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A B S T R A C T

An oxycombustion spark-ignition engine coupled to an O2 production cycle based on a mixed electronic-ionic
ceramic-type membrane is studied in this paper. The exhaust gases drive oxygen production through a heat
exchanger network and a set of turbochargers. Initially, a study at medium speed is carried out to determine
the influence of the oxygen concentration and the engine compression ratio on the system performance. A
16.3% of fuel consumption reduction is reached when 30% of O2 mass fraction and an engine compression
ratio of 20 are implemented when compared with conventional engine operation. Then, a full load study
in a wide range of engine speeds is performed, where a maximum fuel consumption reduction of 21% is
obtained at high speed (5000 rpm) comparing with conventional engine operation. The study shows the whole
cycle has demonstrated promising performance parameters at different working conditions (O2 mass fraction,
compression ratio, engine load and speed).
1. Introduction

The different regulations related to automobile pollutants and green-
house gas emissions have generated efforts in different spheres to
develop technologies that allow the imposed standards. In the European
Union (EU) exists the 2030 climate and energy framework, whose key
targets are to reduce by 40% the greenhouse gas emissions compared
with the 1990 levels, have a 32% share of renewable energies and im-
prove by 32.5% the energy efficiency of the European industry [1]. This
framework was proposed according to the international commitments
in the Paris Agreement, formally ratified in 2016 by the EU [2].

In this sense, some standards, such as the European standard emis-
sions (EURO standards), appear to gradually reduce the emissions of the
new vehicles sold in the UE territory. In Table 1, it is seen the proposed
limits for the last European regulation (EURO 7) for pollutant emissions
in engines, released in November 2022.

In this context, different strategies to reduce the produced pollution
by vehicles have been studied, among which oxycombustion is found to
be one of the most promising alternatives to be applied. Oxycombustion
consists of burning fuel in an atmosphere of oxygen combined with
recycled exhaust gases to control the combustion temperature, which
changes the typical combustion process of air, eliminating N2 from the
reaction [3].

According to [4], two main benefits of oxycombustion can be ap-
plicable when applied in vehicle engines: First, the heat losses are
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reduced due to the elimination of bulk N2 that is heated up during the
combustion and cooled down at the exhaust. Since only recycled gas is
used to control the combustion temperature, the mass of flue gases is
reduced, decreasing the heat losses. Second, a near-zero emission sys-
tem can be achieved. By eliminating N2 from the combustion process,
the presence of NOx in the exhaust gases is almost eliminated. Also, a
CO2/H2O composition of exhaust gases is obtained, where water could
be condensed for CO2 sequestration.

In internal combustion engines, oxycombustion has been studied in
diesel and gasoline engines of different sizes and applications. Oper-
ating parameters such as oxygen and exhaust gas recirculation (EGR)
concentration, water injection, compression ratio, or supplement fuels
are varied to achieve a good engine performance with low emissions.

In the study performed by Wu et al. [5], a 125 cm3 single-cylinder
spark-ignition engine is studied under oxycombustion with different
EGR concentrations and water injection. The compression ratio is 9.2,
and the fuel used is propane. A maximum efficiency increase of 9.4%
(32.1% to 41.5%) is achieved. Thermal efficiency decreases only when
high amounts of water and relatively high EGR concentrations are im-
plemented because flame propagation is affected. Also, water injection
temperature is important due to the reduction of the extracted energy
for evaporation.

The HCCI mode under oxycombustion is studied by Kang et al. [6],
where an 800 cm3 single-cylinder engine is used, with a compression
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Table 1
Regulation Euro 7 for engines. Maximum allowed
values for certain pollutants [7].

Light duty

NOx [g km−1] 0.060
PM [g km−1] 0.0045
CO [g km−1] 0.500
HC [g km−1] 0.100

Heavy duty

NOx [g kW−1 h−1] 0.090
PM [g kW−1 h−1] 0.008
CO [g kW−1 h−1] 0.200
HC [g kW−1 h−1] 0.400

ratio of 17 and n-heptane as fuel. At these conditions, the CO2 addition
n the combustion reaction significantly impacts the process due to
ts higher specific heat ratio compared with air and the limitation
f flame propagation. In the study, using 15% of CO2 extends the

combustion duration in 11° compared with using pure oxygen and 8°
when compared with conventional combustion. It was also found that
water injection at high temperatures and pressure can control abnormal
combustion and improve thermal efficiency.

A four-cylinder compression ignition engine with a compression
ratio of 17 and using diesel as fuel is studied in Tan et al. [8]. The
engine is tested at 600 rpm to 800 rpm at idling and part-load condi-
tions. Different combinations of oxygen, nitrogen, and carbon dioxide
are implemented as working gas for combustion. The authors found
that increasing the oxygen concentration contributes to improving the
combustion efficiency and increasing the total emissions. However,
when the engine uses an O2/CO2 atmosphere, NOx emissions are elim-
inated, with the benefits of a high combustion efficiency as oxygen
concentration increases.

Oxycombustion mode was examined by Van Blarigan et al. [9]
using a spark ignition engine with a compression ratio of 17, where
an optimal oxygen concentration was determined. Maximum thermal
efficiency of 24.2% is achieved, which is 7.2% lower when compared
with the conventional operation. This difference is explained due to the
reduced ratio of specific heats of the working gas when oxycombustion
is implemented.

A HCCI engine under different O2/CO2 proportions at the intake and
onsidering distinct load levels is studied by Mobasheri et al. [10]. A
-cylinder 4-stroke diesel engine of 2000 cm3 and a compression ratio of
8.2 is used, operating at 2000 rpm. Here, the volumetric oxygen con-
entration varies from 17% to 23% at different fuel-injected amounts.
igher oxygen concentrations help shorten the ignition period and the
ombustion duration, resulting in a higher temperature and pressure in
he cylinder. In this case, an increase of thermal efficiency of 11.8% is
chieved when the O2 concentration is increased from 17% to 23% at
ow loads.

Regarding water injection, Yu et al. [11] studied an internal com-
ustion rankine cycle (ICRC), an oxycombustion engine with water
njection at the cylinders. An oxygen/carbon dioxide mixture is the
orking gas, setting the oxygen concentration at 40%. Optimizing
ariables such as water mass flow and injection timing and pressure, an
nhancement of 7.8% is obtained in indicated work. On the other hand,
u et al. [12] performed a similar study in an ICRC using a 125 cm3

I single-cylinder engine fueled with propane. When water injection is
onsidered, an increase of 23% is achieved.

The effect of the compression ratio on an engine performance
nder oxycombustion mode is studied by Gao et al. [13] under similar
onditions used in the works of Wu et al. [5,12], emphasizing in the
ompression ratio effect. As it is expected, increasing the compression
atio (from 9.2 to 14 in this study) improves the engine thermal
fficiency by 4.9%. However, when water is injected, the mass incre-
ent during the expansion and the reduction of the in-cylinder gas
2

eat capacity helps increase the engine performance even to 22.4%,
s the tendency of knocking is avoided due to decreasing the flame
ropagation and in-cylinder temperature.

On the other hand, Wu et al. [14] examined ethanol and gasoline as
uel supplements in a diesel engine, in which oxycombustion is imple-
ented for pollutant gas reduction. Different conditions are studied,

inding that adding both supplementary fuels is beneficial to reduce
Ox, CO2, and smoke emissions. No information about the effects of

fuel consumption is found in the publication.
However, these studies show that the oxygen source for combustion

is pressurized bottles, increasing the costs of applying oxycombustion
technology if applied in conventional vehicles. Considering this, oxygen
production in situ during the vehicle operation is required, allowing an
autonomous system in oxycombustion mode. In other words, a method
for air separation is demanded, where high-purity oxygen is obtained
to be mixed with EGR and driven into the engine intake.

Currently, the most feasible method for air separation is Cryogenic
Air Separation (CAS), where fractional distillation of air at low temper-
ature and pressure is performed, and the different air components are
separated according to their boiling temperature [15]. However, it is a
highly energy-intensive separation method whose energy consumption
could represent between 10% to 40% of the gross output in an oxy-
uel combustion plant. Also, it requires a multi-column process with air
ompression, which implies a significant amount of mass and volume
hat is not feasible in automobile applications [15].

Considering this, mixed ionic-electronic conducting (MIEC) mem-
ranes arise as a promising method for air separation in oxy-fuel
ombustion applications. MIEC membranes are a type of dense mem-
ranes in which oxygen ions are diffused through the membrane via
attice vacancies or interstitial sites under an oxygen chemical potential
radient across the membrane, achieved when the operating conditions
re high temperatures (700 °C to 1000 °C) and gradient pressures (1-

2MPa at feed side, vacuum pressure at permeate side) [16]. Compared
with CAS, this technology has an oxygen selectivity of 100%, lower
energy consumption, less initial investment, and is easily integrated
into industrial processes [16].

MIEC membranes for oxygen production have been studied in ap-
plications concerning oxycombustion for power plants and industrial
processes [17–19], where the energy penalty for using CAS is reduced
as it is replaced by membrane-based oxygen production. For example,
Portillo et al. [19] studied the performance of a power plant with
a gross output of 860MW, where the conventional operation is com-
pared with the oxycombustion mode considering two alternatives of
oxygen production, cryogenic and MIEC membranes. Compared with
the conventional operation, a 7.6% of net thermal efficiency is reduced
when the cryogenic method is used, while a 2.5% reduction when
the best membrane case is evaluated, demonstrating a better energy
performance.

