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ARTICLE INFO ABSTRACT

Keywords: Oxy-fuel combustion in internal combustion engines is a promising technology that eases Carbon Capture

Oxy-fuel combustion and Storage and allows near-zero NO, powerplants. While some experimental and theoretical studies on oxy-

Zero NO, fuel combustion engines are available in the literature, there is a lack of systematic research on dilution

Eg? capture strategies or on the use of non-synthetic exhaust gas recirculation. This study uses a combination of 0D-1D
1ciency

Carbon capture and CFD modeling and experimental measurements to assess the use of oxygen dilution and real exhaust

MIEC gas recirculation in a single-cylinder spark-ignition engine operation under oxy-fuel combustion conditions.
A comparison between conventional and oxy-fuel combustion is first performed to highlight the differences
between the two combustion modes. Later, taking into account the thermo-mechanical limitations and knocking
restrictions, several strategies are analyzed to improve oxy-fuel combustion efficiency: exhaust gas recirculation
ratio, compression ratio, and intake temperature. Results show that under oxy-fuel mode, operating at
stoichiometric conditions with exhaust gas recirculation rates around 70%, reduces NO, by more than 99%,
and CO and uHC by up to 89% compared to conventional combustion with air. In terms of performance, an 8
pp reduction in gross indicated efficiency could be expected; however, since knocking propensity is reduced,
the compression ratio can be increased to recover about 5 pp of the efficiency drop.

1. Introduction oxidation of hydrocarbons during the combustion process, which are
the main components of the fossil fuels used in ICEs. Moreover, NO,

Over the years, measures have been put in place to reduce emissions
and improve the energy efficiency of internal combustion engines
(ICEs) to address the negative impacts of global warming. The European
Commission has proposed a policy with targets for 2030 that aims to
reduce greenhouse gas (GHG) emissions by 40% and increase energy ef-
ficiency by 32.5% [1]. Although ICEs are used in many sectors, the road
and maritime transportation sectors have received significant attention,

is produced by the presence of nitrogen in the air. The increase in
temperature produced by the combustion process enables the oxidation
of this nitrogen, promoting the formation of NO, mainly due to the
thermal mechanism.

One potential solution that has been proposed to address the emis-
sions issue associated with internal combustion engines (ICEs) is oxy-

as they account for 25% and 13% of GHGs in Europe, respectively [2].
As a result, policies and regulations focus on developing low or zero-
emission propulsive systems [3] and new, environmentally friendly
fuels (e.g. biofuels and e-fuels) for the transportation industry [4].
Furthermore, to counter the implications of poor air quality on
public health, the European Environment Agency (EEA) is responsible
for the data acquisition of air pollutants submitted by the Conven-
tion on Long-Range Transboundary Air Pollution along the European
Union [5]. Results revealed that road transport accounts for 28.1% of
nitrogen oxide (NO,) emissions, while the maritime sector accounts
for 19.4%. In addition, CO emissions indicate that road transportation
accounts for 18.0%. In this case, the maritime sector represents less
than 1% of the impact. Carbon oxides (CO, CO,) are caused by the
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fuel combustion (OFC) [6]. This unconventional combustion mode has
attracted increasing attention in recent years [7], particularly in spark-
ignition (SI) engines, as it enables the exploitation of mature engine
technology while progressing towards low- [8] or zero-emission [9]
power generation concepts. Several experimental [10] and numeri-
cal [11] studies have investigated OFC in SI engines operating under
oxygen-enriched atmospheres. Serrano et al. [12] showed that us-
ing EGR instead of O, as a diluent under stoichiometric conditions
(60%-70% EGR) offers the best balance between stability, efficiency,
and engine integrity. They also found that oxy-fuel combustion reduces
knocking, allowing spark optimization and higher compression ratios
to mitigate fuel consumption penalties. Yu and Wu [13] conducted
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experimental and simulation studies using a single-cylinder research
engine. Their work evaluated the effect of water injection near top
dead center (TDC) at different dilution levels using dry exhaust gas
recirculation (dry-EGR, composed solely of CO,), reporting indicated
efficiency improvements of up to 46%. Similarly, Li et al. [14] numeri-
cally examined the influence of water injection in a gasoline SI engine
operating under dry-EGR dilution conditions, observing that OFC led
to an increase in brake-specific fuel consumption (BSFC) compared to
conventional air combustion for different injection strategies.

While these studies provide valuable insight into the potential of
OFC, they are based on idealized dilution strategies and do not address
one of the main technological challenges of this combustion mode:
the production and on-board supply of oxygen. To overcome this
limitation, Arnau et al. [15] proposed a novel OFC engine concept
with in-situ oxygen production, integrating the propulsion system with
a mixed ionic and electronic conducting (MIEC) membrane [16]. In
this configuration, the recirculated exhaust gas inherently consists of
a mixture of CO, and H,O [17], hereafter referred to as real or
humid exhaust gas recirculation (from now on referred to as EGR).
Their numerical results showed that, under these conditions, the engine
efficiency was lower than that of a conventional SI engine, highlighting
the complex thermo-chemical effects introduced by water vapor in
oxy-fuel environments.

Despite its practical relevance, the role of humid EGR in oxy-fuel
SI engines remains largely unexplored. To the authors’ knowledge, all
available experimental studies on OFC in SI engines have been con-
ducted using dry EGR or idealized diluents, neglecting the presence of
water vapor that inevitably arises in real oxy-fuel systems with exhaust
gas recirculation. However, accounting for humid EGR is essential to
realistically assess in-cylinder conditions, combustion behavior, knock
propensity, and performance limits in retrofitted or newly designed
multi-cylinder oxy-fuel engines.

In this context, the present work aims to address this knowledge
gap by experimentally investigating oxy-fuel operation in a spark-
ignition engine using real (humid) EGR. Specifically, the study is guided
by the following research questions: (i) how does the use of humid
EGR, as opposed to dry dilution or pure oxygen control, influence in-
cylinder temperatures and knock-limited operation in an oxy-fuel SI
engine? (ii) What are the main performance and emissions trade-offs
between conventional air combustion and oxy-fuel combustion when
realistic EGR compositions are considered? (iii) To what extent can the
performance of an oxy-fuel SI engine be improved through combined
control of dilution strategy, compression ratio, and intake conditions?
By addressing these questions, this work seeks to experimentally assess
the operating range and performance potential of oxy-fuel SI engines
under realistic conditions, contributing to the evaluation of this concept
from a product-viability perspective.

This paper is structured as follows. The next section presents the ex-
perimental setup and the numerical tools employed, together with their
respective validation. Section 3 describes the methodology adopted to
analyze oxy-fuel combustion in ICEs. Section 4 presents and discusses
the results, focusing on the identification of optimal dilution strategies
while accounting for the thermo-mechanical limitations of the engine.
In addition, an experimental-theoretical comparison between oxy-fuel
and conventional combustion is carried out, and potential strategies for
performance improvement are discussed. Finally, Section 5 summarizes
the main conclusions and highlights the key contributions of this work.

