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A B S T R A C T

The oxy-fuel combustion engine concept with onboard oxygen generation and carbon capture (CC) is studied
using as a starting point a baseline oxy-fuel combustion layout coupled to a mixed ionic-electronic conducting
membranes for producing oxygen (O2) from the air. A CC system is designed accounting for the flash-out
temperatures and the operating pressure of the last CO2 purification step. The proposed engine concept
is optimized through the product of useful effective efficiency and engine brake power,which is maximized
actuating on the start of injection (SOI) for every assessed gas path layouts. The additional cooling power
required by the carbon capture system (CC) is also contemplated . Initially, two approaches are compared
when the CC is coupled to the O2 generation unit, including or not an intake cooler. The use of intake cooler
yields better engine performance than removing it but increases the cooling power requirements significantly.
The extreme results from using or not the intake cooler, indicates that a proper solution could combine both
cases, approaching for a different cooling concept. A mixer model is developed to recirculate part of the water
condensed in the CC towards the cylinder inlet to lower the intake gas temperature and increase the oxidizer
heat capacity ratio. From this layout, an optimum setup for SOI and recirculated water mass flow is found
considering the trade-off between additional cooling power and engine performance. Indeed, this case reduces
the total ICE additional cooling power required by the exclusive use of an intake cooler by about 27% and
improves the engine performance by about 20% in comparison to the lack of intake cooling of the charge
flow.
1. Introduction

In recent years, climate change has gradually become a major
concern as a result of emissions of greenhouse gases (GHG), especially
carbon dioxide (CO2) [1]. Road transport represents more than 70% of
all GHG emissions from the mobility industry, responsible for almost
25% of Europe’s GHG [2] with a conventional passenger vehicle emit-
ting almost 4.6 metric tons of CO2 per year [3]. Therefore, solutions
to mitigate the environmental impact of internal combustion engines
(ICEs) on global warming are claimed, such as developing systems with
low or zero tank-to-wheel emissions [4,5] and promoting the use of
e-fuels (synthetic fuel with low environmental impact) [6,7]. In such
a context, the oxy-fuel combustion may be considered as a suitable
solution to reduce and possibly eliminate CO2 emissions as well as other
pollutants in ICE such as nitrogen oxides (NOx), carbon monoxide (CO)
and hydrocarbons (HC) [8].

The oxy-fuel combustion technology uses pure oxygen blended with
recirculated flue gas, instead of air, to react with fuel for the com-
bustion. Currently, the oxy-fuel combustion concept has been chiefly
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applied to large-scale power plants for reducing the CO2 emissions, but
at the cost of penalizing the process thermal efficiency [9]. Further-
more, its potential application is evaluated for cement production [10],
the refining industry [11], and biomass-fired power plants [12]. Con-
cerning ICEs, the oxy-fuel combustion concept may be applied to them
along with exhaust gas recirculation (EGR), composed mainly of water
vapor and CO2, to reduce the maximum in-cylinder temperature during
the combustion process [13], since the combustion process takes place
under highly oxygen-enriched environment. Also, once no nitrogen
is present in this combustion concept, the NOx emissions may be
completely eradicated. Consequently, the combustion process may be
performed without the trade-off between NOx and other pollutants
emissions [14]. Thus, the engine may be operated with lean burn com-
bustion [15], which may significantly reduce soot and CO emissions,
and thereby, H2O and CO2 are the major combustion products.

Many research works have emerged to study strategies for control-
ling the combustion process in oxy-fuel ICEs since that is critical for
minimizing emissions and maximizing thermal efficiency and power
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Nomenclature

Abbreviations

BSFC Brake Specific Fuel Consumption
CAD Crank Angle Degree
CC Carbon Capture
CI Compression Ignition
EGR Exhaust Gas Recirculation
EOS Equation of State
Exp Experimental Data
GHG Greenhouse Gas Emission
HE Heat Exchanger
HEN Heat Exchange Network
ICE Internal Combustion Engine
MIEC Mixed Ionic-Electronic Conducting Mem-

brane
Mod Model Data
OC Oxidation Catalyst
PID Proportional–Integral–Derivative

Controller
PR Peng–Robinson
RK Redlich–Kwong
SI Spark Ignition
SOI Start of Injection
SRK Soave–Redlich–Kwong
TF Flash Outlet Temperature
VEMOD Virtual Engine Model
VGT Variable Geometry Turbocharger
VLE Vapor–Liquid Equilibrium
WIC With a Cooler before Intake Manifold
WIR With Water Recirculation
WMF Water Mass Flow
WOC Without a Cooler before Intake Manifold
WOR Without Water Recirculation

Variables

𝛾 Heat capacity ratio
𝜆 Oxygen–fuel Equivalence Ratio
𝜔 Acentric Factor
𝜙 Fugacity Coefficient
𝜎, 𝜀, 𝛺, 𝛹 Constants for Cubic Equations of State
𝜁 Vapor Mole Ratio
𝑐𝑝 Specific Heat Capacity at Constant Pressure
𝐹 Molar Flow
ℎ Specific Enthalpy
𝑘𝑖𝑗 Binary Interaction Parameter between

species i and j
𝑛 Number of Components
𝑃 Pressure
𝑅 Universal gas constant
𝑇 Temperature
𝑣 Molar Volume

performance [16,17]. Thus, vital operating parameters have been an-
alyzed at experimental and simulation levels in oxy-fuel compression
ignition (CI) and spark ignition (SI) engines: EGR [18,19], water in-
jection [20], compression ratio [21] and supplement fuel [22]. For
instance, water injection may be considered a promising technique
2

𝑥 Liquid Mole Fraction
𝑦 Vapor Mole Fraction
𝑧 Overall Mole Fraction

Subscript

0 Reference Condition
𝑐 Critical Point
𝑑𝑒𝑤 Dew Point
𝑖 Component i
𝑖𝑛 Inlet Condition
𝑙𝑖𝑞 Liquid Phase
𝑜𝑢𝑡 Outlet Condition
𝑟 Reduced Variable
𝑣𝑎𝑝 Vapor Phase

to control the in-cylinder temperature, improve the combustion phase
and, as a consequence, increase engine efficiency [23] since the heat
capacity ratio (𝛾) of water is higher than that of CO2 in the working
fluid [24]. Moreover, Serrano et al. [25] developed an experimentally-
validated model to assess the feasibility of oxy-fuel combustion in SI
engines. Working with a single-cylinder engine, they concluded that
the EGR operating range is strictly narrow (from 60% to 70%) due to
the material resistance and combustion stability, and, once no knocking
issues are expected, increasing the compression ratio may be an attrac-
tive strategy for recovering part of the thermal efficiency reduction at
oxy-fuel combustion application. In addition, Arnau et al. [26] applied
the oxy-fuel concept to a multi-cylinder SI engine using oxygen trans-
port membranes to produce the oxygen needed by the engine operating
requirements. Among the main simulation results, it may be noted that,
in general, the oxy-fuel system efficiency is lower if compared to a
conventional SI engine, but it is somewhat better at high speeds and
high indicated mean effective pressures.