Regarding MIEC membrane application for oxygen production in
engines, there are a couple of studies regarding coupling a membrane-
based cycle for oxygen production to an engine for oxy-fuel combustion
operation. Serrano et al. [20] studied the feasibility of coupling an
oxygen production cycle to a 2.2 l, compression ignition engine where
two different EGR control systems are assessed. When compared at high
engine speeds with the conventional operation, the proposed engine
configurations for oxy-fuel combustion exhibit similar brake power and
indicated efficiencies, while higher differences for fuel consumption
are found for low speeds (more than 10% for oxy-fuel configuration)
but reaching an increase of 30% for brake power. Additionally, it is
worth mentioning that this configuration is suitable for CO2 capture,
according to the authors.

On the other hand, Novella et al. [21] studied a 1.3 l spark-ignition
engine coupled with a membrane-based oxygen production cycle, com-
paring its performance with the conventional operation of that engine.
For the same brake power, the oxycombustion mode performs better
at high speeds because of the increasing equivalence ratio in con-

ventional operation to reduce the exhaust temperature and protect
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Fig. 1. Spark ignition engine working by oxy-fuel combustion means and in situ oxygen production.
the turbogroup integrity. This additional fuel is not necessary under
oxycombustion mode due to the presence of heat exchangers that assure
acceptable temperatures for these elements. It was also found that 50%
of the burnt fuel energy is recovered in the heat exchanger network and
turbochargers for oxygen production at the membrane. The paper also
concludes with the proposal of increasing the compression ratio before
detonation, finding it an attractive method to improve performance.

This paper evaluates the effect of the oxygen concentration at the
intake and the compression ratio of the cylinders in a spark-ignition
engine working under oxy-fuel combustion with oxygen production in
situ using a MIEC-type membrane. The motivation of this work is to
test the feasibility of operating a reciprocating engine using gasoline
as fuel but with zero tailpipe emissions, which is expected to have
clear advantages against other alternatives, such as battery-electric
powerplants, in terms of the overall specific energy of the system.
The authors considered a similar heat exchanger network as the one
proposed in Serrano et al. [20] to increase air stream temperature to
feed the membrane, where the thermal energy of different gas flows
within the system is exploited.

First, this study examines the influence of the oxygen mass fraction
at the intake and the compression ratio at medium engine speed as
reference. Several variables are considered for the analysis, such as
the brake-specific fuel consumption (BSFC), the temperature at the
exhaust manifold, cylinder pressure and temperature and turboma-
chines performance, explaining its variation in terms of the combustion
nature, in-cylinder variables and the controllable variables as turbine
and valves openings.

This parametric evaluation works as a proof of concept, where the
different oxygen concentrations and compression ratios are assessed
to determine its operative viability. Both parameters are modified due
to lacking criteria to acknowledge the correct direction for designing
a feasible system. It is possible that some oxygen concentrations are
not viable in terms of fuel consumption, engine integrity, or energy
availability to operate oxygen production. Conversely, as a different
type of combustion is presented, the compression ratio selection could
not be the same as for conventional operation.

Then, the optimum conditions for oxygen concentration and com-
pression ratio are used to study the behavior of the system in a wide
range of engine speeds, comparing its performance with the conven-
tional operation. The final objective is to demonstrate whether the
system is feasible in terms of performance and energy efficiency, as
well as in the integrity of the system components, which are critical
for propulsion systems.
3

2. System description

The configuration of the studied system is shown in Fig. 1, which
consists of the coupling of two different cycles working together to
operate the engine in oxycombustion mode. This design is based on
the patent described in Arnau et al. [22]. First, there is a modified
Brayton cycle, which is used to produce a nitrogen-free oxygen stream.
In this cycle, atmospheric air is driven by two intercooled stages of com-
pressors (3 and 5). Then, the air goes into a series of heat exchangers
to recover thermal energy from different streams of the system: First,
the air flow is split into two streams to recover energy in 6 and 7
(Fig. 2) from cold exhaust gases and O2/EGR gases respectively; then,
the air is rejoined and heated up in 8 (Fig. 2) by hot oxygen-depleted
gas that comes from the membrane; finally, it exchanges energy with
hot O2/EGR and exhaust gases in 9 and 10 (Fig. 2). After all of these
heat-exchanging processes, the air goes into the membrane with high
temperature and pressure conditions for the optimum performance of
the MIEC membrane.

In the membrane (11 at (Fig. 1)), there is a mass exchange where
the amount of oxygen in the air of the feed side is reduced, leaving an
oxygen-depleted gas composed mainly of nitrogen and residual oxygen.
This stream is also at high temperature and pressure conditions, which
is used as an energy source for two expansion stages (12 and 14 at
(Fig. 1)) that drive the air compressors and, finally, heat the air in 8
(Fig. 2).

On the other hand, (Fig. 1) shows a power cycle that consists of a
spark-ignition engine whose exhaust gases are firstly used in 10 (Fig. 2),
a high-temperature heat exchanger, and then they are split into two
parts: First, there is a part of these exhaust gases that goes through a
turbine (22). This turbine controls the amount of EGR that is moved
to sweep the membrane on its permeate side (and the oxygen mass
fraction at the engine intake as a consequence) by changing its opening:
When the turbine is more open, more exhaust gases go through the
turbine, leaving less mass flow to the permeate side of the stream
division. The outlet turbine gases are finally used to take advantage of
its high temperature by increasing the air temperature in 6 (Fig. 2) and
reheating the oxygen-depleted gas between the two expansion stages in
13. The other part of the exhaust gases is used to sweep the membrane
to reduce the oxygen partial pressure on the permeate side.

In the membrane, the exhaust gases stream obtains oxygen in a mass
exchange with the atmospheric air on the feed side, leaving a high-
temperature gas composed of carbon dioxide, water vapor, and oxygen
(O /EGR gas). To take advantage of this energy and to reduce the
2
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Fig. 2. Heat exchanger network adapted from the work by Serrano et al. [20].
gas temperature that will finally go to the intake engine, the O2/EGR
gas heat up the air in a high and low-temperature heat exchanger (9
and 7, respectively, as shown in Fig. 2) to be cooled in 16 (Fig. 1)
to assure a temperature of 85 °C at the intake, avoiding significant
amounts of liquid water at the intake. Then, the O2/EGR gas goes
through a compressor driven by element 22, considering potential
energy recovering to increase the gas density and, therefore, the engine
volumetric efficiency. Finally, the O2/EGR gas comes into the engine to
react with the fuel in an Otto cycle, completing the cycle of the engine
part of the system.

3. Methodology

The effect of different oxygen concentrations and the compression
ratio of the cylinder is studied in an oxycombustion engine with oxygen
production in situ by membrane means. Oxygen mass fractions at the
intake between 28%–32% are examined, while the compression ratio
of the cylinders is varied between 9.6–20. These oxygen concentration
ranges are selected due to the findings made in the studies by Serrano
et al. [23,24]. They reported that EGR (mainly CO2) concentration
limits the engine operation due to its effects on combustion stability and
flame temperature, finding EGR intake concentrations limits between
67% to 75%. Lower values than 67% generate thermal risks in the
combustion chamber and the exhaust line, while higher values than
75% lead to combustion instabilities. For this reason, this study has a
limited oxygen concentration (and EGR as a consequence). The effect
of replacing N2 with CO2 as a bulk gas will be further explained in
Section 4.2.1. On the other hand, for the evaluated compression ratio
range, the CFD methodology from the studies mentioned above has
been validated with their experimental campaign performed firstly and
then used to demonstrate that a superior limit of 20 is found for
knocking appearance, using these results to adjust the used combustion
models in the present paper.

The baseline is obtained using a 1.3 L turbocharged and direct-
injection spark-ignition engine, modeled and experimentally studied
while operating in conventional mode. For oxycombustion mode mod-
eling, a 0D/1D software called VEMOD (Virtual Engine Modeling) [25]
is used considering realistic combustion laws where EGR effects are
considered. Additionally, some assumptions, simplifications, and lim-
itations are considered in this study.

3.1. Engine specification and benchmarking

In Table 2 are enlisted the specifications of the studied engine.
First, the conventional mode performance of the engine is obtained
by Serrano et al. [26] where a methodology to analyze the impact on
the performance of spark-ignition engines of variable geometry turbine
technology, assessing the full load performance of the engine, obtaining
torque and brake specific fuel consumption data. These experimental
4

Table 2
Specifications of the studied engine.

Type 4-cylinder 4-stroke spark ignition

Valves per cylinder 4
Bore [mm] 72.2
Stroke [mm] 81.35
Compression ratio [-] 9.6
Displacement [cm3] 1332
Connecting rod length [mm] 128.128

Table 3
Fuel characteristics used in the study.
Type Gasoline

Formula CH1.992O0.016
Heat value MJkg−1 42.399
Density kgm−3 730.3

data are considered a baseline, where the simulations aim for the same
power value for each studied engine speed in oxycombustion mode.

Additionally, the reference fuel characteristics used by Serrano
et al. [26] and in the present study are enlisted in Table 3.

3.2. Computational tool and implemented models

A software developed in CMT–Motores Térmicos called VEMOD
(Virtual Engine Modeling) [25] is used to do the calculations in this
study. This is a 0D/1D modeling software that was primarily developed
to assess engines but could currently be used to model different indus-
trial cycles. VEMOD has been used successfully to calculate energy flow
in engines, as well as thermodynamic conditions in several studies as
found in Olmeda et al. [27], Serrano et al. [20] or Arnau et al. [28].