2. Materials and methods

In this section, first, the test cell used to perform the experimental
test will be described. Subsequently, the theoretical tools used in this
research will be presented. Finally, the methodology followed to obtain
the results of this work will be defined.
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Table 1
Main engine specifications.

Number of cylinders 1
Port Injection system Bosch EV 14
Ignition coil Hella 5DA 006.623-951

Spark plug Bosch ZR7SI1332S
Number of strokes 4

Cylinder displacement 454.2 cc
Compression ratio 10.7:1

Cylinder diameter 82.0 mm

Stroke 86.0 mm
Connecting rod length 144.0 mm

2.1. Engine and test cell characteristics

Experiments were conducted on a 450 cc spark-ignition single-
cylinder engine (SCE), whose main characteristics are provided in
Table 1. The engine includes a four-valve pent-roof cylinder head, a
conventional spark ignition system, and an exhaust gas recirculation
(EGR) circuit. Even though the engine is equipped with port injection
(PFI) and direct injection systems, only a commercial PFI injector will
be used in this study to eliminate charge inhomogeneities as a source
of uncertainty. Taken together, the use of the conventional combustion
chamber design and standard injection and ignition hardware makes
the engine configuration representative of a real application. Of course,
deviations from a production engine include the use of pure oxygen
as the oxidizer and the enhanced level of control inherent to the SCE
configuration. Both aspects, however, are essential for achieving the
specific objectives of the present research.

The engine was installed in a test cell that was instrumented as
shown in Fig. 1. The test bench was modified to supply compressed
0O, and CO, from two tanks. The CO, tank was used to provide the
necessary oxidant dilution to maintain engine integrity during start-up.
The mass flow of oxygen supplied with the tank (r15,) was controlled
to reach the desired O, dilution, quantified by the 4 parameter that is
presented in Eq. (1). This parameter is a function of the mass flow of
fuel (i) and the stoichiometric oxygen to fuel ratio (Fj).

mOZ / m Sfuel

A= — (@)

s

Once steady-state operation was achieved, the external CO, supply
was replaced with EGR. The system was designed to be flexible and able
to switch between conventional combustion and OFC modes, using a
valve downstream of the intake settling chamber, and the CO, and O,
flow control valves. An external compressor was used for conventional
combustion cases to boost the engine.

A knife-gate valve was installed downstream of the exhaust settling
chamber in the exhaust line to control exhaust back pressure. A high-
pressure EGR system supplied the required levels of cooled EGR; the
rate of gas recirculated is calculated using Eq. (2). To prevent H,O con-
densation in the EGR and intake pipes, which can affect the accuracy
of CO, measurement and EGR rate determination, a heat exchanger
was installed before the EGR settling chamber to carefully regulate the
temperature of these lines when the engine is operating in OFC mode.
Independent oil and cooling circuits were commissioned to control fluid
conditions, as shown in the schematic of Fig. 1.

MpGR @

EGR = P
(tho, + mEGr)

In-cylinder pressure was measured using a Kistler piezoelectric sen-
sor, with an additional piezoresistive pressure sensor installed at the
cylinder liner near bottom dead center for pressure signal pegging. Two
piezoresistive sensors were mounted to measure intake and exhaust
pressure. During the experimental tests, all engine fluid temperatures
were monitored and controlled using K-type thermocouples. NO,, CO,
and uHC emissions were measured by a HORIBA MEXA-7100EGR gas
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Fig. 1. Layout of the engine test cell.
Table 2
Summary and accuracy of the instrumentation used in the experiments.
Variable Sensor Accuracy
In-cylinder pressure Piezoelectric sensor (Kistler 6054C) 0.2%
Temperature of all fluids Thermocouples (K-type) 1.5°C
Engine speed Encoder 3 rpm
NO,, CO and uHC concentration Exhaust gas analyzer 3.0%
Intake, exhaust & pegging Piezoresistive 0.35%
Torque Torque meter 0.1 Nm
Fuel mass flow Fuel mass flow meter (AVL 733S) 0.2%
Air mass flow Air mass flow meter (Sensiflow D80) 2.0%

analyzer. This system was also used to measure CO, concentrations
to calculate the EGR rate. However, a special device was necessary to
dilute the gas sample to meet the gas analyzer’s specification limit (up
to 25% vol) when OFC is used, and N, is absent from the intake and
exhaust flows. A summary of the instrumentation and its accuracy is
provided in Table 2.

The global parameters related to the combustion process, i.e. the
indicated mean effective pressure (IMEP), combustion phasing, maxi-
mum cylinder pressure, cycle-to-cycle variability (CoVyygp), and Heat
Release Rate (HRR) were obtained from the in-cylinder pressure signal
through the thermodynamic combustion analysis tool CALMEC [18].

2.2. Theoretical tools

Thermochemical modeling: Auto-ignition delay and flame tempera-
ture for various fuel-oxidizer mixtures and thermodynamic conditions
were estimated through zero-dimensional (OD) chemistry calculations.
Data was generated using a well-stirred reactor model at constant pres-
sure to predict knocking tendency and maximum local temperatures.
The ignition delay timing was defined as the time required to increase
the temperature by 400 K from its initial temperature [19].

The chemical kinetic mechanism proposed by Liu et al. [20], based
on a Primary Reference Fuel (PRF), was selected due to its good balance
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Fig. 2. Numerical domain and mesh characterization of the engine architecture.

between accuracy and computational demands. Benajes et al. [21]
demonstrated the effectiveness of this mechanism under realistic and
representative engine conditions, validating its results against experi-
mental data reported by Fieweger et al. [22].

The laminar flame speed in a premixed oxidation reaction can
be estimated by considering a freely propagating flame in a channel
of fixed cross-sectional area at a given temperature, pressure, and
mixture composition. Although this parameter is typically calculated
using empirical correlations [23], they tend to under-predict laminar
flame speeds at realistic engine conditions [21]. A 1D laminar flame
speed solver was used to improve accuracy, and the chemical kinetic
mechanism from Liu et al. [20] was selected due to its consistency
with experiments conducted by Jerzembeck et al. [24] and Heimel
et al. [25].

1D Fluid dynamic modeling: 0D-1D tools provide a good balance
between accuracy and computation time [26]. To characterize the pre-
mixed OFC concept, in-cylinder pressure, temperature, gross indicated
efficiency (GIE, calculated between —180 CAD and 180 CAD), and
exhaust temperature were simulated using a 0D-1D tool for different
EGR dilutions. The engine and test bench layout were implemented in
the GT-SUITE code. These simulations reduce the need for experimental
test campaigns while evaluating different engine strategies. In addition,
a PID controller was implemented to optimize GIE by adjusting the start
of combustion (SoC) while keeping the maximum in-cylinder pressure
below 150 bar.

The model was calibrated using experimental data from the same
engine operating in conventional SI mode at 3000 rpm and two differ-
ent loads (4 and 11 bar of IMEP). In both cases, the in-cylinder condi-
tions were simulated by imposing the experimental heat release rate ob-
tained from the combustion diagnosis tool CALMEC. The validated re-
sults are summarized in a previous study [12], where the measured in-
cylinder pressure and bulk temperature were compared to simulations,
showing a good agreement at both 3000@4 and 3000@11 operating
conditions (these conditions will be referred to as speed @IMEP).