With respect to oxygen production for oxy-fuel combustion, ionic-
electronic conducting membranes (MIECs) seem to be a convenient
means towards this end due to their energy consumption reduction
of 0.5%–9% and economic saving of 10.5–17.5% compared to other
oxygen separation methods such as cryogenic air separation [27]. The
MIEC transfers oxygen from the feed side towards the permeate one
using the partial pressure gradient between both sides as a driving
force and high fluid temperatures [28]. Indeed, the MIEC operates in
an electric-circuit mode transporting oxygen ions from the feed side
to the permeate one, recombining to form oxygen molecules on the
membrane surface, and oppositely transferring electrons [29]. Serra
et al. [30] carried out a characterization study of oxygen transport
in Ba0.5Sr0.5Co0.8Fe0.2O3−𝛿 (BSCF) MIEC based on an experimental and
numerical assessment for evaluating the effects of process variables on
the membrane behavior. Their results show that oxygen production
performance is improved when the BSCF MIEC is operated at high
temperatures (700 °C to 1000 °C) and when CO2 or H2O are used as a
weep gas for decreasing the oxygen partial pressure at the permeate
ide.

One of the most attractive advantages of using oxy-fuel combustion
n fossil fuel-based combustion is the possibility of CO2 capture and

storage from the exhaust gas by basically removing water through
liquid condensation and compression steps. In addition to reducing
greenhouse gas emissions, CO2 capture provides a by-product that of-
fers new opportunities and challenges [31]. Although the combination
of CO2 capture systems with oxy-fuel power plants is an established
technology [32,33], the use of such systems in ICEs dedicated to land-
based propulsion is still a major challenge. Even more so if such an
engine is capable of generating its own oxygen. For instance, Sharma

et al. [34] studied the on-board CO2 capture and storage in ICEs
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coupling, via Rankine cycle, a temperature swing adsorption to a
turbocharged system to compress and liquefy CO2 using the exhaust
gas thermal energy. According to their exergy and energy analyses,
one may see that the proposed system may reduce by 90% the CO2
emission without energy penalty. In 2009, Bilger et al. [35] investigated
the feasibility of using internal combustion Rankine cycle engines for
carbon capture (CC) in automotive applications, achieving a significant
increase in specific power output and thermal efficiency. Neverthe-
less, accurate thermodynamic state models for multi-component CO2
mixtures are essential for the operation and design of processes inside
carbon capture and storage context, especially concerning the modeling
of separation systems based on volatility difference [36]. Moreover, ex-
isting cubic equations of state (EOS), such as Redlich–Kwong (RK) [37],
Soave–Redlich–Kwong (SRK) [38] and Peng–Robinson (PR) [39], may
be considered a satisfactory way to predict the vapor–liquid phase
equilibrium (VLE) for pure compounds and mixtures, giving reasonable
results if their binary interaction parameters (𝑘𝑖𝑗) are calibrated with
reliable experimental data [40]. Thus, considering the oxy-fuel com-
bustion application for power plants, well-calibrated cubic EOS may be
used to model the condensation steps as well as the CO2 purification
process to calculate the amount of CO2 captured from the exhaust gas
and the energy requirements for that purpose with reasonable accuracy.

Finally, the current manuscript aims to continue the work con-
ducted by Serrano et al. [41,42] and Arnau et al. [43] whereby a
feasibility study of the oxy-fuel combustion applied to CI engine using
oxygen separation membranes was carried out. The heat exchanger-
and turbocharging layout, as well as the BSCF MIEC model (the latter
based on results obtained by Serra et al. [30] for generating oxygen)
are preserved, and a CC system is coupled to the previous model at the
tailpipe outlet. As cubic EOSs are more straightforward for calculation
procedure than state-of-the-art EOS due to their simple structure, the
PR EOS is employed in this project to model the VLE concerned in the
CC system with the temperature-dependent binary interaction parame-
ters calibrated with experimental results given by the literature within
the operating conditions (temperature, pressure, and composition) of
interest for CO2 capture related to oxy-fuel combustion. In general, the
CO2 capture process chains found in the literature may approximately
cover temperatures from 25 °C to 1346 °C and pressures from 0.5 bar to
0 bar [44,45]. The CC system is essentially composed of two inter-
ooled compression steps with intermediate water removal followed
y a CO2 purifier whereby the CO2 is separated from O2 when the
ombustion process is performed in lean combustion conditions. In
ddition, two flow recirculations are proposed: CO2+O2 recirculation
o reuse the O2 excess in the exhaust gas to enhance the net engine
ower output; and water recirculation to both reduce intake oxidant
harge temperature and increase the intake flow water composition
nd, thereby, the 𝛾 of the in-cylinder trapped mass, thus improving the
ngine thermal efficiency.

The novelty presented in this article is based on the whole picture
f the process to highlight the feasibility of this system (membrane-
ased oxy-fuel combustion with CC for zero-emission power genera-
ion) taking into account different systems operating together and their
espective submodels. In fact, to the best of the authors’ knowledge,
his is the first work in which an automotive multi-cylinder engine is
odeled with onboard oxygen self-generation (via MIECs using exhaust

as wasted energy) coupled to a carbon capture system with liquid
ater and surplus vapor recirculations into the engine intake manifold
nd combustion chambers, respectively.

. Materials and methods

In this section, the thermodynamic model is calibrated with ex-
erimental data to predict the behavior of several elements whereby
here is a phase change. Afterward, initial amendments are proposed
o the reference oxy-fuel combustion layout in order to check the need
or a turbocharger upstream of the intake manifold. Also, a CC model
3

Table 1
𝛼-functions and parameters for cubic EOS.

EOS 𝛼(𝑇𝑟) 𝜎 𝜀 𝛺 𝛹

RK 𝑇 −1∕2
𝑟 1 0 0.08664 0.42748

SRK 𝛼𝑆𝑅𝐾 (𝑇𝑟 , 𝜔) 1 0 0.08664 0.42748

PR 𝛼𝑃𝑅(𝑇𝑟 , 𝜔) 1 +
√

2 1 -
√

2 0.07780 0.45724

𝛼𝑆𝑅𝐾 (𝑇𝑟 , 𝜔) =
[

1 + (0.480 + 1.574𝜔 − 0.176𝜔2)(1 − 𝑇 1∕2
𝑟 )

]2

𝛼𝑃𝑅(𝑇𝑟 , 𝜔) =
[

1 + (0.37464 + 1.574226𝜔 − 0.26992𝜔2)(1 − 𝑇 1∕2
𝑟 )

]2

is proposed, finding the best operating conditions in terms of energy
requirement and CO2 purity, and once developed, it is coupled to
oxy-fuel combustion layout considering the reuse of the excess of O2
coming from the CC system. Finally, a water mixer model is proposed
to recirculate part of the water condensed in the flashes in order to
enhance the engine thermal efficiency and net mechanical power.