For this engine operating in oxycombustion mode, submodels of
coolers, heat exchangers, pipes and engine cylinders are implemented,
as well as turbochargers calculations and combustion laws. Energy
and mass balance calculations are performed for coolers and heat
exchangers, assuming a 0D modeling. Euler fluid dynamics equations
are considered for pipes solved in 1D by a finite-volume approach.
On the other hand, Colebrook–White and Colburn correlations are
implemented for friction and heat transfer calculations.

For the engine cylinder, a 0D modeling is performed, where heat
transfer calculations are made using modified and calibrated versions
of the Woschni equation. To model turbochargers, characteristic curve
data is used to calculate during the simulations, implementing inter-
polating and extrapolating methods described in Serrano et al. [29],
Payri et al. [30] and Galindo et al. [31,32], and friction and heat losses
calculations as can be seen in Serrano et al. [33–36]. Finally, the model
described in Catalan et al. [37] is used to model the oxygen mass flow
through the MIEC membrane implemented in the simulation, which is
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calculated at isothermal conditions. Each side (feed and permeate) is
also considered a 0D element.

A Wiebe-type function is imposed during the engine calculations
to determine the heat released in the cylinder during the combustion
process, depending on EGR and spark timing conditions. The param-
eters of the Wiebe function as duration, shape form and the start
of combustion (SOC) are obtained by considering the study made in
Serrano et al. [24], which was performed using experimental and CFD
methods, as well as 0D-1D thermochemical modeling under oxycom-
bustion conditions with different O2/EGR proportions. This is widely
explained in Appendix B.

3.3. Simplifications

The following simplifications are taken into consideration to sim-
plify the performed calculations for oxycombustion mode operation of
the engine:

• A constant effectiveness of 95% is assumed for all the heat ex-
changers to determine the necessary transfer of thermal energy in
each step of air heating. This efficiency value is chosen according
to Komminos and Rogdakis [38].

• Outlet air temperature from coolers is set at 25 °C, as well as the
ambient conditions.

• Pressure drops of heat exchangers and coolers are negligible.
• Energy consumption of auxiliary elements is considered part of

the engine mechanical losses and is included in a general model
of the 1.3 l engine friction losses.

• For air, a mass fraction of 77 %N2/23 %O2 is used

.4. Engine control and optimization

For the oxygen production cycle, the global turbocharger efficiency
s optimized by changing the position of the stator vanes of the turbines
y maximizing Eq. (1):

total = 𝜂LP turbine ⋅ 𝜂LP compressor ⋅ 𝜂HP turbine ⋅ 𝜂HP compressor (1)

Additionally, the performance of the power cycle is optimized by
inimizing brake-specific fuel consumption. This is achieved by chang-

ng the spark timing of the combustion, considering a maximum in-
ylinder pressure of 15MPa and maximum temperature of 3000K as a
estriction due to mechanical limitation of the experimental facilities
here the combustion laws were obtained.

On the other hand, the O2/EGR proportion at the engine intake is
ontrolled by changing the position of the stator vanes of the turbine
n the exhaust line (element (22) in Fig. 1). As this turbine changes its
tator vanes position, the amount of EGR gas driven through the turbine
aries, modifying the sweeping gas that goes into the membrane.

Finally, the engine power output for each calculated point of op-
ration is controlled by using a throttle valve (element 2 in Fig. 1)
pstream of the low-pressure compressor in the air line. This controls
he amount of air that goes into the membrane, which controls the
mount of O2 permeated through the membrane. As an equivalence
atio of 1 is maintained, this strategy helps to ensure the required
ower output. It must also be mentioned that this valve does not affect
he pumping losses of the engine because this throttling is not directly
ocated in the cylinders’ intake.

.5. Turbocharger selection

The geometry and performance maps of the turbomachines consid-
red in this study are obtained from a typical commercial off-the-shelf
COTS) turbocharger implemented in a spark ignition engine. The main
etails of this turbocharger can be found in Table 4

According to the inlet conditions of the turbomachines, a scale
actor is implemented for both turbine and compressor, which allows
5

Table 4
Specifications of reference turbocharger.

Turbine

Wheel diameter 37.5mm
Max. reduced mass flow 12.6 kg s−1 K0.5 MPa−1

Max. reduced speed 112.2HzK−0.5

Compressor

Wheel diameter(mm) 40
Max. corrected mass flow 0.14
Max. corrected speed (krpm) 229

Shaft diameter (mm) 6

Table 5
Operation data of the turbochargers during the engine operation.

LP Turbo HP Turbo O2/EGR Turbo

Scaling factor 1.8 0.8 0.8
Turbocompressor eff. [%] 45.2–53.6 51.0–53.1 0.1-35.0
Turbine opening [%] 60 60 8.7-49.5
Turbo speed [krpm] 83–166 193–257 2-163

operating in high-efficiency points for the different engine speeds. For
a specific scale factor, non-dimensional groups are remained constant
to maintain the similarity in the turbomachines, enabling correct scala-
bility. For turbomachine scaling, non-dimensional mass flow and speed
are used, being calculated using Eqs. (2) and (3):

̂ =
�̇�
√

𝛾𝑅𝑇01
𝐷2𝑝01𝛾

(2)

𝛺 = 𝑁𝐷
√

𝛾𝑅𝑇01
(3)

Then, to calculate efficiencies, adiabatic maps are generated for
each turbomachine, being assumed as constant for all the operation
points. Consequently, real efficiencies are determined by calculating
heat transmission and friction losses that depend on the geometric
parameters that are changed due to the applied scale.

The main results are presented in the following section.

4. Results and discussion

4.1. Turbocharger scaling and performance

Operation data and scaling factors of the different turbochargers
that are implemented in the current configuration of the oxycombustion
engine are shown in Table 5

First, it should be mentioned how the low-pressure turbocharger
has a scale factor almost twice of both high-pressure and O2/EGR
turbochargers. This is due to the lower density handled for both turbine
and compressor of this turbocharger, so a higher flow area is required to
drive the demanded air for oxygen production. Higher densities allow
lower flow areas for the high-pressure turbocharger, thus, a smaller
scale value. Finally, to restrict the mass flow through the EGR turbine,
reducing the original turbocharger dimensions is necessary to facilitate
the control of oxygen and EGR proportion in the intake mass flow.
Lower scale values for this turbocharger are not considered because it
is not feasible due to the low commercial availability.

Also, it is shown that efficiencies higher than 60% are achieved
during the operation of the entire system for the turbomachines that
are used to drive the air flow. However, it is important to remark on
the significant differences in efficiencies for the O2/EGR turbocharger,
which respond to the small turbine openings required to reach the
demanded oxygen concentration at the intake. These small openings
lead to a great unbalance between the flow is driven through the
turbine and the compressor, which generates low efficiencies in the
turbomachines.
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Table 6
Engine data at different oxygen mass fractions inlet and cylinder compression ratio - 3000 rpm.

Power (kW) BSFC (g/kWh) IMEP (MPa) �̇�cyl (kW) 𝑃max (MPa) 𝑇𝑚𝑎𝑥 (°C) 𝜆

28% O2

CR 9.6 88.40 280.32 2.87 21.91 13.56 2252 1.000
CR 12.5 88.40 261.62 2.87 21.41 14.88 2199 1.000
CR 15.0 88.40 253.41 2.87 20.63 14.97 2146 1.000
CR 18.0 88.40 248.36 2.87 20.07 15.06 2102 1.000

30% O2

CR 9.6 88.40 280.21 2.87 22.22 13.54 2422 1.000
CR 12.5 88.40 261.46 2.87 21.93 14.94 2378 1.000
CR 15.0 88.40 252.96 2.87 21.24 14.98 2324 1.000
CR 18.0 88.40 247.28 2.87 20.74 15.02 2274 1.000
CR 20.0 88.40 245.10 2.87 20.50 15.03 2245 1.000

32% O2

CR 9.6 88.40 283.41 2.85 21.65 12.23 2517 1.000
CR 12.5 88.40 263.62 2.86 21.93 14.24 2499 1.000
CR 15.0 88.40 254.01 2.87 21.87 15.08 2460 1.000
Conv. L0.861 88.40 292.94 2.81 17.16 9.56 2293 0.861
Conv. - L1 75.99 248.03 2.44 16.89 8.56 2390 1.000
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4.2. Cylinder compression ratio and oxygen mass fraction effect

This section will study the effect of using different compression ra-
tios and oxygen mass fractions at the intake manifold in a spark-ignition
engine operating in oxycombustion, considering the conventional op-
eration as a reference. For this purpose, a comparative analysis of the
engine operation at medium speed (3000 rpm) and full load between
the oxycombustion and conventional mode is performed. For the con-
ventional mode, two different operation strategies are exhibited in this
study: first, decreasing the air-fuel equivalence ratio that allows the
reduction of the exhaust temperature. This strategy does not affect the
power output but increases fuel consumption and pollution. Second,
the stoichiometric combustion ratio is maintained in the cylinders. In
the latter strategy, the turbine opening is increased to reduce the air
mass flow and pressure at the intake manifold, reducing the exhaust
temperature and the power output. These strategies are required to pro-
tect the turbocharger turbine. For oxycombustion mode, stoichiometric
combustion is performed, assessing oxygen mass fractions between
28%–32%, while the engine compression ratio varies between 9.6–20.