CFD modeling: CFD simulations were conducted using CONVERGE
v2.4 CFD software [27], a commercial code based on the finite volume
method designed explicitly for ICE applications. The model repre-
sents the engine geometry, including the combustion chamber and
intake/exhaust ports.

Table 3

Mesh configuration details.
Base size 4 mm
Intake/exhaust ports 2 mm
Chamber refinement 1 mm
Walls refinement 0.5 mm
AMR min. size 0.125 mm
Spark refinement 0.0625 mm
Number of cells 0.5-4 million

As shown in Fig. 2, a hexahedral grid strategy based on an or-
thogonal basis was used to mesh the entire computational domain
with a base cell size of 4 mm. The mesh was refined to 2 mm at the
intake and exhaust, and 1 mm in the cylinder. The cell resolution was
increased (to 0.5 mm) near the cylinder walls, including the moving
piston and valves. An Adaptive Mesh Refinement (AMR) algorithm was
also employed to increase the grid resolution where spatial gradients
in velocity and temperature are significant. This algorithm used a
sub-grid criterion of 1 m/s and 2.5 K to decrease the cell size to a
minimum of 0.125 mm. Finally, the grid resolution was further refined
by reducing the mesh size up to 0.0625 mm at the spark gap electrodes
to capture the initial flame kernel development. Full details about the
grid definition are given in Table 3.

The turbulence was modeled using the unsteady Reynolds-averaged
Navier-Stokes (URANS) framework, and the Re-Normalization Group
variant of the k-¢ model (RNG k-¢ model [28]), that uses an eddy-
viscosity-based two-equation approach. The gas-to-wall heat transfer
was modeled by the model proposed by Angelberger [29], widely used
in ICE applications [30].

Simulations were run using a second-order central difference
scheme for spatial discretization and a first-order scheme for temporal
discretization. The Pressure Implicit with Splitting of Operators (PISO)
algorithm, as modified by [31], was used to couple the pressure and
velocity fields. The ideal gas equation of state was considered to
calculate the compressible flow properties.

The combustion process was modeled by the detailed chemistry
solver proposed by Senecal et al. [32]. Besides, a multi-zone (MZ)
approach was used to reduce computational time, with a 5 K temper-
ature bin share [33]. Previous investigations [34] demonstrated that



R. Raggi et al.

_70 140
s —— Experiment

o

=50 — Simulation 120

100 =y
80
60

HRR [J/CA

40
20

. 0
-100 -50 0 50 100
Crankangle [CAD aTDC]

Fig. 3. Validation of CFD simulations at 3000 rpm and 11 bar IMEP. In-
cylinder pressure signal and HRR trace are considered in the process.

_50 200
& —— Experiment
=40 —— Simulation
) 150 =
3
®3.0 g
2 100 5
5 =2
= 2.0 5
T
£ s0 T
£1.0
?
£

00=—————m——m——=2

-100 100

Crankangle [CAD aTDC]

Fig. 4. Validation of the numerical method for OFC. The in-cylinder pressure
signal and HRR trace obtained from CFD simulations at 3000 rpm, 11 bar of
IMEP, 4 =1, and 70% of EGR are contrasted.

this approach is suitable for URANS-based gasoline combustion, even
considering that it does not use an explicit turbulent combustion clo-
sure [35]. The chemical kinetic mechanism proposed by Liu et al. [20]
was used for mimicking the thermochemical properties of the fuel.
Energy deposition of 40 mJ was spatially and uniformly distributed in
a sphere of 0.5 mm along an L-type profile [36] to simulate the ignition
surface. This spark kernel was modeled by a volumetric source located
between the spark plug electrodes.

The inflow and outflow boundary conditions at the ends of the
intake/exhaust ports were defined by the instantaneous pressure signals
measured during the engine tests. The surface wall temperatures were
predicted by a lumped model [37].

The model was validated with the same experimental data used to
tune the OD-1D thermodynamic model. A comparison between experi-
ments and CFD-simulated results at 3000@11 is shown in Fig. 3, where
a reasonable prediction of the in-cylinder pressure and HRR signals was
achieved.

As a final step, the numerical method’s reliability is verified by
comparison with OFC experiments conducted on the test bench. In Fig.
4, the variables simulated with the described 0D-1D-CFD method are
compared to the measured ones at 3000@11 operating point applying
a 70% EGR dilution with 850 mbar and 303 K of intake pressure and
temperature, respectively. Although there are certain differences in the
HRR peak, the results reasonably mimic the pressure evolution and
accurately predict the start and the duration of the combustion process.
Considering that none of the sub-models have been precisely adjusted
for OFC, the results are promising, and the method can be used for
performing further studies.

The numerical procedure was demonstrated to be a fast and ef-
fective way to obtain engine outputs when operating with OFC at
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maximum GIE conditions across different levels of EGR, thereby en-
abling analysis of engine performance and assessing the feasibility of
the concept.

2.3. Methodology

In order to achieve the objectives of this work, the methodology
depicted in Fig. 5 has been followed. First, 0D-1D thermochemical
simulations have been performed at different EGR and A rates to
evaluate their impact on flame temperature, laminar flame speed, and
auto-ignition delay, with the objective of assessing the best dilution
strategy in OFC mode. These three parameters will set the main thermo-
mechanical limitations that a spark-ignition engine must fulfill under
OFC. Then, a validation procedure using experimental EGR sweeps will
be carried out with A = 1, the selected best strategy. In addition, the
limits obtained from the previous thermochemical simulation analysis
will be validated.

Secondly, experimental data from the single-cylinder engine were
used to calibrate and validate the 1D fluid-dynamic model, ensuring
accurate reproduction of the main operating variables (intake and
exhaust pressures, temperatures, and gas flows), in-cylinder conditions,
and overall engine performance. This was achieved by imposing exper-
imentally derived heat release from conventional combustion tests and
by refining air-path losses and heat transfer in the pipes and cylinder
walls. At this stage, the 1D fluid-dynamic model is ready to be coupled
with the CFD model as follows.

The coupling methodology (hereafter referred to as 1D-CFD) is de-
tailed in a previous work and validated against experimental data [12];
in brief, the 1D model simulates the complete cycle and provides
the instantaneous intake and exhaust manifold pressures as boundary
conditions for the CFD calculations. The heat release from the CFD
model is then fed back into the 1D model to calculate in-cylinder
conditions and evaluate the performance of the oxy-fuel combustion
concept in a short iterative process, repeated until convergence of
the in-cylinder pressure calculated by the 1D model and heat release
from CFD is achieved. It typically requires two to three iterations.
This coupling strategy limits uncertainty propagation across modeling
levels. Thus, experimental measurements from the engine are used to
calibrate the 1D simulation, ensuring reliable boundary conditions for
the CFD calculations, while the combustion process, the most sensitive
and physically complex aspect of the OFC concept, is resolved using
CFD and cross-validated against experimental pressure traces and heat
release at representative OFC operating points, thereby strengthening
the robustness of the combined framework.