2.1. Thermodynamic model for VLE

EOS is a thermodynamic approach to relate state variables (pres-
sure, temperature, and volume) and describe the states of a fluid and
its properties [46]. Indeed, one of their primary applications is the
prediction of the VLE for pure compounds and mixtures considering
the non-ideality of the system [47]. In general, conventional EOS, such
as RK, SRK, and PR, may be expressed with the following generalized
cubic formulation relating pressure (𝑃 ), temperature (𝑇 ), and molar
volume (𝑣):

𝑃 = 𝑅𝑇
𝑣 − 𝑏

−
𝑎(𝑇 )

(𝑣 + 𝜀𝑏)(𝑣 + 𝜎𝑏)
(1)

For a given EOS, parameters 𝑏 = 𝛺
𝑅𝑇𝑐
𝑃𝑐

and 𝑎(𝑇 ) = 𝛹
𝛼(𝑇𝑟)𝑅2𝑇 2

𝑐
𝑃𝑐

are
substance dependent with the temperature dependence of 𝛼(𝑇𝑟) specific
o each EOS considering the reduced temperature defined by 𝑇𝑟 =

𝑇
𝑇𝑐

,
and the acentric factor (𝜔), variable for quantifying the centricity of
a molecule, and critical pressure (𝑃𝑐) and temperature (𝑇𝑐) of each
substance. Moreover, 𝜎, 𝜀, 𝛺 and 𝛹 are pure numbers specific to a
particular EOS but independent of the substance. Table 1 summarizes
the parameter assignments for each EOS [48].

When predicting the thermodynamic states for mixtures, the EOS
for a pure substance may also be applied to them using the concept of
a one-fluid mixture. For a mixture with given composition, an equiv-
alent pure-compound behavior regarding temperature and pressure
variations is assumed with some parameters adjusted to the mixture
composition. Thus, empirical mixing rules are proposed, and some
conventional ones may be expressed by Eqs. 2 and (3), where param-
eters 𝑎(𝑇 ) and 𝑏 have quadratic and linear, respectively, dependence
on mole fraction 𝑧 with binary parameter 𝑘𝑖𝑗 calibrated by fitting to
experimental data for each pair of substances (𝑖𝑗) [47,48]:

𝑎(𝑇 ) =
𝑛
∑

𝑖=1

𝑛
∑

𝑗=1
𝑧𝑖𝑧𝑗

√

𝑎(𝑇 )𝑖𝑎(𝑇 )𝑗 (1 − 𝑘𝑖𝑗 ) (2)

𝑏 =
𝑛
∑

𝑖=1
𝑧𝑖𝑏𝑖 (3)

In addition, the parameter 𝑘𝑖𝑗 may also be formulated as tempera-
ture-dependent regarding the system in question [49]. Furthermore,
other exact thermodynamic properties of interest in this work may be
derived from EOS, such as fugacity coefficient (𝜙) and specific real
enthalpy (ℎ) calculated from a reference condition (0) for a given
system [48]:

ln𝜙 = ∫

𝑃

0

(

𝑃𝑣
𝑅𝑇

− 1
)

𝑑 ln𝑃 (4)

= ℎ0 +
𝑛
∑

𝑧𝑖 ∫

𝑇
𝑐𝑝,𝑖0 𝑑𝑇 − 𝑅𝑇 + 𝑃𝑣 − ∫

𝑣[

𝑃 − 𝑇
(

𝜕𝑃
) ]

𝑑𝑣 (5)

𝑖=1 𝑇0 ∞ 𝜕𝑇 𝑣
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Fig. 1. Phase diagram at constant temperature for the CO2-O2 binary system comparing model and experimental data.
Table 2
The best 𝑘𝐶𝑂2,𝑂2 for PR and SRK EOSs.

PR SRK

𝑘𝐶𝑂2,𝑂2 0.17431 0.20298

One of the fundamental criteria for achieving the thermodynamic
equilibrium between vapor and liquid phases is when species in either
a pure or mixture system have the same fugacity in every phase, and
thereby, the following condition for each compound is necessary for
equilibrium phase [50] considering the vapor and liquid Mole fraction
of each specie, 𝑦𝑖 and 𝑥𝑖, respectively:

𝑦𝑖𝜙𝑖,𝑣𝑎𝑝 = 𝑥𝑖𝜙𝑖,𝑙𝑖𝑞 (6)

Thus, calibration processes of EOS may be performed based on
Eq. (6) and, hence, the binary parameters for major pairs of substances
within CC and oxy-fuel combustion scenario (CO2-O2, O2-H2O and
CO2-H2O) are adjusted with experimental data from the literature. As
SRK and PR EOSs are widely used by the industry to simulate VLE
behavior of fluids considering the 𝜔 of substances [50], and thereby
more elaborated than RK, which only predicts the fluid state of a
limited range of substances, they are contemplated in this work to
model the complex phase change for the CO2-O2 binary system. In
this case, constant-temperature phase diagrams are built considering
15 °C and 25 °C, which are common ambient temperatures for capturing
CO2 without the need for substantial cooling power. Therefore, 𝑘CO2 ,O2
is determined by minimizing the sum of squared errors between the
model and data for the partial pressure of CO2 in equilibrium with
the bubble point for a given composition as depicted in Fig. 1. The
interaction parameter values found using PR and SRK are depicted in
Table 2, with PR EOS fitting better the experimental data taken from
the work published by Westman et al. [51]. As shown in Fig. 1, these
EOSs are not able to predict the critical point with reasonable accuracy;
however, both are satisfactory for simulating the VLE within a pressure
range (around from 50 bar to 80 bar) whereby the CO2 may be captured
and separated from O2 at environment temperatures with high purity.

