 ◦C. It becomes shorter with lower intake temperatures
and higher equivalence ratios. The results achieved in this research are important for the
design and implementation of HCCI engines running solely on hydrogen in cities and
rural zones located at high altitudes above sea level. Future research should be focused on
implementing strategies to improve IMEPn and ITEn; some of these strategies could be the
use of supercharging or turbocharging to increase the energy density of hydrogen-fueled
HCCI engines, the use of pilot fuels with lower autoignition temperatures like diesel and
gasoline to implement delayed HCCI combustion, and the implementation of more versatile
advanced combustion modes like Spark-Assisted HCCI or Stratified Charge Compression
Ignition (SCCI) to improve the limits for stable combustion.
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