Following, experimental and simulation results are used to com-
pare oxy-fuel and conventional combustion by analyzing in-cylinder
pressure data and assessing combustion characteristics, engine per-
formance, and emissions to identify the main differences and their
underlying causes.

In addition to the EGR effects experimentally evaluated, the investi-
gation focuses on two other parameters that may improve the efficiency
of OFC engines: the compression ratio (CR) and intake temperature.
They are finally evaluated using the combination of 1D fluid-dynamic
and CFD simulations.

Table 4 shows the operating conditions used in this research. They
were chosen to balance the expected outcomes with the number of
tests and simulations. These operating conditions are characterized by
a constant engine speed (3000 rpm) and different engine loads (around
4, 11, and 21 bar of IMEP). The most relevant operation variables in
the three experimental conditions are also detailed in Table 4. Note
that low and medium engine loads (Points 1 and 2, respectively) were
measured in the test bench and modeled, while the high load operating
point (Point 3) was only simulated.
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Table 4
Operating parameters of the reference operating conditions using conventional
SI combustion at stoichiometric conditions.

Operating point Point 1 Point 2 Point 3*
Engine speed [rpm] 3000 3000 3000
IMEP [bar] 3.7 10.7 21.4
Injected fuel quantity [mg/cc] 10.6 33.15 66.3
Spark timing [CAD] -16.6 -19 -19
Coolant temperature [°C] 80 85 85

Oil temperature [°C] 90 92 92
Intake pressure [bar] 0.41 0.98 1.37
Intake temperature [°C] 31 33 38

2 Only evaluated by simulations.

3. Results and discussion

In this section, results, along with a discussion of the different
outcomes, will be presented. First, the dilution rates will be assessed
to later compare conventional and oxy-fuel combustion. Then, several
strategies will be explored to evaluate each of their potential to improve
efficiency.

3.1. Assessment of dilution rates

As a first stage, the impact of different dilution strategies on the
most relevant combustion parameters was studied. In addition, this
will provide information about the dilution ranges for suitable OFC. In
Fig. 6, the flame temperature, the laminar flame speed, and the auto-
ignition delay (AID) are depicted as a function of 4 and EGR rate at
Point 2 (3000 rpm and IMEP close to 11 bar) and in Table 5. If the
engine operates without EGR, it will require 4 values below 5 to keep
the flame temperature below the 3000 K threshold and below 6.5 to
achieve a minimum laminar flame speed that guarantees combustion
stability. Alternatively, if only EGR is used to dilute the intake mixture,
EGR rates must be higher than 61% to account for the aforementioned
temperature limitations and lower than 75% to ensure combustion
stability. Combined dilution strategies with both 4 and EGR can also
be used; thus, as A increases from 1 to 5, the EGR rate should decrease
from 61% to 0% to keep the adiabatic temperature limit below 3000 K.
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Table 5

Limits defined for assessing the dilution strategies.
Parameter Value
Flame temperature [k] 3000
Laminar flame speed [m/s] 0.5
Auto-ignition delay [ms] 3

In the same way, while A increases from 1 to 6.5, EGR must decrease
from 75% down to 0% to keep a stable combustion process.

After defining the dilution range in which the concept could be
used, a technological evaluation was conducted to determine the best
strategy. On the one hand, the in-cylinder mixture can be diluted,
increasing the 4, which will require a higher in-situ O, production or,
in any case, a higher consumption from the O, source. As discussed
in [38], this would lead to an oxygen transport membrane (OTM)
requiring more energy flow (thermal and/or electrical) to separate the
O, from the N,. In addition, if this strategy is followed, the exhaust
gases will be composed not only of CO, and H,O, but also of an
important amount of O,. The most suitable way to capture CO, is
the compression and cooling down of the exhaust flow until reaching
CO, conditions close to critical ones (about 75 bars and 30 °C); in
slightly more conservative conditions (80 bars and 20 °C) the liquid—
vapor equilibrium of CO, and O, mixture leads to an O, mass fraction
of about 5% in the liquefied mixture captured when operating with A
around 1.1 and hence captured CO, quality is worsened. Furthermore,
AID values indicate that knock might occur when EGR is below 40%
and 4 is above 3; thus, this region must be avoided. On the other hand,
dilution via EGR is a widely used technique in conventional engines,
as Desantes et al. [39] applied to different layouts in a multi-cylinder
OFC engine. Additionally, it should be noted that this strategy is
more efficient at controlling in-cylinder temperature than O, dilution,
because the specific heat of EGR (CO, and water) is higher than that of
O,. Finally, it must be considered that operating with an excess of O,
entails relevant trade-offs in terms of efficiency and emissions. From
an efficiency perspective, experimental results show that increasing
the equivalence ratio from A= 1 to A= 1.2 increases gross indicated
efficiency by approximately 2 percentage points; however, this benefit
is accompanied by a significant increase in NO, production, which is
almost completely suppressed under stoichiometric conditions.! Under
lean operation, the increase in NO, is an additional limiting factor,
as the use of a three-way catalyst is no longer feasible. In contrast,
stoichiometric operation enables the use of an oxidation catalyst (to
control CO and uHC) or a three-way catalyst (if NO, traces must
be completely eliminated); in both cases, it is a mature, robust, and
relatively low-cost aftertreatment solution. As a result, while lean
operation may offer modest efficiency gains, the associated emissions
penalty and aftertreatment constraints further support the choice of
stoichiometric operation. All these reasons led to selecting, as a strategy
in premixed OFC, the operation with A ~ 1 and recirculated exhaust
gases. It is important to emphasize that this conclusion may not apply to
diffusion combustion, where the controlling phenomena, main issues,
and limitations can differ.

The preceding analysis does not consider the 3D complexity taking
place in the combustion chamber; in a previous work [12], the 1D-
CFD approach used in Section 3.3 was used to refine the maximum
EGR dilution rate, in stoichiometric conditions, that guarantees the
combustion stability; a value of 73% was found. With the EGR range
[61%-73%] from simulations in mind, this work first conducted an
experimental campaign to validate this operating range at 3000@11.

1 As discussed later, NO, is not completely suppressed under OFC conditions
due to trace amounts of nitrogen entering the combustion chamber from
various sources still lead to measurable NO, emissions.
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Fig. 6. Analysis of chemical simulations at 3000 rpm and 11 bar IMEP.

Although the engine performance is later discussed in detail in Sec-
tion 3.3.1, at this point, it is worth highlighting two main findings.
On the one hand, 67% was the lowest EGR rate that was able to be
achieved experimentally; these lowest dilution conditions produced an
exhaust temperature of 1200 K (about 930 °C) that was over the specifi-
cations limit provided by the engine manufacturer, and thus no further
EGR reduction was measured to avoid compromising the engine and
instrumentation safety. It is expected that, without the aforementioned
thermal limitation, it would be possible to achieve the 61% dilution rate
predicted by the OD-1D combustion model. No knocking issues were
found, confirming that, according to Fig. 6 (bottom), these conditions
are far from the dilution region where it is likely to happen. In any
case, as later discussed, a lower EGR rate will not be of interest from a
thermal efficiency perspective.