As PR EOS slightly provides better results than SRK in the previous
assessment, it is selected and applied to other water-mixture binary
systems, such as water-O2 and water-CO2, since the binary CO2-O2 is
the most critical system wherein more elaborated models like cubic
EOS are really necessary [52]. Thus, a similar procedure is followed to
calibrate the PR EOS for the O2-H2O binary (Fig. 2) with experimental
data taken from the work published by Stephan et al. [53]. However,
in such a study, a 𝑘O2 ,H2O value is found for each temperature and,
thereby, after a fitting procedure, a temperature-dependent linear func-
tion is proposed for the interaction parameter, where the temperature
is employed in °C as depicted in Eq. (7). Fig. 2 presents the VLE
4

Fig. 2. VLE for the O2-H2O binary system comparing model and experimental data.
The solution is only composed of water and O2.

in terms of oxygen solubility in the liquid phase in equilibrium with
oxygen partial pressure in the vapor phase. As vapor and liquid phases
contain mostly oxygen and water, respectively, system pressure may
be approximated by oxygen partial pressure. Therefore, one may see
that the proposed model is suitable to predict the VLE at a low-
pressure range (around from 15 bar to 125 bar), which is interesting for
CC applications, whereas its accuracy is undermined at high-pressure
values.

𝑘O2 ,H2O = 0.003𝑇 − 0.3428 (7)

Analogous method is applied to CO2-H2O system in order to cal-
ibrate its corresponding interaction parameter 𝑘CO2 ,H2O for each tem-
perature data, as represented in Fig. 3. In that case, the experimental
data for temperatures from 25 °C to 45 °C, and from 100 °C to 200 °C are
taken from works published by Valtz et al. [54] and Muller et al. [55],
respectively. Thus, a temperature-dependent linear function is also
suggested with temperature used in °C as shown in Eq. (8) after a fitting
procedure considering phase change data. Experimental data found in
literature [54,55] are separated for bubble (Fig. 3a and c) and dew
(Fig. 3b and d) pressures, so the left and right experimental points
in Fig. 3 are not necessarily in equilibrium for a given CO2 overall
composition and a given temperature, and consequently, bubble and
dew points are calculated independently. Although model accuracy is
not so satisfactory for low temperatures when the slope of pressure as
a function of CO composition appears to be too sharp for dew points,
2
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Fig. 3. VLE for the CO2-H2O binary system comparing model and experimental data. Left and right plots represent the bubble and dew points, respectively.
it fits the experimental data properly for high temperatures within a
broad pressure range considering the CO2 capture context.

𝑘CO2 ,H2O = 0.0009𝑇 − 0.1455 (8)

Thus, after having the binary parameters calibrated for PR EOS, this
thermodynamic approach is applied to simulate the flash processes in
this study taking into account the VLE plus mass and energy balances
solving a non-linear system with 2𝑛 + 2 equations (Eqs. (6), (9), (10)
and (11)) and 2𝑛+ 2 unknowns (𝜁 , 𝑦𝑖, 𝑥𝑖 and 𝑄) for given overall mole
fraction (𝑧𝑖), pressure (𝑃 ), inlet mole flow (𝐹 ) and inlet and outlet
temperatures (𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡), assuming vapor and liquid flows are in
equilibrium, where 𝑛 is the number of components, 𝜁 is the vapor mole
ratio and 𝑄 is the heat exchanged with the surroundings:

𝑧𝑖 = 𝜁𝑦𝑖 + (1 − 𝜁 )𝑥𝑖 (9)

𝑛
∑

𝑖=1
𝑦𝑖 −

𝑛
∑

𝑖=1
𝑥𝑖 = 0 (10)

𝑄 = 𝐹
[

ℎ𝑖𝑛(𝑇𝑖𝑛, 𝑃 , 𝑧𝑖) − 𝜁ℎ𝑣𝑎𝑝(𝑇𝑜𝑢𝑡, 𝑃 , 𝑦𝑖) − (1 − 𝜁 )ℎ𝑙𝑖𝑞(𝑇𝑜𝑢𝑡, 𝑃 , 𝑥𝑖)
]

(11)

2.2. Initial amendment to oxy-fuel engine layout

The 2.2 L turbocharged and direct-injection CI engine employed by
Serrano et al. [41] and Arnau et al. [43] in previous studies is also
used in this work. The baseline engine was calibrated with experimental
data for full- and part-load operating points in those cases. Likewise,
the in-house software so-called Virtual Engine Model (VEMOD) [56]
is used for carrying out thermo-and fluid dynamics calculation of the
gas in the CI ICE cycle and the Brayton cycle, wherein the MIEC
generates oxygen. The details about the original oxy-fuel combustion
engine layout (Fig. 4a) may be found in [41,43], in which the thermal
requirements for oxygen production are described, as well as the means
and equipment required to achieve such conditions with proper engine
control.
5

This work contemplates the engine full-load point at 3500 rpm with
exhaust manifold temperature (𝑇𝑒𝑥ℎ) = 1000 °C and oxygen to fuel
equivalence ratio (𝜆) = 1.1 as a point of departure, and thereby,
all calculations shown in this manuscript are performed taking into
account those conditions. Also, Arnau et al. [43] confirmed the use-
lessness of variable geometry turbocharger (VGT) GO proposed by
Serrano et al. [41], since the engine operating range, covering the
engine full-load curve and part-load points for some engine speeds,
did not require it for controlling 𝑇𝑒𝑥ℎ, being enough the back pressure
valve for that purpose. Thus, as displayed in Fig. 4b, VGT GO and its
corresponding cooler C-2 are removed in this work to improve system
packaging. Moreover, as the exhaust gas contains unburnt fuel due
to incomplete combustion, an after-treatment system, particularly an
oxidation catalyst (OC), is placed at the hot-fluid outlet of the heat
exchanger (HE) GN to abate CO and HC engine-out emissions, and
increase the exhaust gas purity in terms of CO2 and its temperature at
heat exchanger network (HEN) inlet. In particular, the HEN proposed
by Serrano et al. [41] is preserved for all the layouts depicted in this
manuscript.

Table 3 shows the main average results comparing the model with
first amendments (without VGT GO and with OC) to its previous version
(with VGT GO and without OC). To do so, an optimization process
was carried out actuating on the start of injection (SOI) to maximize
the optimization (Opt.) function defined as the product of effective
efficiency and engine brake power. There is no considerable difference
between the two cases in engine performance which demonstrates that
VGT GO is not necessary. Besides, the OC conversion efficiency was
98%, reducing the HC amount from 2147 ppm to 30 ppm thanks to a
temperature around 750 °C at the catalyst inlet.

2.3. Coupling carbon capture (CC) model to oxy-fuel layout

This subsection proposes a CC model based on EOS for VLE cal-
culation built in a Python script, considering how to couple it to
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Fig. 4. (a) Original layout established by Serrano et al. [41] and Arnau et al. [43]; (b) Original layout without VGT GO and cooler C-3, and adding an OC.
Table 3
Comparison table for the model with and without VGT GO.