4.2.1. Oxyfuel combustion engine
It is noted in Table 6 that for each intake oxygen mass fraction

examined, an increase in the engine compression ratio brings an im-
provement in fuel consumption, as is expected for a typical Otto cycle.
The maximum fuel consumption reduction is exhibited at 30% O2,

here a decrease of 12.5% is found when the compression ratio reaches
ts higher value.

On the other hand, a maximum compression ratio of 20 is reached
t 30% O2. In contrast, at 32%, the maximum compression ratio im-
lemented is 15, considering the restriction of 15MPa in the cylinder.
dditionally, for a constant compression ratio, the maximum tempera-

ure at the cylinders increases as the oxygen mass fraction rises due to
ncreased in-cylinder reactivity. A maximum temperature higher than
500 °C is found at 32% of oxygen mass fraction and a compression
atio of 9.6, being a reasonable value as the in-cylinder temperature
estriction is considered.

When these results are compared with the fuel enrichment strategy
n conventional combustion, it is seen that fuel consumption is lower for
ll oxycombustion cases, keeping the same power output. On the other
and, when the stoichiometric air-fuel ratio is kept, a compression
atio higher than 18 is required in oxy-fuel mode to match the BSFC.
owever, a reduction of 14% in the power output is obtained for

his operation in conventional combustion. Also, the values of in-
ylinder pressure for the oxycombustion mode are higher, even when
he comparison is made for the same engine compression ratio.
6

e

In addition, considering the thermodynamic conditions at intake
nd exhaust manifolds shown in Table 7, an increase in the intake
nd exhaust pressure is seen as the compression ratio and the oxygen
ass fraction are reduced. In addition, the pumping losses (represented

n the PMEP) decrease as the compression ratio and the oxygen mass
raction are increased. Moreover, it is naturally expected that higher
xygen mass fractions and lower compression ratios lead to higher tem-
eratures in the exhaust manifold. In this study, the higher temperature
s found at 32% and the original compression ratio, with a value of
170 °C.

The variation of the O2/EGR turbine opening is also displayed
according to the oxygen mass fraction demanded, leading to a greater
effective area at the turbine as more oxygen is required.

When compared with conventional cases, oxycombustion scenarios
exhibit higher exhaust temperatures. Also, the specific heat capacity
ratios of the different O2/EGR mixings are lower than the air at the con-
ventional intake. Finally, it is shown that the highest intake pressure is
found for the conventional case with fuel enrichment, which is reduced
by around 0.4 bar when stoichiometric combustion is performed.

These results are explained when the differences in thermochemical
properties between CO2 and N2 are considered, which affect the behav-
ior of thermodynamic conditions in the cylinders and the combustion
parameters. In Table 8, it is shown the main properties of CO2 and N2
that affect the combustion performances.

First, CO2 has a higher molecular weight and density than N2,
which makes CO2 a heavier molecule, affecting the compressing and
umping work. Furthermore, CO2 has a higher heat capacity, leading
o lower combustion temperatures. On the other hand, CO2 also has a
ower thermal diffusivity, and lower mass diffusivity of oxygen than N2,
educing the chemical reaction and heat release rates in the early stages
f combustion. These changes in the chemical reactions decrease the
aminar flame speed when CO2 is the main bulk gas in the combustion
hamber and finally affect the engine performance, as described by
i et al. [40]. The effect of changing N2 for CO2 in combustion is
hown in studies as those performed by Li et al. [40] and Ditaranto
nd Hals [41], where they reported a degradation in the combustion
rocess, increasing its duration and reducing the heat release rate peak
or the examined conditions due to changes in bulk gas thermochemical
roperties.

Also, the specific heat capacities ratio is lower in the whole cycle
or oxyfuel combustion, as Mohammed et al. also reported [42]. The
ifferences in the specific heat capacities ratio at the intake manifold
or this study is seen in Table 7. For Otto-type cycles, this implies a
eduction in thermal efficiency.

However, as stated by Serrano et al. [23,24], no knocking issues are

xpected at high load conditions and advanced spark timings, which
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Table 7
Thermodynamic data at the intake and exhaust manifolds at different oxygen mass fractions inlet and cylinder compression ratio — 3000 rpm.

𝑃int (MPa) 𝑃exh (MPa) PMEP (MPa) 𝑇exh (°C) 𝛾𝑖𝑛𝑡 VGT-O2/EGR opening (%)

28% O2

CR 9.6 0.230 0.247 −0.074 1078 1.312 20.46
CR 12.5 0.216 0.231 −0.067 1034 1.312 20.94
CR 15.0 0.210 0.224 −0.064 1017 1.312 21.20
CR 18.0 0.206 0.220 −0.062 1007 1.312 21.30

CR 9.6 0.213 0.229 −0.071 1118 1.314 25.63
CR 12.5 0.201 0.214 −0.064 1070 1.314 26.09
CR 15.0 0.195 0.208 −0.061 1051 1.314 26.28
CR 18.0 0.191 0.204 −0.058 1038 1.314 26.35
CR 20.0 0.190 0.202 −0.058 1033 1.314 26.34

32% O2

CR 9.6 0.202 0.215 −0.069 1170 1.316 30.48
CR 12.5 0.189 0.202 −0.062 1115 1.316 30.54
CR 15.0 0.183 0.195 −0.058 1087 1.316 30.57
Conv.- L0.861 0.252 0.252 −0.042 870 1.400 ***
Conv. - L1 0.216 0.247 −0.047 931 1.400 ***
Table 8
Comparison of properties between CO2 and N2 at 1000 K, 0.1 MPa.
ource: Adapted from [39].

CO2 N2

Molecular weight [g/mol] 44 28
Density [kg/m3] 0.536 0.341
Heat capacity [kJ/kg K] 1.234 1.167
Thermal diffusivity [m2/s] 1.1e−4 1.7e−4
Mass diffusivity of oxygen [m2/s] 9.8e−5 1.3e−4

allows an improvement in the performance as combustion centering is
more feasible at high load conditions than conventional combustion.

Table 9 shows the combustion parameters of conventional and oxy-
fuel modes for the studied engine. This table shows the combustion
duration, start of combustion (SOC), combustion phasing (CA50) and
spark timing (ST), measured in ° of crank angle after the top dead
center (ATDC). The duration is computed between the crank angles
of 10% and 90% of heat released, and the CA50 is the crank angle
at which half the combustion heat has been released. These param-
eters are computed as a function of several variables, such as the
ignition timing and the oxygen/EGR ratio, as explained by Serrano
et al. [24]. No information about spark timing was recorded during
the experiments for conventional combustion. For oxy-fuel combustion,
greater compression ratios lead to less advanced spark timings as the
in-cylinder pressure increases, and the maximum pressure restriction
must be considered.

Consequently, the start of combustion is delayed, as well as the
CA50, while the duration is increased due to a less efficient combus-
tion process. On the other hand, for a constant compression ratio,
shorter combustion is seen as the oxygen mass fraction increases due
to better reactivity in the cylinder. About combustion phasing, it is
well known that optimum values are expected to be between 6° to
10° after the top dead center. In some cases of this study, the CA50
is quite advanced from this range. Nonetheless, the brake-specific fuel
consumption shows a plateau around the optimum values found. Thus,
moving the spark timing to fit in the mentioned range does not generate
significant changes in fuel consumption.

Faster combustion as the oxygen mass fraction increases leads to a
rapid increment in pressure and temperature, which restricts the max-
imum compression ratio that can be implemented. For 32%, the more
restricted condition is found, where the higher engine compression
ratio is 15. In addition, this also implies that a higher oxygen mass
fraction leads to more delayed combustion to avoid combustion issues
and fast pressure increases.

When comparing oxyfuel and conventional combustion, conven-
tional combustion has shorter combustion duration, as the air has
7

Table 9
Combustion data at different oxygen mass fractions inlet and cylinder compression ratio
- 3000 rpm.

Duration ST SOC CA50
CA90-CA10 (°) (°ATDC) (°ATDC) (°ATDC)

28% O2

CR 9.6 26.42 −37.00 −18.13 1.66
CR 12.5 27.02 −35.00 −16.10 5.40
CR 15.0 27.91 −32.50 −13.98 9.60
CR 18.0 28.46 −30.00 −12.11 12.99

30% O2

CR 9.6 21.49 −32.00 −19.94 3.38
CR 12.5 22.01 −30.00 −17.84 5.40
CR 15.0 22.69 −27.10 −15.16 9.70
CR 18.0 23.58 −24.10 −12.80 12.56
CR 20.0 24.49 −22.00 −11.44 14.09

32% O2

CR 9.6 18.88 −20.00 −12.74 8.50
CR 12.5 19.05 −20.00 −12.78 8.54
CR 15.0 19.76 −18.00 −11.23 9.80
Conv.- L0.861 16.23 *** 6.71 26.50
Conv. - L1 16.44 *** 0.00 24.27

higher reactivity than O2/EGR mixing. However, at the used load
conditions for comparison, a delay in the start of combustion is required
in conventional combustion to avoid knocking issues, affecting the
engine efficiency.

A lower load condition is achieved when stoichiometric combustion
is implemented for conventional combustion, generating lower pressure
and temperature in-cylinder values, thus, reducing knocking problems.
The start of combustion can be advanced, improving engine efficiency,
even when the power output is affected.