On the other hand, 73% was the highest EGR rate experimentally
achieved, and thus the predicted value agrees with the measurements.
In this case, the limitation was the combustion stability due to the over-
dilution. These results allow concluding that, in spite of its simplicity,
0D-1D simulation is valid to perform this type of estimation, and
both experimental and simulation tools allow confirming the opera-
tion range of the premixed oxi-fuel combustion in the EGR ranges of
[61%-73%] at medium speed and load (3000@11) and A = 1; this
experimental-theoretical range is included, in red, at the top of Fig. 6.
As discussed later, this range can vary depending on the compression
ratio and engine load.

3.2. Conventional vs oxy-fuel combustion

After deciding to use the EGR dilution strategy (within a limited
range) to control in-cylinder temperature, experimental tests allowed
assessing differences between oxy-fuel and conventional combustion.
Starting from the in-cylinder pressure signal and using the combustion
analysis tool CALMEC [40], the evolution of the in-cylinder tempera-
ture, heat release (HR), and heat release rate (HRR) was obtained as
a function of the crank angle. In this section, the main concepts to
understand the difference between the two combustion modes will be
presented; however, a more detailed analysis of this comparison can be
found in [10].

The following analysis was performed at 3000@11 (Point 2), under
stoichiometric conditions, and with an EGR rate of 70% for the OFC
case. It is worth noting that this EGR value was used because, as

discussed in [10], it provides the highest indicated efficiency while
maintaining low cycle variability. For the conventional combustion
case, no EGR was used. Additionally, among all cases with an OFC
measured at a 70% EGR ratio, the case with a spark timing of —20
CAD was selected to maintain the same combustion phasing between
the two combustion modes.

Due to the intrinsic differences in intake conditions and composi-
tion, the mass and thermodynamic conditions at inlet valve closing
are different; however, to ensure comparable operation under both
conditions, both fuel mass and combustion centering (CA50) were kept
constant. The main issues analyzed are the following:

» As shown at the top of Fig. 7, during the compression stroke, the
pressure is higher in the conventional combustion. Even though
the pressure at the IVC is 180 mbar lower in OFC, a quick analysis
shows that this value does not explain the differences at the
start of combustion (SoC = —15 CAD). Thus, taking into account
the 180 mbar difference at the IVC, a polytropic compression
with a constant exponent of 1.34, as obtained from compression
under conventional conditions, will result in a 2 bar variation
at the SoC. As can be seen, the experimental evolution of the
in-cylinder pressure shows a larger difference of about 7 bar at
this point. OFC EGR gases are mainly composed of CO, and H,O
vapor; thus, its adiabatic expansion coefficient is expected to be
reduced around 7% with respect to conventional SI (where the
diluent is composed of N,), as can be seen in Fig. 8. This gamma
reduction leads to an increase in the pressure gap between the two
combustion modes of around 50%. The aforementioned change
in properties also has an analogous effect on the in-cylinder
temperature under OFC (for the sake of rigour, it is lower because
the exponent of the pressure ratio is less than 1 in the polytropic
expression). It can be seen that even though the temperature at
IVC is higher, it is almost the same at the SoC. This was targeted
to partially compensate for differences in IVC conditions resulting
from different intake and exhaust processes.

During the combustion phase, slightly slower combustion is ob-
tained with OFC, as shown at the top of Fig. 9. This effect,
along with the mixture’s higher specific heat, results in a lower
maximum temperature when the engine operates with OFC.
After combustion completion (beyond 35 CAD), a lower value
of y during the expansion phase produces an effect similar to
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that observed during compression, namely a reduced temperature
rate of change and, consequently, a final temperature at exhaust
valve opening (EVO) approximately 300 K higher under OFC
conditions than in conventional combustion. This change must
be taken into account in both the engine design and the engine
control restrictions: in the first case, to avoid exceeding the
thermal limits of the engine components; in the second, because
higher exhaust temperature is an advantage when O, production
is performed with an OTM. Thus, it must be taken into account
that the performance of this element is strongly dependent on the
temperature, which shows an increase of 153 K in the OFC case
(see Table 6). In addition, a reduction in the maximum pressure
of almost 18 bar was observed due to differences in pressure at
SoC and slower combustion during OFC.

Both HRR and accumulated HR graphs show that, for a constant
CA50 = 11 CAD, the combustion process is longer in OFC with
a combustion duration (CA90 — CA10) of 25 CAD, in contrast
with approximately 22 CAD in the conventional case. This trend
can be explained by the lower laminar flame speed, estimated
at about 0.6 m/s in OFC for 4 = 1 and EGR=70%, whereas in
the conventional case it exceeds 1 m/s. Moreover, this slower
combustion leads to the previously commented reduction in the
HRR peak by 10 J/CAD, as depicted at the top of Fig. 9.

Table 6 shows oxygen mass fraction (Y,), the GIE, the temperature
in the exhaust manifold, and the main emissions for both combustion
concepts to initially highlight the benefits and drawbacks. As shown,
both cases have a Y, of approximately 23%; this was set to facilitate
the comparison between the two combustion modes. In terms of effi-
ciency, a loss of around 8.7 percentage points was measured; this will
lead to a discussion in the next section of possible strategies to improve
the performance. To determine the origin of this performance, the heat
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transfer to the walls (piston, liner, and cylinder head) was first assessed.
For both cases, the heat transfer (Q,,) was calculated using the Woschni
empirical correlation. Results showed a 15% reduction in Q,, under
OFC, which can be attributed to the lower in-cylinder pressure observed
during this combustion mode. However, because the GIE is lower for
the OFC cases, a higher Q0,, would typically be expected; therefore, the
penalty’s root cause must be attributed to other parameters. Next, the
difference in combustion duration (CA90-CA10) was analyzed. While
the duration is 21.3 CAD under conventional combustion, it increases to
26.1 CAD in the OFC case. This represents a 22.5% elongation, which,
according to estimations with an in-house OD thermodynamic tool,
results in a reduction in efficiency of approximately 1 percentage point.
While this explains part of the efficiency loss, it is not the dominant
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Table 6
Experimental performance and emissions comparison between an OFC and a
conventional SI case for a constant CA50.

Parameters OFC Conventional SI
Yo, [%] 23.1 23.2

GIE [%] 29.8 38.5

Exhaust temperature [K] 1128 975

NO, [g/kggal 0.03 65.32

CO [g/kgpei] 12.91 111.53

uHC [g/kgg,e1] 1.72 16.08

factor. Finally, the value of y was examined, as it directly influences
the theoretical thermal efficiency. Considering an Otto cycle and ac-
counting for the 7% lower y under OFC (as detailed in Section 3.2), this
reduction in the ratio of specific heats is expected to decrease thermal
efficiency by approximately 10 percentage points. Consequently, it can
be concluded that the origin of the OFC efficiency penalty is primarily
driven by the thermal properties of the oxy-fuel gas mixture.