Brake power
[kW]

Effective
efficiency [–]

BSFC
[g/kWh]

SOI [CAD] Maximum in-cylinder
pressure [bar]

Opt. Function
[kW]

VGT GO 111.6 0.337 239.7 −27.4 177 37.68

No VGT GO & OC 111.3 0.338 238.8 −24.6 164 37.71
6
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Fig. 5. CC system schematic layout for modeling proposals.
the modified oxy-fuel engine modeled in VEMOD (no VGT GO with
OC) and studying the intake cooling effect on system performance.
Therefore, parametric studies were performed in order to determine
the CC unit operating conditions in terms of temperature, pressure, and
composition with the purpose of capturing the CO2 at near-ambient
temperature. In this context, the complete model was established using
VEMOD along with a Python script working simultaneously and inter-
dependently, i.e., the VEMOD outputs are the Python script inputs and
vice versa.

2.3.1. CC modeling
With the aim of developing a CC model with essential equip-

ment and suitable operating parameters (i.e., temperature, pressure,
and composition), average temperature and pressure of the system-
out exhaust gas upstream the back pressure valve (BPV) found for the
modified oxy-fuel layout (described in Section 2.2) are imposed and
held constant as inlet conditions for the CC system at point 1 in Fig. 5.
Therefore, the CC system basically consists of two compression steps,
three cooling processes with water removal, and a CO2 storage tank
as shown in Fig. 5. Furthermore, only the mass balance with reaction
is employed in this work step for the element engine, and oxygen mass
flow generated by the membrane found in that last layout configuration
is imposed at point 0, assuming the CC system operates regardless of
the Brayton cycle. Thus, heat transfer and generation , as well as fluid
dynamics are not taken into account to design a preliminary CC model
and specify its basic features.

Considering a CO2-O2 binary system with CO2 overall mole compo-
sition of 88%, which was obtained using the system-out exhaust gas
composition assuming water is completely removed, flash 3 operating
conditions are fixed analyzing the phase diagram for that system at
20 °C (Fig. 6). Indeed, CO2 may be captured without high cooling
energy requirements at that ambient temperature. As shown in Fig. 1b,
if that binary system has an 88% CO2 mole composition, no matter
the pressure, there is no phase change and, thereby, CO2 may not
be purified from oxygen at temperatures from approximately 25 °C
upward. Thus, fixing 20 °C for flash 3, 80 bar seems to be a pressure
high enough to liquefy around one-third of overall mole flow, with
a reasonable CO2 purity (around 93% mole composition = 95% mass
composition) as displayed in Fig. 6, where y, z, and 𝑥 represent vapor,
overall and liquid CO2 mole composition respectively, and red and
blue horizontal bars denote vapor and liquid mole fraction portions
respectively. Indeed, on the one hand, lower pressures would generate
more surplus vapor, which must be recirculated to the engine in order
to avoid CO2 emissions. Consequently, more mass flow would be re-
circulated through the compressors, increasing the energy required by
the compression process. On the other hand, higher pressures would
decrease captured CO2 purity.

The 180 L CO2 tank volume was estimated considering complete
combustion of the fuel (n-heptane), and assuming fuel and CO2 den-
sities at normal conditions and, 20 °C and 80 bar, respectively. Thus,
taking into account those densities and supposing a fuel tank capacity
of 50 liter (a conventional value for automotive applications), the CO
7
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Fig. 6. Phase diagram at 20 °C for the CO2–O2 binary system calculated with PR EOS.

tank volume must be approximately three times higher than the fuel
one in order to assure all CO2 produced by the combustion may be
stored when all fuel in the tank is completely consumed. The com-
pressors were calculated as reciprocating compressors assuming 85%
isothermal efficiency with the same pressure ratio (around 7) so as
to minimize the total compression work to pressurize the CO2 from
1.65 bar (suction pressure at system-out exhaust gas) to 80 bar in two
compression stages. Reciprocating compressors were considered due to
their capacity to generate high-discharge pressures compared to other
compressors without the need for numerous compression stages [57].
The flash model was defined as a cooling step through a heat exchanger
wherein the liquid generated during this process is separated from
the vapor phase. As already mentioned in the previous subsection
Section 2.1, all-flash calculations were based on VLE thermodynamic
behavior calculated with PR EOS. Thus, liquid water is essentially
removed from the exhaust gas through flashes 1 and 2, and liquid CO2
is captured at point 9 after flash 3.

Also, the surplus vapor contains a substantial amount of oxygen,
which may be considered in the combustion process to provide extra
power for the engine. Otherwise, there would be an accumulation of
oxygen within the system, and the CO2 overall mole fraction would
move gradually leftwards in Fig. 6, reducing little by little the amount
of CO2 captured in the liquid phase. In addition, as the reciprocating
compressors are coupled to the engine, the extra power delivered by
combustion may be useful to move the compressors. Therefore, all
oxygen (from points 8 and 0) entering the element engine in Fig. 5
is employed in the combustion, keeping the oxygen-to-fuel ratio of 1.1.
The injected fuel to achieve that value was computed as expressed in
Eq. (12), where 𝑠𝑡 refers to the stoichiometric conditions, �̇�𝑓𝑢𝑒𝑙 and �̇�O2
represent the mass flows of fuel and oxygen respectively. In this case,
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Fig. 7. The main results of the CO2 capture system performance sweeping flashes 1 and 2 outlet temperatures.
attention should be let to the fact that �̇�O2 ,0 and �̇�O2 ,8 mean oxygen
produced by the membrane and recirculated from flash 3 (the product
of mass flow and oxygen mass fraction), respectively.

𝜆 =

�̇�O2 ,0 + �̇�O2 ,8

�̇�𝑓𝑢𝑒𝑙
( �̇�O2

�̇�𝑓𝑢𝑒𝑙

)

𝑠𝑡

(12)

With the aim of defining flash 1 and flash 2 outlet temperatures
(TF1 and TF2, respectively) and verifying their effects on the CC
system performance as operating parameters, a parametric study was
carried out varying those variables from 10 °C to 90 °C, and from 10 °C
to 60 °C for flashes 1 and 2 respectively (Fig. 7). The flash 2 outlet
temperature intends to remove the remaining water (from the flash 1
vapor outlet), purify and dry the CO2, and decrease the compressor 2
inlet temperature to avoid damaging the compressor and prevent very
high temperatures at the Flash 3 inlet. As shown in Fig. 7a, compressor
1 power increases significantly when TF1 is high because of higher
compressor inlet temperatures, and less water is condensed in the flash
1, and thereby, more mass flow passes through that compressor. Besides
that, compressor 2 is more dependent on TF2 (Fig. 7b) but with less
variation when compared to compressor 1 due to lower water content
at its inlet, which entails more dependency on the total compression
power (defined as the sum of the compressor 1 and compressor 2
powers) on TF1 (Fig. 7c). Flash 1 and flash 2 powers are essentially
relying on TF1 (Fig. 7d and e) and, thereby, when TF1 rises, flash 1
power is reduced due to less condensation in this stage, also provoking
an increase in mass flow passing through flash 2 and, consequently,
raising its cooling power. Thus, since flash 3 power varies slightly
with respect to TF2 and it is TF1-independent, the total cooling power
(defined as the sum of flash 1, flash 2, and flash 3 powers) presents a
minimum value within a narrow TF1 range (approximately from 50 °C
to 60 °C) for each TF2 (Fig. 7f and g).
8