These differences in combustion are seen in Fig. 3, where the heat
release law for each evaluated case is exhibited. For oxycombustion
cases, a flattening in the heat release laws can be observed as the
compression ratio increases due to the delay in the spark advance.
Also, higher peaks in the heat release are observed as the oxygen
concentration is increases. At 32% of oxygen mass fraction, it is reached
a heat released rate around 0.15 kJ °−1, which is reduced as the oxygen
mass fraction decreases.

Regarding the thermodynamic variables in the cylinders, Fig. 4
shows the pressure–volume diagram for the studied cases. This figure
clearly shows the effect of the compression ratio on the maximum
pressure for the different cases of oxy-fuel combustion, where the
limitation of 15 MPa is observed as a restriction to not advance the
spark timing. It is also shown how the delayed start of combustion at
conventional combustion leads to lower pressures.
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Fig. 3. Heat release rate variation for different oxygen mass fractions and compression
atios - 3000 rpm.

On the other hand, as a result of both advancing spark timings and
ncreasing the compression ratio, there is a high-pressure area where
ore power output is obtained. Nonetheless, in the expansion process,

he power production is compensated in conventional mode due to a
igher specific heat ratio in the cylinder.

Moreover, a magnified version of the pressure–volume diagram
ocused on the pumping loop is seen in Fig. 5. As stated in Table 8,
he heavier molecule of CO2 increases in the energy required for gas

exchange, which is seen in the figure, where the pumping loop area
is bigger for oxycombustion cases than conventional ones. Also, as the
compression ratio is reduced, the pumping loop is obtained at higher
pressures with a greater area, requiring more energy for gas-exchanging
processes.

Then, Fig. 6 exhibits the temperature variation with the crank
angle for the different studied cases. Higher temperature levels are
found in conventional cases due to higher air reactivity, although
there is less oxygen in the intake gases than in oxy-fuel combustion.
Additionally, a greater slope is seen when the expansion process is
8

Fig. 4. Pressure volume diagram for the studied range of oxygen mass fraction and
compression ratio - 3000 rpm.

performed due to a higher heat-specific ratio of the in-cylinder gases for
conventional combustion, which finally reduces the temperature at the
exhaust valve opening, resulting in a lower mean exhaust temperature
in conventional cases.

Finally, Fig. 7 shows the trapped mass for each cylinder as a
function of the crank angle. When the compression ratio increases,
the engine performance is improved, for which less fuel is required to
produce the same power, and, as a result, less oxygen is demanded.
This leads to a lower trapped mass in the cylinders when the oxygen
mass fraction remains constant.

On the other hand, for a constant compression ratio, as similar fuel
consumption is achieved for the same power, almost the same amount
of fuel and oxygen are required for each oxygen mass fraction. For
this reason, as the oxygen mass fraction is greater, less trapped mass
is demanded at similar oxygen amounts.

Considering the latter, the trapped mass variation is achieved by

changing the intake density as the intake pressure is reduced; as for
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Fig. 5. Pumping loop diagram for the studied range of oxygen mass fraction and
compression ratio - 3000 rpm.

all the evaluated cases, the engine has the same displacement for each
cylinder.

For this, in the conventional cases are found the higher trapped
mass, as the oxygen mass fraction in the air is around 23%, lower than
the evaluated oxycombustion cases. Consequently, the highest pres-
sures at the intake and exhaust manifold are found in these scenarios.
For the stoichiometric case in conventional mode, as a power reduction
is required, there is lower trapped mass and, then, lower manifold
pressures.

With this said, it is observed a balance for an oxygen mass fraction
of 30% where there is a trade-off between combustion parameters:
Comparing with 28% of oxygen, there is a delay in the optimum spark
advance. However, due to the higher reactivity of the 30% cases, there
is a decrease in the lag between the spark timing and the start of
combustion, achieving earlier starts of combustion when comparing
constant compression ratios.

On the other hand, compared with 32% of oxygen, there is a longer
combustion duration at 30% cases. Nonetheless, due to the higher
reactivity at 32%, the spark advance is performed quite later, leading
9

t

Fig. 6. Temperature variation as a function of the crank angle for the studied range
of oxygen mass fraction and compression ratio - 3000 rpm.

to a delayed start of combustion and affecting the engine performance.
This high reactivity in 32% carries a faster increase in the in-cylinder
ressure and temperature as the combustion duration is relatively
hort. For this reason, higher in-cylinder pressures are reached faster
n this case as the compression ratio is incremented, where a limit of
5 is found. Higher compression ratios are restricted, considering the
aximum pressure limit in the cylinders and the available range for

park advance at this oxygen mass fraction to avoid combustion issues.
Furthermore, for 28% of oxygen, as it is the lower oxygen mass

raction in this study, a higher trapped mass is required to obtain the
xygen needed for power production. Consequently, a higher intake
ressure is needed, favoring a higher in-cylinder pressure as the com-
ression ratio increases, where a limit of 18 is found in this study. In
his sense, there are favorable conditions at 30% for the combustion
nd manifold conditions, allowing a compression ratio of 20, achieving
he best performance for the studied cases.

Finally, when both combustion modes are compared, it is seen
hat the primary sources of the consumption differences are the fuel



Energy Conversion and Management 284 (2023) 116973J.R. Serrano et al.

r

e
d
a
p
a
f

4

c
a

m
r
r
h
f

Fig. 7. Cylinder trapped mass variation as a function of the crank angle for the studied
ange of oxygen mass fraction and compression ratio - 3000 rpm.

nrichment in the conventional mode and the start of combustion
elaying to ensure stability, which can even be after the top dead center
t the expansion stroke. However, when stoichiometric combustion is
erformed, the power decrease required to reduce the exhaust temper-
ture also allows an advance in the start of combustion, favoring the
uel consumption in the engine.

.2.2. Oxygen production cycle
This section explains the performance of the oxygen production

ycle coupled to the engine operation as the oxygen requirements and
vailable energy vary according to the operation point.

In Table 10 is seen the variation of the air conditions at the
embrane inlet for the different oxy-fuel cases. As the compression

atio increases, the exhaust manifold temperature lowers, and the
ecoverable energy to heat the air decreases. This explains the reduced
eat exchange to the air line and a lower temperature at the membrane
eed side inlet.
10
Table 10
Air conditions at membrane inlet at different oxygen mass fractions inlet and cylinder
compression ratio - 3000 rpm.

�̇�air (kg/h) 𝑃feed (MPa) 𝑇feed (°C) �̇�𝐻𝐸 (kW)

28% O2

CR 9.6 446.7 0.420 1037 141.2
CR 12.5 421.7 0.392 992 126.9
CR 15.0 410.5 0.381 975 121.2
CR 18.0 403.7 0.374 965 117.8

30% O2

CR 9.6 443.9 0.420 1067 145.2
CR 12.5 419.0 0.392 1019 130.2
CR 15.0 407.5 0.380 1000 124.0
CR 18.0 399.9 0.372 987 119.9
CR 20.0 397.1 0.369 982 118.5

32% O2

CR 9.6 445.6 0.426 1111 152.3
CR 12.5 419.7 0.396 1056 135.4
CR 15.0 407.4 0.382 1028 127.5

Table 11
Membrane operation at different oxygen mass fractions inlet and cylinder compression
ratio - 3000 rpm.

𝑝feed,O2
∕𝑝perm,O2

(-) 𝑇memb (°C) �̇�O2
(g/s) 𝜂memb (%)

28% O2

CR 9.6 1.142 1020 22.97 81.77
CR 12.5 1.158 975 21.44 81.03
CR 15.0 1.168 958 20.75 80.64
CR 18.0 1.172 948 20.35 80.42

30% O2

CR 9.6 1.121 1043 22.95 82.63
CR 12.5 1.140 996 21.42 81.68
CR 15.0 1.149 976 20.71 81.25
CR 18.0 1.155 963 20.26 80.96
CR 20.0 1.157 959 20.08 80.83

32% O2

CR 9.6 1.106 1077 23.22 82.98
CR 12.5 1.125 1023 21.60 81.98
CR 15.0 1.136 996 20.82 81.41

At the same time, this reduction in the available energy reduces the
air mass flow and the inlet pressure of air at the membrane, as there is
less energy to drive the turbines that move the air compressors.

However, as was seen in the previous section, the compression ratio
increase improves the fuel consumption in the engine. Considering
the same power output for each studied case, the reduction in fuel
consumption implies less oxygen production at the membrane for the
combustion in the cylinders. This is seen in Table 11, where there is a
reduction in oxygen production at the membrane as the compression
ratio increases.

On the other hand, it is also seen an increase in the mean oxygen
partial pressure ratio, the driving force of the oxygen diffusion through
the membrane. As the temperature is reduced, the oxygen permeation
is less favorable. The oxygen partial pressure at the feed side outlet
increases as less oxygen is permeated, leading to a higher mean oxygen
partial pressure at the feed side. Additionally, on the permeate side,
related to the intake and exhaust manifold conditions, the pressure is
also lower, reducing the oxygen partial pressure at the permeate side.

These effects are clarified in Fig. 8, where the operation points of
the different studied cases are depicted over a membrane map with
different isolines of production.It is seen how higher compression ratios
lead the membrane to work at lower temperatures and higher oxy-
gen pressure ratios while oxygen production is reduced. Additionally,
it could be remarked that the effect of the oxygen mass fraction,
whose increase generates higher temperatures in the exhaust manifold
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Fig. 8. Membrane map operation at different oxygen mass fractions inlet and cylinder compression ratio - 3000 rpm.
nd, consequently, in the air mass flow at the feed side inlet of the
embrane, improves oxygen production.