Following the comparison between conventional and OFC, mea-
surements indicate that NO, emissions have been significantly reduced
by 99.9%, thanks to the absence of N, under OFC operation. The
remaining 0.03 g/kgs, mainly originates from N, present in the fuel
composition (0.15%) and lubricating oil, as well as from residual air
ingress into the gas path. Such air ingress may occur through the
crankcase ventilation system or minor sealing leakages, especially at
low-to-mid loads where sub-atmospheric intake pressure is common.
Although the resulting N, fraction is small, it can still lead to mea-
surable NO, formation. Regarding CO and uHC, both were abated
by 88.4% and 89.3%, respectively. Despite similar O, fractions, the
lower CO and uHC emissions observed under OFC conditions can be
mainly attributed to the higher temperatures maintained during the
late expansion and at exhaust conditions. These elevated temperatures
extend the effective oxidation period after the main combustion event,
promoting additional in-cylinder and post-combustion oxidation of CO
and uHC before chemical reactions freeze. The higher water vapor
content in OFC may also contribute to faster oxidation kinetics (by
enhancing OH concentration), though this effect is secondary to the
dominant thermal effect. These results suggest that this unconventional
combustion mode is a promising approach for addressing the three
emissions considered.

In addition to the experimental measurements, CFD simulations
were carried out to assess the differences in the combustion process
of conventional and OFC (with the same dilution conditions used in
the experimental comparison). A qualitative analysis was conducted
to examine the morphology of the flame front. Fig. 10 shows the in-
cylinder flame evolution at different phases of the combustion process,
considering both combustion modes. As shown, no significant differ-
ences in flame shape or progression are evident. Only a small difference
appears in the initial combustion process (CA10-CA25) in the top view.
It appears that the flame front propagates more rapidly towards the
exhaust valves in conventional combustion. However, these differences
become lower once the combustion process is established (CA50-CA75).

Furthermore, the premixed flame regime at different combustion
timings was estimated to compare the two combustion concepts and
to validate the combustion modeling approach used in the CFD sim-
ulations. To this end, turbulent properties (u’ and 1,), laminar flame
thickness (I;), and laminar flame speed (s; ) are computed from the CFD
results and included in the Borghi-Peters diagram of Fig. 11. Results
indicate that OFC is expected to be in the corrugated flamelets regime
as in the case of conventional SI combustion. Taking into account that
both 1; and u’ are similar between OFC and conventional combustion,
the differences shown in the graph can be attributed to a lower s; and
I;. This causes a shift from left to right and from bottom to top in the
diagram, but always staying within the zone of corrugated flamelets.
The similarity in flame morphology shown above stems from the fact

Energy Conversion and Management 356 (2026) 121326

that both concepts lie in the same region of the Borghi-Peters diagram.
Therefore, the flame dynamics is still dominated by the corrugation
of the front and hence, the burning velocity scales directly with the
Reynolds number.

Consequently, any combustion model based on the flamelet hy-
pothesis will be valid for OFC. In this context, widely used turbulent
combustion models such as the G-equation, the Flamelet Generated
Manifold (FGM), and the Extended Coherent Flame Model (ECFM) rely
on this assumption. These models are standard in both CFD engine
simulations and lower-order modeling frameworks (e.g., OD and 1D
approaches) due to their robustness and computational efficiency in
describing premixed combustion regimes.

After establishing the validity of the flamelet assumption for OFC
operation, it is also important to qualitatively assess how the com-
bustion regime and flame structure might evolve under the different
control strategies employed in this study. In particular, variations in
EGR, CR, and intake temperature (7},,.) can significantly affect the
turbulence-chemistry interaction, thereby influencing model applica-
bility and combustion stability. The following discussion provides a
qualitative analysis of these effects.

Increasing the EGR dilution reduces the laminar flame speed (s;)
and increases the flame thickness (/ ) [41]. This corresponds to a
diagonal shift in the Borghi diagram, from the lower-right towards the
upper-left, i.e., towards higher Karlovitz numbers and the region of
Thickened Wrinkled Flames. This movement is the most critical, since
small variations in EGR can lead to combustion regimes far from the
flamelet assumption. In extreme cases, this shift can even cross the
Damkohler number boundary of 1, entering the Thickened Flame region.
However, the EGR values used in this investigation induce changes that
remain moderate. Thus, although the conditions may enter the Thick-
ened Flame region, the combustion models considered are deliberately
adapted (e.g., by Peters [42] in the case of the G-Equation) to operate
reliably under these conditions.

Increasing the compression ratio leads to higher in-cylinder pres-
sures, which reduces s; and decreases / 7 [12]. This trend is similar to
the shift observed when switching from conventional SI operation to
OFC. The movement in the Borghi diagram tends to follow constant-
Karlovitz isolines, making it less likely to change into significantly
different combustion regimes. Therefore, variations in CR do not pose
a risk to the applicability of the flamelet-based combustion models
discussed above.

Increasing the intake temperature (7},,..) raises s; and decreases
I, [10]. This trend generally follows the opposite path to EGR di-
lution, moving towards “safer” regions of the Borghi diagram with
lower Karlovitz numbers, which are more consistent with the flamelet
assumption. Consequently, variations in intake temperature do not
compromise the validity of the models considered in this study.

Overall, these qualitative trends indicate that while EGR variations
require the most careful consideration due to their potential to reach
extreme combustion regimes, the control strategies employed in this
investigation remain within ranges that preserve the applicability of
standard flamelet-based models.

3.3. Potential strategies for efficiency improvements

In the previous section, OFC operation was shown to reduce GIE
compared with conventional combustion. Thus, this section is devoted
to evaluating some strategies to overcome this concept limitation. First,
the effect of the EGR ratio will be assessed; later, the influence of
the compression ratio will be studied. Finally, the intake temperature
will be evaluated to clarify its impact on combustion and engine
performance.

Although some of these strategies would require specific adaptation
for implementation in a commercial engine, as this is a preliminary
fundamental study, the comprehensive development of the required
control strategies falls beyond the scope of the work. However, it is
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Fig. 10. Flame visualization. The flame front is identified at different combustion timings in both conventional combustion and OFC.
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combustion process is shown for conventional and OFC.

worth noting that the existing technical solutions can fully cover the
requirements. Thus, although knock control in the research engine
relies on in-cylinder pressure analysis, implementation in commercial
engines would typically be feasible using conventional sensors with mi-
nor control calibration adjustments. Similarly, while EGR management
requires careful procedures during start-up and stabilization in the
single-cylinder engine, established control methodologies from modern
engines provide a reliable basis for practical implementation at larger
scales. Regarding intake thermal management, intercoolers effectively
regulate intake temperature in the controlled test-cell environment;
even though real-engine operation may introduce some challenges due
to thermal inertia during transient operation, these are not expected to
be critical within the intended application range of stationary or large
transport systems.