The amount of CO2 captured, as well as its purity, basically re-
lies on TF2 (Fig. 7h and i) because whenever there is phase change
at flash 2, its outlet temperature controls water content at flash 3
inlet since water saturation pressure is fundamentally temperature-
dependent. Hence, if TF2 rises, less liquid water is condensed at flash
2, increasing the mass flow entering flash 3 with more water content,
which boosts CO2 liquefaction at flash 3 (Fig. 7i) and increases its
cooling power (Fig. 7f), reducing CO2 purity (Fig. 7h) due essentially to
water presence at liquid phase. Nevertheless, there is no condensation
in flash 2 at low TF1 (approximately from 10 °C to 30 °C) and high TF2
(approximately from 40 °C to 60 °C), because water vapor pressure is
lower than water saturation pressure at TF2 in this case. Thus, the
amount of CO2 captured and its purity is essentially TF1-dependent
under those conditions, having an effect equivalent to varying TF2
when there is condensation at flash 2. Finally, authors deem TF1=50 °C
and TF2 = 30 °C optimum points to pursue the work presented in this
manuscript. In fact, the higher the TF2, the worse the total energy
consumption as seen in Fig. 7c and g. However, as temperatures lower
than 30 °C could be challenging to achieve due to utility structural
limitations using refrigerant fluid or water, that value was set to TF2.
Moreover, TF1=50 °C yields a minimum total cooling power at TF2 =
30 °C (Fig. 7g) without substantial penalty in total compression power
(Fig. 7c).

2.3.2. Inner cylinder vapor injection and intake cooling effect
After having designed the CC system and defined its process vari-

ables, the next step consisted of determining the best way to recirculate
the flash-3-out vapor to the engine, coupling the CC model to the
complete oxy-fuel combustion layout with oxygen generation. Towards
that end, the CC model replaced the BPV in the modified oxy-fuel
combustion layout (no VGT GO with OC described in Section 2.2) and,
thereby, the system-out exhaust gas properties were the inputs at point
1 in Fig. 5. The exhaust manifold gas temperature was maintained at its
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Fig. 8. Common rail for injecting vapor from flash 3 directly into cylinders. (a) Scheme; (b) Pressure control system; (c) Instantaneous inbound and outbound mass flows inside
a cylinder for the best SOI of each proposed configuration (WIC and WOC).
set value (1000 °C), employing the pressure imposed on the compressor
1 inlet, which controls the EGR rate and the oxygen dilution level. Also,
a common rail was proposed to receive the vapor coming from flash 3
and re-inject it directly inside the cylinders in order to take advantage
of its high pressure (80 bar) and low temperature (20 °C), increasing
engine volumetric efficiency and hence the in-cylinder trapped mass
(Fig. 8a). To do so, a proportional–integral–derivative controller (PID)
was used to keep the vapor common rail pressure at 80 bar actuating
on the start of vapor injection whose value is the same for all cylinders
(Fig. 8b).

Moreover, the end of injection was fixed equal to SOI to ensure all
oxygen contained in the vapor was available to react with the fuel. In
this way, the discharge pressure (in-cylinder instantaneous pressure)
is not very low, which enables to recover part of vapor momentum
and pressure through vapor expansion. Also, the amount of vapor
injected was uniform throughout the cylinders guaranteeing no mass
accumulation inside the vapor common rail, which had a volume equal
to 2.0 L to avoid huge pressure fluctuations and PID instability.

Fig. 9 presents the oxy-fuel combustion layout coupled to the CC
system with surplus vapor recirculation comparing two cases: with and
without a cooler (WIC and WOC, respectively) before the intake man-
ifold. The cooler C-2 model was established by maintaining a cylinder
intake temperature of 85 °C to avoid in-cylinder water condensation.
The idea is to assess the impact of a cooling step at the cylinder inlet
on engine performance and verify if C-2 is not really advantageous and
may be removed, facilitating the system packaging.

As the CO2 reciprocating compressors were connected to the engine
crankshaft, part of the mechanical energy produced by combustion was
used to move those compressors, and, hence, both engine brake power
and BSFC must consider that reduction of available mechanical energy.
As a result, net brake power is defined as engine brake power minus
the power of the reciprocating compressors, and engine net BSFC is
established as the amount of injected fuel by the engine cycle divided
by net mechanical energy generated within the same engine cycle. In
this circumstance, the net optimization function, defined as the product
of net effective efficiency (equivalent to engine net BSFC) and net
brake power, was maximized actuating on SOI for the proposed cases
(WIC and WOC), whose average results of relevant engine performance
9

variables are compared in Tables 4 and 5. WOC presents higher in-
cylinder maximum pressure than WIC because more EGR is required
to control 𝑇𝑒𝑥ℎ at the set point due to the lack of intake cooling. Within
this context, once the total ICE additional cooling is defined as the sum
of cooler C-1, flash 1, flash 2, and flash 3 powers (plus cooler C-2 power
for WIC), WOC requires lower cooling energy than WIC. However, WIC
shows higher gross break power than WOC because it needs less EGR,
which implies lower MIEC permeate pressure, higher MIEC pressure
ratio, and, consequently more oxygen generation to produce heat-
released power. As WIC presents a lower intake temperature, engine
volumetric efficiency, and gross BSFC are better for that case since it
increases inlet flow density and reduces heat losses. Moreover, the net
variables follow the same trend as the gross BSFC and brake power due
to the reasons mentioned above based on intake temperature. Those
assertions are better proven and detailed in Section 3 whereby more
process variables (regarding MIEC, HEN, and engine performances) are
studied considering the entire system with the final amendments.

One may see that there is an increment in BSFC (around 10%) by
comparing both gross and net BSFC values as well as a reduction in
brake power (around 9%) due to energy penalty related to the CO2
capture. Although the net optimization function presents better results
for WIC, its cooling energy penalty is not negligible compared to WOC.
Indeed, the total ICE additional cooling power for WIC is around twice
as high as for WOC, suggesting the best configuration must contemplate
an intermediate solution between WIC and WOC. In both cases, the
amount of CO2 captured as well as its purity is the same since flash
temperatures are fixed and, as already seen in Fig. 7, those variables
basically depend on the CC system specifications.