Considering this, it is also defined the membrane efficiency as the
atio of the permeated oxygen through the membrane with the oxygen
ass flow brought through the air to the feed side inlet. Operating

t higher compression ratios decreases the membrane efficiency, as it
perates at lower temperatures.

In other words, there is a precise coupling between the operation of
oth power and oxygen production cycles. As the engine efficiency is
mproved, the available energy to drive the oxygen production cycle is
educed, considering a decrease in the exhaust temperature. Therefore,
he air heating is affected, and the air temperature at the feed side inlet
f the membrane is reduced.

Then, there is a reduction in the available energy at the expansion
tages (elements 12 and 14 of Fig. 1), decreasing the mass flow and
ressure at the feed side inlet of air, creating a feedback effect where
he pressure and mass flow reduction implies less enthalpy flow for the
urbines until an energy balance in the turbomachines is achieved.

At the same time, a more efficient engine requires a lower fuel
onsumption for power production by definition, which implies a lower
xygen production requirement. Thus, both phenomena in the system
peration are complementary, obtaining an autonomous system whose
vailable energy for oxygen production matches its needs and achieving
11

higher global system efficiency as the compression ratio increases.
4.3. Full load performance

A full load study is extended at low and high engine speeds, com-
paring the 1500 to 5000 rpm range. For oxyfuel combustion cases, this
section considers the full load calculations operating at 30% of oxygen
mass fraction at the intake, which exhibits the best performance as was
explained, working at a compression ratio of 9.6, which is the original
engine value that works as a reference, and 20, which exhibited the best
performance at medium engine speed (3000 rpm). This is performed
to assess the viability of applying the most feasible conditions found
in the medium-speed study at different engine speed conditions. The
fuel consumption of the different speeds is compared, whose differences
are explained in terms of combustion parameters and thermodynamic
behavior of the in-cylinder gases. Also, the oxygen production cycle
operation is analyzed in these cases to determine ranges in membrane
operation conditions for the studied speed range..

4.3.1. Conventional and oxycombustion comparison
Fig. 9 shows the engine’s power and brake-specific fuel consumption

of the engine working at conventional and oxycombustion modes. For
the conventional case, experimental and simulated data are shown,
while for oxycombustion mode, the results are obtained by simulating
the mentioned conditions.

For power comparison, it is seen how both oxyfuel combustion

cases match the full load power output obtained in the conventional
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Fig. 9. Comparison of full load engine performance at different speeds.

operation, where lines in the figure are overlapped due to this match-
ing. When conventional combustion operation is restricted to stoi-
chiometric, the power at speeds higher than 2000 rpm is reduced
considerably.

On the other hand, for fuel consumption, it is seen that for con-
ventional operation, both simulated and experimental data exhibit
the same consumption trends, where at higher speeds the fuel re-
quirement increases as more fuel enrichment is needed to reduce the
exhaust temperature. However, as stoichiometric combustion is used,
fuel consumption decreases, obtaining the typical trend of an internal
combustion engine working under stoichiometric conditions.

For oxycombustion cases, two identical curves whose displacement
results from the compression ratio increment are obtained. When the
original compression ratio is used in oxyfuel combustion, the fuel
consumption is comparable to the conventional operation when fuel
enrichment is performed, being better at high speeds. Also, when the
compression ratio is varied to 20, the fuel consumption can be com-
pared with the conventional performance using stoichiometric combus-
tion, where the fuel consumption at low and high speeds is better for
the oxycombustion case.

Table 12 shows the primary engine data for low (1500 rpm) and
high (5000 rpm) speeds. In conventional mode, fuel enrichment is not
required to maintain the exhaust temperature for 1500 rpm as seen for
5000 rpm. At low speed, when the compression ratio is kept at 9.6,
fuel consumption is 3.2% higher in the oxyfuel combustion case than
in the conventional one. A considerable difference in the in-cylinder
maximum pressure and similar maximum temperatures are also seen.
When a compression ratio of 20 is considered, a reduction of 10%
in fuel consumption is seen, where the maximum in-cylinder pressure
is near the imposed pressure restriction, and there is a reduction of
approximately 200 °C in the maximum in-cylinder temperature.
12
At high speed, using the original compression ratio, there is a
reduction of 5.9% in fuel consumption for the oxy-fuel combustion case
compared with the conventional case with fuel enrichment. Further,
there is an increment of 15.2% considering stoichiometric combustion.
Also, the pressure in oxy-fuel combustion is considerably higher, while
the maximum temperature is reduced in oxycombustion, as observed
for low speed. In addition, when the compression ratio is increased
to 20, a remarkable reduction in fuel consumption is obtained, with
a decrease of 21.1% compared with the fuel enrichment scenario at
conventional combustion and 3.4% when stoichiometric combustion is
considered. On the other hand, there is a reduction of 30% in the power
output when stoichiometric combustion is implemented at this speed.

Further, variations in thermodynamic conditions at the intake and
exhaust manifolds are shown in Table 13. Higher pressures are seen
at both intake and exhaust manifolds in the conventional case for
both low and high speeds. Also, as liquid water is avoided at the
intake manifold to protect the mechanical integrity of the cylinders,
there are higher temperatures (85 °C) in oxy-fuel combustion mode.
When exhaust temperatures are compared, higher values are obtained
at oxy-fuel combustion (>1000 °C).

These differences can be explained by considering the combustion
parameters differences, as was performed in the medium-speed study.
In Table 14 it is seen the differences in combustion parameters for
low and high speeds are seen. For both engine speeds, it is seen that
combustion duration is shorter for conventional mode (around 50%)
when compared with oxy-fuel combustion. Nonetheless, combustion
delay is required in conventional cases to avoid combustion issues, as
has been explained.

At low speeds, an approximately 30° delay is observed between the
start of combustion of conventional and oxy-fuel combustion, affecting
the combustion centering, thus, the engine performance. For high
speed, it is seen that the power reduction for using stoichiometric
combustion also allows more advanced combustion, which improves
the engine performance. However, a clear difference in the combustion
start still generates a gap in both combustion modes performance
at high speed. The differences in combustion parameters are better
observed in Fig. 10, where combustion differences are explicitly seen.

The differences in in-cylinder thermodynamic variables product
of these combustion variances are also explained. Fig. 11 shows the
pressure–volume and temperature–volume diagrams for low and high
speeds. At low speed, the difference in the start of combustion between
conventional and oxy-fuel combustion modes is remarked in both
diagrams, allowing higher pressures in oxy-fuel.

This effect is not strong at high speed, where more advanced
combustion starts are allowed in conventional combustion, achieving
similar pressure levels compared with oxy-fuel. On the other hand,
for conventional cases, a greater area in the diagram at the expansion
stroke is still observed, similar to medium speed, resulting from a
higher heat-specific ratio, as has been explained. On the other hand, the
T-V diagram exhibits the in-cylinder temperature behavior at low and
high speeds. As a result of a higher heat-specific ratio, greater slopes are
seen in the temperature evolution for the conventional mode, allowing
lower temperatures at the exhaust manifold when valves are opened.

Additionally, the pumping loop of the pressure–volume diagram for
low and high speeds is presented in Fig. 12. A positive pumping loop is
obtained at the conventional low-speed operation mode. In contrast,
a reduced loop area is expected for the slight difference between
manifold pressures in oxycombustion. This explains part of the fuel
consumption divergence at the original compression ratio. Otherwise,
this pumping loop benefit is diluted at high speed, as a negative
loop is presented for both combustion modes with similar working
areas. This behavior in the pumping loop explains the differences in
the PMEP shown in Table 13. For the trapped mass diagram, higher
trapped masses are achieved for the conventional mode due to a lower
oxygen concentration in the air, leading to higher intake pressures, as

explained.
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Table 12
Engine data at low and high speeds - Full load.

Power (kW) BSFC (g/kWh) IMEP (MPa) 𝑃max (MPa) 𝑇max (°C) 𝜆

1500 rpm

Conv. - L1 40.18 268.86 2.51 7.19 2333 1.000
Oxycomb. CR9.6%–30% O2 40.61 277.57 2.56 11.67 2348 1.000
Oxycomb. CR20%–30% O2 40.61 242.13 2.59 14.79 2147 1.000

5000 rpm

Conv.- L0.812 120.07 322.97 2.30 9.86 2265 0.812
Conv. L1 84.35 263.86 1.76 8.57 2447 1.000
Oxycomb. CR9.6%–30% O2 119.28 304.06 2.53 12.16 2326 1.000
Oxycomb. CR20%–30% O2 119.21 254.79 2.51 14.93 2274 1.000
Table 13
Intake and exhaust manifolds data at low and high speeds - Full load.

𝑃int (MPa) 𝑇int (°C) 𝑃exh (MPa) 𝑇exh (°C) PMEP (MPa)

1500 rpm

Conv. - L1 0.247 38.28 0.211 877.6 0.053
Oxycomb. CR9.6%–30% O2 0.200 84.85 0.194 1054.9 −0.007
Oxycomb. CR20%–30% O2 0.178 84.85 0.174 946.3 −0.007

5000 rpm

Conv.- L0.812 0.238 43.36 0.327 867.4 −0.257
Conv. - L1 0.164 34.74 0.231 942.8 −0.163
Oxycomb. CR9.6%–30% O2 0.191 84.85 0.197 1160.16 −0.215
Oxycomb. CR20%–30% O2 0.163 84.85 0.175 1047.45 −0.167
Table 14
Combustion data at low and high speeds - Full load.