3.3.1. Effects of EGR dilution

Fig. 12 shows the gross indicated efficiency for different EGR ratios
and spark advances (ST, from —43 CAD up to —10 CAD, depending on
the EGR level) and the reference value under conventional combustion
for the sake of comparison (39.7%). On the one hand, the sweep aimed
to find the optimal spark and EGR settings for maximum efficiency; on
the other hand, the sweep explored the extreme achievable conditions
to assess the EGR range previously discussed. As illustrated, when EGR
increases from 67% to 73%, the GIE improves by about 4%, reaching a
maximum value of 31%. The graph clearly shows that EGR and ST are
not independent variables, as the ST range changes with EGR. Thus,
at EGR = 68%, the ST range is —30 CAD to —14 CAD, and at EGR
= 70%, the ST at which the engine can operate is —32 CAD to —18
CAD. This means that when EGR increases, the ST range is expected
to move towards the compression stroke. Additionally, when the ST
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Fig. 12. Experimental OFC GIE as a function of the ST obtained at 3000 rpm,
IMEP = 11 bar and 4= 1.

is delayed (e.g., at ST = —18 CAD), it is better to reduce the dilution
ratio, as this will increase the GIE. However, at ST = —30 CAD the
opposite strategy should be followed. This behavior can be interpreted
from Fig. 13, which shows combustion duration (CA90-CA10) as a
function of combustion phasing (CA50) for different EGR levels at 4 =
1. As shown, combustion duration decreases as EGR is reduced because
lower dilution enhances mixture reactivity. It also shortens when CA50
is advanced (i.e., at lower ST), since the thermodynamic conditions
enhance the combustion process. The combination of both effects shifts
the maximum GIE towards higher EGR levels, which requires advancing
CA50 to achieve optimal combustion phasing. Therefore, the improve-
ment in GIE is directly associated with the increased dilution provided
by higher EGR rates.

Even though the highest GIE is obtained at EGR = 73%, these
high dilution operating conditions present a significant cycle-to-cycle
variability, and in Fig. 14, this value is quantified with the coefficient
of variation of the IMEP (IMEP_,,). As it is depicted in the graph, for
an EGR ratio of 73%, IMEP,,, reaches values of 8%, but for a dilution
of 70%, IMEP_, values go under 1.5%, which is an admissible value
for SI-engines, similar to the value with conventional combustion.

3.3.2. Effect of compression ratio

Given that oxy-fuel combustion tends to diminish in-cylinder pres-
sure, it provides some room for the second potential way to improve
the indicated efficiency by increasing the compression ratio. Since the
experimental work carried out in previous subsections uses the original
engine compression ratio, CR = 11, EGR dilution limits have been
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recalculated as a function of CR using the 0D model, and considering
the same thermo-mechanical limitations and the combustion stability
threshold already discussed in Section 3.1. Thus, it was possible to
assess the potential of increasing the compression ratio to improve
efficiency, while accounting for the possibility of knocking. Fig. 15
shows the flame temperature in terms of compression ratio and EGR
dilution rate for three loads. In addition, in each graph, the maxi-
mum admissible temperature and the burning limit determining the
boundary where the combustion can suitably occur at each CR are also
plotted.

On the one hand, results show that if CR increases, the minimum
EGR rate required to keep the peak in-cylinder temperature below the
limit increases to compensate for the effect of the higher temperature
of the unburned gases, thus for the 3000@11 case, when CR steps up
from 11 to 30, the minimum EGR limit moves from 61% to almost 65%
respectively. On the other hand, the maximum EGR rate appears to be
stable with CR; this is due to the combined effect of higher temperature
and pressure: the former enhances the laminar combustion velocity,
while the latter slows it down. These global trends are similar in the
three loads modeled.

Regarding the effect of the load, it can be stated that, on the one
hand, the burning limit causes the maximum EGR value to decrease
from 76% to 70% as the load increases from 4 bar to 25 bar, due to
the effect of pressure on combustion velocity. On the other hand, the
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minimum EGR increases with the load to avoid exceeding the maximum
temperature.

As a combination of the trends with CR and load, it can be seen
that the operation range, in EGR terms, becomes smaller when the load
increases, thus at 3000@4 and CR = 11 the engine can operate in the
EGR range of [56% to 76%], while at 3000@25 and CR = 30 the range
is reduced to [66% to 70%]; thus, being necessary a more accurate
control for this variable to ensure the safe and stable operation.

Once the dilution analysis was performed, the maximum CR that
could be used to recover the GIE drop was set by conducting a knocking
analysis under the high-load condition, where this phenomenon is more
likely to occur. To this end, the effect of the CR on the heat release
rate and in-cylinder pressure has been calculated with the 1D-CFD
approach for the 3000@25 operating condition, with an EGR = 70%
and a constant spark timing (ST) of —20 CAD. This EGR level was
selected because it almost coincides with the highest EGR level for
stable combustion in all the CR plotted in Fig. 15 at 3000@25. Results
are shown in Fig. 17, and they indicate that the maximum in-cylinder
pressure grows gradually up to 10 MPa when the CR increases from 11
to 22, but beyond that value, the maximum pressure significantly rises,
reaching values of 17 MPa and 32 MPa when the CR shifts to 24 and 28,
respectively. Moreover, up to CR = 22, the maximum HRR values are
below 80 J/CAD, but at higher CR values, combustion becomes abrupt,
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with HRR peaks exceeding 200 J/CAD. Accordingly, based on these
results, it can be concluded that a high knocking propensity can be
expected with OFC if CR is greater than 20 with EGR=70%. The same
analysis was repeated using the 1D-CFD coupling method for different
EGR rates to determine the limit at which this phenomenon is likely to
appear; it is included in Fig. 18 along with the other restrictions already
discussed. Therefore, while the EGR decreases from 70% to 66% the
CR could increase from 24 to 27. This effect can be explained by the
fact that the higher combustion velocity, due to the lower dilution,
counteracts the higher reactivity of the end gas. Taking into account all
the restrictions, in Fig. 16 the GIE is depicted as a function of the CR.
It is worth noting that the GIE values at 3000@11 and CR = 11 for the
conventional and OFC cases were experimentally obtained, whereas the
high load results were predicted using the 1D-CFD coupling method.
At the middle load, it is predicted that a performance improvement
of around 5.9 pp will occur when the CR switches from 11 to 20. This
improvement set the GIE for the OFC case to 36.4% (about 3.3 pp below
the conventional combustion case). When this strategy is evaluated at
high load, the OFC efficiency increases by 4.5 pp. Thus, at CR = 20, the
GIE is expected to reach approximately 37.2%, which is still about 4 pp
below the conventional combustion case. To summarize, at the original
engine compression rate (CR = 11), the GIE in the OFC case was around
9 pp lower than in conventional combustion. Since knocking is less
likely to occur in OFC mode, the compression ratio can be increased to
CR = 20. Thus, the efficiency gap between the two combustion modes
was reduced to only 3-4 pp.

3.3.3. Effect of intake temperature

Up to this point, results show that as load increases, the maximum
achievable EGR ratio required to maintain combustion stability de-
creases (for a given CR); thus, it limits the EGR potential to improve
the GIE, as discussed in Section 3.3.1. To complete the assessment of
the parameters affecting the indicated efficiency, this subsection ana-
lyzes the effect of intake temperature. Gas temperature directly affects
the combustion process, thereby influencing combustion duration and
stability, and can provide additional room to further increase EGR
dilution. Thus, final performance and knocking will result from the
combined effects of temperature and EGR.