Fig. 8c depicts the inbound and outbound mass flows inside one of
the cylinders for both cases, WIC and WOC. Therefore, it may be seen
how the vapor injection controller is operating satisfactorily without
overlapping fuel injection, and vapor injection is very narrow with a
significant peak due to the high-pressure difference between common
rail (80 bar) and combustion chamber during the compression phase
(around 15 bar). The effects of vapor in-chamber direct injection on the
in-cylinder instantaneous variables (pressure, temperature, and trapped
mass) are appropriately presented and discussed in Section 3.
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Fig. 9. Oxy-fuel combustion layout coupled to CO2 capture system with vapor recirculation.
Table 4
Average results of relevant engine performance variables comparing WIC and WOC for the oxy-fuel combustion layout with CC: Part 1.

BSFC
[g/kWh]

Brake Power
[kW]

Opt. Function
[kW]

SOI [CAD] Maximum In-cylinder
Pressure [bar]

MIEC Permeate
Pressure [bar]

WIC 240.3 118.0 39.7 −25.7 164 1.55

WOC 256.4 92.7 29.2 −28.7 180 2.67
Table 5
Average results of relevant engine performance variables comparing WIC and WOC for the oxy-fuel combustion layout with CC: Part 2.

Net BSFC
[g/kWh]

Net Brake
Power [kW]

Net Opt.
Function [kW]

EGR [%] Intake
Temperature [◦C]

Total ICE Additional
Cooling Power [kW]

WIC 264.7 107.2 32.7 70.3 85 109

WOC 278.9 85.2 24.7 76.4 374 60
2.4. Water recirculation

In order to take advantage of the main benefits of each solution,
i.e., WIC with higher net optimization function and WOC with lower
total ICE additional cooling power, a new amendment was proposed.
It consisted of recovering part of the liquid water generated by flashes
1 and 2 and blending it with the oxidizer flow to decrease the intake
manifold temperature and increase the 𝛾 of the intake gas. In fact, as
water has greater 𝛾 than CO2 [24], that strategy may be favorable in
terms of engine-indicated efficiency. To do so, a pump was added to the
CC system to recuperate part of the water leaving flash 1, increasing its
pressure until the flash 2 operating pressure Fig. 10. Therefore, liquids
from flashes 1 and 2 were mixed and recirculated towards engine
intake gases. Fig. 11 displays the proposed layout with a desuperheater
(named mixer on the diagram) used to blend water from the CC system
with oxidizer flow from HEN.

Regarding the complete model, VEMOD was modeling the vapor
injection from the common rail into the cylinders as described in
Section 2.3.2, while the Python script was simulating in steady-state
the water-oxidizer mixer and the CC system comprising compressors 1
10
and 2, and flashes 1, 2 and 3. The flow conditions at the oxidizer line
(HEN output 4 in Fig. 11) and oxy-fuel layout tailpipe (HEN output
2 in Fig. 11) are the Python script inputs. Indeed, as the EOS-based
VLE calculation in different elements of the CC system and mixer is
very time-consuming regarding the fluid dynamic as done in VEMOD,
the Python script was only activated during certain periods considering
the input average values generated by VEMOD. Thus, the Python script
outputs were returned to the VEMOD-built oxy-fuel layout as inputs
(surplus vapor and water recirculations) in an iterative process between
VEMOD and Python script until the system could converge.

2.4.1. Mixer model
Consequently, a mixer model was developed regarding the above

context. The mixer outlet may contain either a vapor phase, which
means all liquid water is evaporated by the oxidizer flow, or a VLE
phase with considerable liquid water content depending on mixer inlet
flow conditions. In order to determine the mixer outlet conditions
(mass flow, composition, temperature, and phase), the mixer model
algorithm solved mass and energy balances coupled to VLE equations,
considering the mixer as adiabatic and the inlet liquid water discharge
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Fig. 10. CC model with water recirculation.
Fig. 11. Oxy-fuel combustion layout coupled to CO2 capture system with water recirculation.
pressure equal to the inlet oxidizer flow pressure. The mixer outlet
phase was verified by comparing the mixture dew enthalpy with the
mixture outlet vapor enthalpy, which was calculated assuming the
oxidizer has enough thermal energy to evaporate all liquid water and,
hence, the mixer outlet phase was assured to be vapor. Both enthalpies
were respectively calculated using Eq. (5) with dew-point vapor mole
composition and outlet overall mole composition considering the mixer
mass balance. In short, if the mixture outlet vapor enthalpy is greater
than the mixture dew enthalpy, the outlet phase is a vapor; otherwise,
it is a VLE mixture for a given operating pressure.

To demonstrate the mixer model performance, oxidizer conditions
(mass flow, composition, temperature, and pressure) were held con-
stant for the point with a better net optimization function for the
WOC case. Therefore, a sweeping process varying inlet liquid water
temperature (from 30 °C to 90 °C) and mass flow (from 0 kg h−1 to
150 000 kg h−1) was carried out by tending to infinite the amount of
11
water injection for the sake of better illustrating the physics of the
process.

As shown in Fig. 12b, there are two distinct zones: one where
the outlet phase is a vapor corresponding to low water mass flows
(WMFs) (approximately from 0 kg h−1 to 50 kg h−1), and another where
outlet phase is a VLE corresponding to high WMFs (approximately from
50 kg h−1 to 150 000 kg h−1). The mixer outlet temperature profoundly
decreases when inlet WMF increases within the vapor zone because
little-by-little significant latent energy is required to evaporate all liquid
water. In contrast, it tends to the respective water inlet temperature
when oxidizer mass flow is not comparable to WMF anymore inside
the VLE zone (Fig. 12a). Water vapor pressure increases with WMF
inside the vapor region because more water content is present in the
outlet gas until achieving saturation condition and, consequently, the
VLE zone (Fig. 12c). Indeed, that saturation point corresponds to a
stable temperature area (around 100 °C in Fig. 12a), wherein water
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Fig. 12. Main mixer model outlet variables sweeping water temperature and mass flow for given EGR conditions.
pressure vapor is basically equal to its saturation pressure, which is
significantly temperature-dependent. Still in Fig. 12c, when WMF is
much higher than the oxidizer mass flow, water vapor pressure is WMF-
independent because the temperature is essentially equal to the water
inlet temperature. The mixer model may predict the solubility of both
O2 and CO2 in liquid water, which is illustrated in Fig. 12d. On the one
side, the liquid CO2 mass fraction is majorly temperature-dependent,
analyzing both Fig. 12a and 12d, and the lower temperature is, the
higher CO2 solubility due to lower gas kinetic energy level. On the other
side, a water dilution effect is seen when there is a considerable amount
of WMF at constant outlet temperature, which reduces CO2 solubility
(after the peak in Fig. 12d). Also, information about CO2 solubility is
important to define the use of that CO2-contaminated water since CO2
dissolving into the water may form carbonic acid, which may corrode
alloys and steels present in the engine components.