Duration (°) SOC (°) CA50 (°)

1500 rpm

Conv. - L1 15.37 15.61 34.23
Oxycomb. RC9.6%–30% O2 21.64 −18.85 4.91
Oxycomb. RC20%–30% O2 23.28 −13.45 11.81

5000 rpm

Conv. - L0.812 16.80 0.28 20.64
Conv. - L1 15.99 −9.50 12.53
Oxycomb. RC9.6%–30% O2 20.95 −21.09 1.90
Oxycomb. RC20%–30% O2 22.67 −14.92 10.14

That said, for low speeds, it is seen that the primary sources of fuel
onsumption differences are in combustion, which is longer for oxy-fuel
ombustion but can be advanced around 30°, compared with conven-

tional, due to its characteristics. Moreover, in conventional mode, a
positive pumping loop is observed, improving the gas exchange and
compensating for the required combustion delay.

The primary sources of fuel consumption differences for high speeds
are the required enrichment to reduce exhaust temperature, which
remarkably harms performance. When stoichiometric combustion is
performed, a notable reduction in fuel consumption is achieved, reduc-
ing the power output. In addition, the combustion characteristics play
an important role, as explained for low and medium speeds.

Finally, it is worth mentioning that, due to oxyfuel characteris-
tics, an increase in the compression ratio can be performed, achiev-
ing promising fuel consumption. Therefore, full load power output is
achieved in this scenario, obtaining comparable fuel consumption as
when stoichiometric combustion is performed in conventional mode,
accomplishing both benefits of conventional combustion scenarios.

4.3.2. Oxygen production cycle performance
In Fig. 13 is shown the performance of the membrane for the

original compression ratio and increased to 20, using 30% of oxygen in
oxy-fuel combustion. As was explained, an increment in the compres-
sion ratio reduces in the exhaust temperature, reducing the available
energy to produce oxygen. This is compensated due to a decrease in
13

fuel consumption, reducing the oxygen needed.
Fig. 10. Heat release law at low and high speed.

For the original compression ratio, the operating temperature of
the membrane is ranged between 918 °C to 1124 °C, while for 20, the
temperature is reduced from 800 °C to 1009 °C, achieving an average
temperature reduction of 100 °C in the whole speed range when the
compression ratio is increased.

At the same time, the reduction of membrane temperature increases
in the oxygen partial pressure, which can be observed in Fig. 13.
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Fig. 11. Pressure–volume and temperature–volume diagrams at low and high speed.
Fig. 12. Pumping loop and trapped mass at low and high speed.
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Thereupon, the turbomachinery performance in all the engine speed
anges is also worth mentioning. For the selected turbomachinery in the
xygen production cycle, it is seen that the operation is performed in a
omfortable zone for both air-driving compressors, being distant from
he choke and surge line and achieving high efficiencies. As mentioned,
here is a lower air mass flow and compression ratio at high engine
ompression ratios. This explains the differences when operating the
urbomachines in the oxy-fuel engine for both studied scenarios. On the
ther hand, the O2/EGR compressor does not offer a remarkable boost
n the intake pressure of the engine for both studied compression ratios.
his results from a noticeable unbalance between the mass flow that
14

oes through the EGR turbine associated with this compressor (element
2 in Fig. 1) and the stream driven by the compressor itself, which leads
o a low efficiency for the whole turbomachine.

The turbomachines performance maps for both engine compression
atios scenarios can be seen in Appendix A.

.3.3. Engine limitations
The authors have identified operation limits regarding the integrity

f components and energy availability for oxygen production. The latter
ection shows that membrane operation is performed at temperatures
igher than 1000 °C for high engine speeds using the original compres-

sion ratio. These temperatures can risk the integrity of the membrane,
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Fig. 13. Membrane operation at engine full load.

ffecting the crystalline structure of the MIEC material and its support.
dditionally, as the outlet streams of the membrane go out at a similar

emperature to the operative one, there is a risk of damaging the
urbomachines. On the other hand, increasing the compression ratio
educes the energy in the exhaust line, which decreases the operating
emperature of the membrane and the turbomachines, leading to a safer
peration for these components.

Moreover, for lower engine speeds than 1500 rpm, there is a consid-
rable reduction in the available energy for oxygen production, which
s seen in this study as lower engine speeds are not presented. There
s not only a reduction of temperature but also a decrease in the feed
ressure and the air mass flow in the oxygen production cycle, affecting
he whole system operation.

The compression ratio can be crucial for the part-load operation to
etermine operative limits. As mentioned, the engine compression ratio
ncrease can benefit turbomachines and membrane integrity. However,
his affects the lower load that can be achieved, as the available
nergy is reduced. Further research must be performed to find energy
vailability limitations at part-load using different compression ratios.
onetheless, a study performed by Serrano et al. [43] shows that a

ystem similar to that of the present paper that uses a compression-
gnition engine can be operated until 50% of the maximum load for
ach examined engine speed. The reduction of the load is explained
ue to the reduction of available energy in the exhaust gases for oxygen
roduction. Comparable results are expected in the system presented in
his study.
15
Finally, it is also seen that increasing the oxygen concentration at
the intake has a remarkable rise in the exhaust manifold temperature,
the operating temperature of the membrane, and the turbomachines.
For the highest oxygen concentration that is studied (32%), it was
found that the room to increment the compression ratio is the most
limited, leading to keeping high temperatures of operation in the men-
tioned components (higher than 1000 °C). On the other hand, the lowest
oxygen concentration (28%) could lead to reduced energy availability
to operate at low speeds and loads. Thus, an oxygen concentration of
30% can balance both effects, where reasonable protection of compo-
nents is obtained, as well as energy availability to operate in a wide
range of loads and speeds.

5. Conclusions

An oxycombustion spark-ignition engine coupled to an oxygen pro-
duction cycle based on a MIEC-type membrane is studied in this paper.
The effect of varying the compression ratio and the oxygen mass
fraction is first studied in both engine and oxygen production cycles
for medium engine speed (3000 rpm), comparing its performance with
the conventional engine operation.

As expected, increasing the compression ratio in oxycombustion
is beneficial for fuel consumption, as expected. However, delaying
the start of combustion is necessary to keep the maximum pressure
limit, reducing the potential engine performance. Additionally, greater
oxygen concentrations enhance the reactivity in the cylinder, reducing
the combustion duration. However, it also demands a delay in the start
of combustion to avoid combustion issues, affecting fuel consumption.

An optimum case at 30% of oxygen mass fraction was found, where
trade-off conditions were identified, allowing the increase of engine
compression ratio to 20 and achieving the best engine performance in
this study.

The main difference between oxycombustion and conventional op-
eration is in bulk gas: CO2 for oxycombustion and N2 for conven-
ional cases. Their physicochemical properties lead to differences in
ombustion and thermodynamical behavior, demanding more delayed
ombustion to avoid instabilities for the conventional scenario and
orse performance in the expansion stroke due to a higher heat-specific

atio for oxycombustion.
For the oxygen production cycle performance, it is seen that increas-

ng the compression ratio implies a reduction in the available energy for
xygen production but also lower fuel consumption and, consequently,
ess oxygen required. Therefore, an autonomous coupled system was
btained, allowing changes in the working conditions and generating
he demanded oxygen according to the power output needed.

In addition, the study is extended by considering the oxycombustion
ngine working at 30% of intake oxygen mass fraction using the
riginal compression ratio (9.6) and 20 at a wide range of engine speeds
1500–5000 rpm), being compared with the conventional operation.

The oxycombustion engine can achieve the full load power values
aken as a reference in both scenarios, showing a sustainable system
rom an energy view in the studied speed range. Using the original com-
ression ratio, the fuel consumption of the oxycombustion engine has
imilar values to the conventional case implementing fuel enrichment,
hile using a compression ratio of 20 has similar fuel consumption to

he conventional case operating with stoichiometric combustion.
That said, the oxy-fuel combustion used in a spark-ignition en-

ine coupled exhibits a promising performance, where reference load
onditions of the conventional mode can be achieved. In addition,
igh compression ratios and advanced spark timings can be operated,
eading to significant benefits in fuel consumption.

Also, an oxygen production cycle based on a MIEC membrane can
e used in the engine operation to fulfill the oxygen requirements by
aking advantage of the exhaust gases energy. This cycle has demon-
trated to be capable of operating in different oxygen mass fractions
nd compression ratios, as well as engine speeds and load conditions.
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Particular attention must be given to the operative limits found in
the study. For high oxygen concentrations and low compression ratios,
good performances have been found regarding fuel consumption. How-
ever, high temperatures (above 1000 °C) are observed in the membrane
and turbomachines in these cases, which can risk the integrity of these
components. On the other hand, limits regarding energy availability
are expected at part-load operation and low speeds, significantly as the
compression ratio increases. A balance for components integrity and
energy availability is expected to be around an oxygen concentration
of 30% at the engine intake.

Further research could be performed regarding the experimental
refinement of the implemented combustion laws for the different com-
pression ratios used in this study to find more realistic limits regarding
combustion parameters and load. On the other hand, modifications in
the heat exchange network can be performed, which allows the reduc-
tion of inlet temperature at critical elements such as turbomachines
and as the proper exploitation of the exhaust gases energy to drive the
oxygen production in a wide range of operation.