In the previous analysis, all the experimental measurements de-
scribed in Section 3.2 and the later simulations carried out in Sec-
tions 3.3.1 and 3.3.2, have been performed with an intake temperature
of 80 °C (353 K). It was experimentally checked that, with EGR rates
around 70%, the high water vapor concentration at the intake leads
to condense part of the water if the intake temperature is lower to
80 °C; thus, at 70 °C (343 K), it is estimated that 1.5 1/h of liquid
water condensed in the intake line (downstream of the EGR and oxygen
mixture plenum). At 60 °C (333 K), about 1.5 1/h is condensed during
EGR conditioning, and an additional 0.5 1/h in the intake line, which
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and EGR=70%.

3000@25
3500 i

] - 56%

- - 61%

- 66%

- 70%

75%

- 79%

= 84%

Flame temperature [K]

2000

15 20 25 30

Compression ratio [-]

35 40

Fig. 18. Effect of the CR and EGR over the flame temperature for 3000@25
and A = 1 with knock limitation.

then enters the engine as liquid drops. Even though the thermody-
namic conditions in the chamber ensure that most of this liquid is
later re-evaporated during compression, some of it is deposited on
the chamber walls during the intake and initial compression periods.
Hence, with a lower intake temperature than 80 °C there is a slight
risk of oil contamination with liquid water. Moreover, if part of the
water is condensed at the intake, gas analysis becomes more difficult
and uncertain, as mass balances are affected. These phenomena led
to avoiding evaluating intake temperatures below 80 °C; thus, the
following theoretical evaluation of the temperature impact was carried
out by increasing this variable.

Fig. 19 shows, for the 3000@25 operating condition, the influence
that intake temperature has on the flame temperature, the laminar
flame speed, and the auto-ignition delay as a function of the EGR.
These results were calculated with the OD-1D thermochemical model,
as done in Section 3.1. As the intake temperature increases from 350 K
to 465 K, the minimum EGR required to avoid exceeding the maximum
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3000@25 and 4 = 1.

in-cylinder temperature (3000 K) shifts from 62% to 64%. At the same
time, the maximum EGR limited by the burning velocity increases from
70% to 75%. Although increasing the temperature allows achieving
higher EGR dilution, the reduction in auto-ignition delay increases
knocking propensity; thus, if the intake temperature exceeds 465 K, the
maximum EGR should be reduced from 75% to 65% to avoid knocking.
To summarize, the three aforementioned restrictions are shown in Fig.
20, highlighting in green the region where the engine can operate with
stable combustion and safe conditions under OFC at the original engine
compression ratio (CR = 11).

To evaluate the combination of increasing the intake temperature in
combination with higher CR, Fig. 21 shows the flame temperature for
a constant intake temperature of 465 K (a conservative value derived
from Fig. 20) the maximum CR that could be used to avoid knocking.
The procedure used is based on the 1D-CFD approach, as described in
Section 3.3.2. Results reveal that for an EGR ratio of 70% the maximum
CR will be about 14; meanwhile, for an intake temperature of 350 K,
the limit is set up to 22 (see Fig. 18). However, it is possible to reach
an EGR ratio of 75% at 465 K, but in this case, the maximum CR is 12.

Considering the aforementioned effects of intake temperature, the
next step was to predict the impact of this temperature change on
performance. This was achieved using the 1D-CFD modeling, with
which the GIE was calculated for the oxy-fuel combustion internal
combustion engine operating at an intake temperature of 465 K and an
EGR ratio of 75% at 3000@25. Even though the CR could be increased

13

Energy Conversion and Management 356 (2026) 121326

90.0
80.0
70.0

A7 e
70cy /,;,,,.t Burning limit

—

60.0 Temperature limit
 50.0
8 40.0
30.0
20.0
10.0

[%

400.0 450.0 500.0

Intake temperature [K]

550.0 600.0

Fig. 20. OFC operating region as a function of intake temperature at 3000@25
and A=1.

3500 §
< - 56%
£ IS - 61%
£ M - 66%
2 3000 i/_;l"" 77777 — 70%
3 ,/_,,_,_-—/‘_’—_ 75%
£ | 9%
g e e Burning limit ~ 75% — 84%
GE) 2500 ‘;g//

8 7§
w dg/,_/—f/—

2000

10 15 20 25 30 35 40

Compression ratio [-]

Fig. 21. Effect of the CR and EGR ratio over the flame temperature at
3000@25, 4 =1 and T}, =465 K.

ntake

to 12, it was decided to maintain the original value (CR = 11) to ensure
a safety margin and assess the change in operating condition without
modifying any geometrical parameters. Results showed that when the
operating point is switched from 80 °C and EGR = 70%, to 192 °C
(465 K) and EGR = 75%, the GIE will increase 1.5 pp. This means that
the GIE could increase from 32.7% to 34.2%.

4. Conclusions

The work provides a comprehensive assessment of premixed oxy-
fuel combustion (OFC) in SI engines, elucidating the role of humid
EGR and O, dilution and exploring improvement strategies through
combined experimental and 0D-1D/CFD numerical analyses. The main
findings are:

+ Simulations allowed assessing the operating limits and perfor-
mance trends of premixed OFC beyond the conditions tested.
Results show that OFC enables engine operation over a wide dilu-
tion range, including O, excess and EGR. Considering combustion
stability, thermal limits, and knock propensity, a feasible domain
was identified, ranging from A = 1 operation with 61%-73% EGR
to lean conditions up to 4 = 4 with approximately 35% EGR.
From a technological perspective, EGR-based dilution at 1 = 1
was identified as the most suitable option. Under these conditions,
the low knock tendency allows an increase in compression ratio
from 11 to 20, improving the gross indicated efficiency (GIE) by
about 5 percentage points. Numerical results also indicate that
intake temperature is an effective control parameter to extend
the EGR range and recover GIE, but its benefits are coupled with
knock limitations, requiring a careful trade-off with EGR and
compression ratio.
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» From an experimental standpoint, stable premixed OFC operation
was demonstrated at 4 = 1 with EGR rates of approximately
67%—73%, in good agreement with the simulated range predicted
(the lower limit was experimentally constrained by the exhaust
temperature specifications of the engine). Under these conditions,
NO, emissions were reduced by more than 99% relative to con-
ventional air combustion, while CO and uHC were reduced by up
to 89%. Experimental results also showed a reduction of up to 9
percentage points in GIE compared to conventional combustion,
mainly due to slower combustion and the lower specific heat ratio
of the mixture.

The main drawback of OFC is the aforementioned gross indi-
cated efficiency reduction, which can reach up to 9 percent-
age points. However, there is room for efficiency improvement
through design-oriented strategies, such as increasing the com-
pression ratio to enable approximately 5 percentage points of re-
covery and reducing the final efficiency penalty to about 3%-4%.
OFC-ICE can be regarded as a promising transitional solution
for decarbonization, combining the maturity of ICE technology
with CO, capture. However, further work is required to fully
evaluate its viability. Experimental validation should be extended
to a wider operating range, including higher loads and multi-
cylinder configurations, and the combined effects of compression
ratio, dilution strategy, and intake temperature should be assessed
experimentally.
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