In addition, the authors expect to perform studies regarding the
partial load behavior of this engine, searching for operative boundaries,
especially in terms of energy availability. Finally, as the oxycombustion
calculations were performed in stoichiometric conditions to obtain
exhaust gases composed of carbon dioxide and water vapour to fa-
cilitate the carbon capture from the exhaust gases, the coupling of
a carbon capture system is expected to be performed, considering its
thermodynamic implications.

Nomenclature

ATDC After top dead center
𝐵𝑆𝐹𝐶 Brake specific fuel consumption
CA-10 Crank angle where 10% of the fuel heat has been released
CA-50 Combustion phasing
CA-90 Crank angle where 90% of the fuel heat has been released
CAS Cryogenic air separation
CI Compression-ignition engine
COTS Commercial off-the-shelf
CR Engine compression ratio
EGR Exhaust gas recirculation
𝜂 Efficiency
𝜂𝑚𝑒𝑚𝑏 Membrane efficiency
𝛾 Specific heat ratio
HCCI Homogeneous Charge Compression Ignition
HC Hydrocarbons
HE Heat exchanger
HP High pressure
ICE Internal combustion engine
𝐼𝑀𝐸𝑃 Indicated mean effective pressure
𝜆 Oxidizer-fuel equivalence ratio
LP Low pressure
MIEC Mixed ionic and electronic conducting
�̂� Turbomachines nondimensional mass flow
�̇�𝑎𝑖𝑟 Air mass flow
�̇�𝐻𝑃𝑇 Air mass flow through heat exchange network bypass
�̇�𝐻𝑃𝑇 Air mass flow between elements 5 and 12 bypass
�̇�O2

O2 mass flow permeated through the membrane
�̇�∗ Compressor corrected mass flow
𝑁∗ Compressor corrected speed
𝜔 Turbomachines nondimensional speed
𝜋comp Compressor total-to-total pressure ratio
𝑃feed Pressure of the membrane feed flow
𝑃exh Pressure of exhaust manifold
𝑃int Pressure of intake manifold
𝑃max Maximum in-cylinder pressure
16
PMEP Pumping Mean Effective Pressure
PM Particulate matter
𝑝𝑓𝑒𝑒𝑑,O2

Average O2 partial pressure of the membrane feed flow
𝑝𝑝𝑒𝑟𝑚,O2

Average O2 partial pressure of the membrane permeate flow
�̇�cyl Heat released from cylinders to environment
�̇�HE Total heat exchanged by the air mass flow
�̇�HE−9 Heat exchanged in element 9
�̇�HE−10 Heat exchanged in element 10
SOC Start of combustion
𝑇exh Temperature of exhaust manifold
𝑇feed Temperature of the membrane feed flow
𝑇int Temperature of intake manifold
𝑇max Maximum in-cylinder temperature
�̇� Power
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Appendix A. Compressors performance maps

See Figs. A.14 and A.15.
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Fig. A.14. Compressor maps of the oxygen production cycle - CR9.6.

ppendix B. Combustion settings

The laws of combustion implemented in this paper follow the
esults obtained by Serrano et al. [24], where the authors imple-
ented theoretical and experimental tools to study oxycombustion in
spark-ignition engine for different EGR and dilution conditions. In

he mentioned study, an engine test bench is adapted to be supplied
y O2 and CO2 pressurized tanks during the start-up. After the steady
peration is achieved, the CO2 supply is substituted by EGR. In addi-
ion, conventional operation with atmospheric air remains available in
he facilities to obtain performance results and compare both working
odes. The engine test bench layout is shown in Fig. B.16.

Different variables are measured, such as in-cylinder pressure, in-
ake, exhaust pressure and temperature, emissions, and CO2 concentra-
ion at intake. With in-cylinder pressure measurements, global parame-
ers related to combustion as IMEP, combustion phasing and misfiring,
aximum cylinder pressure, cycle-to-cycle variability, and heat release

ate, using the thermodynamic combustion diagnosis tool CALMEC,
hich is an in-house software that has demonstrated validity for this

ype of calculations [44,45].
On the other hand, 0D-1D is implemented to estimate the thermo-

hemical and fluid-dynamic behavior of oxycombustion at different
ilution conditions. These tools are implemented to reduce the ex-
erimental test campaigns, determining theoretical limits regarding
ombustion stability, exhaust temperatures, and indicated efficiency.
17
Fig. A.15. Compressor maps of the oxygen production cycle - CR20.

The 0D modeling for thermo-chemical processes helps to determine
auto-ignition delay, laminar flame speed, and flame temperature for
different mixtures and thermodynamic conditions. This model uses the
chemical kinetic mechanism proposed by Liu et al. [46] based on
primary reference fuel. On the other hand, 0D-1D simulations are used
to compute the fluid-dynamic behavior of the engine working at oxy-
combustion, which is initially calibrated using experimental data shown
by Serrano et al. [23].

Firstly, the oxygen and EGR dilution strategies are evaluated using
0D-1D thermochemical calculations. Different operation points are as-
sessed, establishing limits in terms of the variables determined by the
model. These limits can be seen in Fig. B.17. Due to the complexity
of knocking, a 0D model is not accurate enough to determine its
occurrence. However, determining knocking probability relative to con-
ventional combustion is acceptable for setting operation boundaries.
Therefore, a region delimited with values where the auto-ignition delay
leads to a similar knocking propensity as conventional combustion is
shown in Fig. B.17(a). On the other hand, a minimum laminar flame
of 0.5 m/s is set, which was identified as the value that generates
the longest combustion duration that ensures stable flame progression.
Also, a maximum flame temperature of 3000 K is established as the
limit to ensure engine integrity.

Given the latter, it was found that an operation with nearly stoi-
chiometric combustion and EGR values between 65%–75% is feasible

in a spark-ignition engine, considering that EGR dilution leads to a
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Fig. B.16. Engine test bench used by Serrano et al. [24] in their experiments.
lower oxygen mass rate requirement, demanding less energy for its
production. Also, stoichiometric combustion allows an easier carbon
dioxide separation from exhaust gases. This EGR range is validated
in experimental conditions, where a maximum EGR of 73% can be
reached while maintaining combustion stability and a minimum of
67% to guarantee exhaust gas temperatures that do not endanger the
sensors and engine integrity. This experimental range demonstrates a
reasonable agreement with the 0D-1D study and explains the current
limits of EGR (and oxygen mass fraction as a consequence) and the use
of stoichiometric combustion in the present paper.

On the other hand, different spark timings are studied experimen-
tally in the EGR range established previously. This is performed to
optimize the indicated efficiency for each EGR level and determine
limits regarding knocking and combustion instability. Fig. B.18(a) and
Fig. B.18(b) show IMEP variability and maximum amplitude of pres-
sure oscillations, respectively, to determine combustion instabilities
and knocking issues. It is seen that high EGR leads to combustion
instabilities, as well as requiring advanced spark timings. Additionally,
a low propensity for knocking is exhibited for the whole EGR range,
being under a MAPO equal to 1, considered a safe threshold for
knocking appearance. However, a lightly increasing as the spark timing
is advanced in EGR values higher than 70%.

These results agree with those shown in Fig. B.17(a). An EGR of
around 73% is near the combustion stability threshold, which produces
high variability in the IMEP, risking the stable engine operation. On the
18
other hand, Fig. B.18(b) shows with black stars the operation of conven-
tional combustion at different spark timings. It is seen that the optimum
operation of conventional combustion is above the MAPO limit estab-
lished. This optimum conventional operation was also found near the
region limited by the dashed line for knocking propensity exhibited in
Fig. B.17(a). Additionally, the same figure shows that the region where
oxy-fuel combustion is operated in this study is far from the knock
propensity region (stoichiometric combustion and EGR between 67%–
73%). This agrees with the considerable difference in MAPO between
conventional combustion (around 5) and oxycombustion (under 1).

The explained experimental campaign was run using an IMEP of
1.1 MPa at 3000 rpm. For this reason, 0D-1D-CFD calculations are
performed to determine the knocking propensity in a higher engine
load (25 bar of IMEP) at the studied speed. First, consider 0D-1D fluid-
dynamic calculations, where the spark timing is optimized at 70% EGR.
Considering these optimum working conditions, a CFD calculation is
performed to check for knocking presence during the combustion. The
study indicates that knocking is not expected during high-load opera-
tion, where no considerable oscillations were found in the heat released
rate. This opens room for an increase in the engine compression ratio
to improve the engine performance.

Considering this explanation, a reduced model of premixed combus-
tion is developed, where feasible ranges of spark timing and EGR are
considered according to the commented results. Table B.15 shows the
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Fig. B.17. Analysis of chemical simulations for different EGR and dilution levels. Results from Serrano et al. [24].
Table B.15
Spark timing ranges used for optimizations in the present paper.

O2 mass fraction Maximum ST advance (°) Minimum ST advance (°)

28% −40 −30
30% −35 −20
32% −20 −11
19
used ranges for each EGR value studied in the present paper, in which
the fuel consumption optimizations are performed in the present paper.

Using the in-house tool CALMEC, the heat release rate is determined
for each studied case, determining the combustion duration, shape
form, and ignition delay (to calculate the start of combustion). Using
this information, correlations are developed to obtain these variables,
depending on the EGR and spark timing. These correlations feed a
Wiebe-type function in VEMOD, the in-house software used to simulate
the studied cycle in the present paper, to impose a heat release rate for
each studied case.
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Fig. B.18. Indicators to determine combustion instabilities and knocking. Results from Serrano et al. [24].
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