3. Results and discussion

After proposing a complete oxy-fuel combustion layout with CC and
vapor and water recirculations (Fig. 11), SOI and WMF are swept to
verify their impact on the performance of relevant engine variables
attempting to find out the best-operating conditions for the system.
In order to avoid liquid water inside the cylinders, this study pursues
operation zones wherein the intake temperature is above the dew
point at the intake manifold. As a result, saturation conditions limit
the increase in recirculated water for a given SOI. Therefore, this
section analyzes critical average results to define the system’s optimum
operating point with insights into the instantaneous results for the cases
of interest. In particular, temperature, pressure, and mass flow along
the system are discussed for the best cases without and with water.
Finally, an overall analysis of the final results is made Section 3.4.
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3.1. Average results

Figs. 13 and 14 present relevant average results in contour maps
varying SOI and total ICE additional cooling power, which is basically
WMF-dependent (the amount of recirculated water is represented by
white lines drawn over maps). As expected, the higher the WMF, the
lower the intake temperature (Fig. 13a). Also, if SOI is delayed for a
specific WMF, more thermal energy is available at the exhaust manifold
and, hence, more EGR is required to control the target temperature
(Fig. 13b), heating up the oxidizer flow. Indeed, to produce more
EGR, the intake pressure must be increased (Fig. 13c), which entails
more intake mass flow (Fig. 13d). The in-cylinder maximum pressure
is essentially SOI-dependent (Fig. 13e) and its value decreases when
SOI is delayed because the combustion is moved towards the expansion
process. Actually, MIEC oxygen generation increases with recirculated
water (Fig. 14a) due to the MIEC permeate pressure reduction (follow-
ing the EGR and intake pressure behaviors) (Fig. 14b), reflecting on
an enhancement of the MIEC pressure ratio (Fig. 14c), since MIEC feed
pressures scarcely vary (Fig. 14d). Thus, it improves the MIEC filtration
efficiency defined by the ratio between the O2 produced and the total
O2 which enters the MIEC feed side (Fig. 14e). Additionally, the oxygen
permeated by the MIEC increases due to higher MIEC feed temperature
(Fig. 14f) risen by the higher exhaust gas thermal power with greater
water content. As a result, the increment of in-cylinder available oxygen
produces more energy released by combustion and, consequently, more
mechanical power (Fig. 13h) and cylinder-out gas sensible enthalpy to
heat up the MIEC. Also, as water-specific heat capacity is greater than
that of CO2, if more water is recirculated, the better the efficiency in
many HEs. In other words, once this system is self-sufficient, the more
oxygen generated by the MIEC, the better the system works, increasing
its oxygen production rate.

Fig. 13f shows minimum values for system-inlet air mass flow when
the WMF varies at a constant SOI, which is also observed on the
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Fig. 13. Maps for average results of relevant engine variables sweeping SOI and total ICE additional cooling power (reflected by the amount of water blended with EGR at mixer).
The white lines drawn on maps represent the amount of recirculated water.
MIEC feed pressure (Fig. 14d). On the one hand, if the MIEC filtration
efficiency is improved, less mass flow is present at the N2-rich line and
less energy is available to move N2 turbines of VGT NA-1 and VGT NA-2
(bottom part over Fig. 13f with WMF range from 0 kg h−1 to 15 kg h−1).
On the other hand, when O2 production is high, more exhaust mass
flow is generated leading to more heat power exchanged at the HEs,
producing more thermal power to move the N2 turbines (Fig. 14d and
14f), which compensates the increase in MIEC filtration efficiency (top
part over Fig. 13f with WMF range from 15 kg h−1 to 30 kg h−1). In turn,
convective heat losses decrease when WMF increases due to the intake
cooling effect (Fig. 13a and g), and at constant WMF, if SOI is delayed,
more intake fresh mass flow with more inert is sucked by the engine, re-
ducing the heat transfer to walls due to the presence of more mass that
absorbs the heat released by the combustion (Fig. 13b and d). The main
advantage of using recirculated water is reflected in the improvement
of the system performance variables such as engine power, net engine
power, BSFC, net BSFC, and net optimization function (Fig. 13h-l). In
fact, as more oxygen is produced and less convective heat is wasted
when the WMF increases, more useful energy is available to yield
worthwhile mechanical power with better efficiency since the gamma
of the cylinder oxidizer charge is also higher. In general, the penalty for
capturing CO2 in-situ (moving the reciprocating compressors coupled to
the engine) is seen in the reduction of mechanical power (around 8%)
and the increase in BSCF (around 9%), comparing Fig. 13h and i as
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well as Fig. 13j and k, respectively. Fig. 13l depicts a trade-off between
the cost of chilling and system performance since improvement on
net optimization function entails higher total ICE additional cooling
power. Therefore, the authors consider WMF = 20 kg h−1 and SOI=-
26.5 CAD the preferred point without excessive cooling power and with
satisfactory engine output.

3.2. Instantaneous results

Fig. 15 displays instantaneous results of in-cylinder variables for the
edges of the contour maps (blue and green lines) and the chosen com-
bination of SOI and WMF, taking into account the trade-off between
total ICE additional cooling power and net optimization function (red
line). Green and blue lines represent the most advanced and delayed
SOIs, respectively, whereas solid and dashed lines represent the highest
and lowest WMFs for each specific SOI. One may see that when the
combustion is more centered at the top dead center (Fig. 15a and
c), the effective efficiency is improved (Fig. 13j and k). The effect
of in-cylinder direct vapor injection is observed in Fig. 15b and d,
with a slight increment of in-cylinder oxygen mass, decreasing the
temperature during the compression phase. Still within that phase, the
cases without water recirculation present higher pressure (Fig. 15c)
due to more EGR need (Fig. 13b) to keep exhaust gas temperature of
1000 °C, also reflecting on more elevated maximum pressure (Fig. 13e).



Energy Conversion and Management 284 (2023) 116979J.M. Luján et al.
Fig. 14. Maps for average results of relevant MIEC variables sweeping SOI and total ICE additional cooling power (reflected by the amount of water blended with EGR at mixer).
The white lines drawn on maps represent the amount of recirculated water.
Fig. 15. Instantaneous results of in-cylinder parameters for the edges of the contour maps and the chosen combination of SOI and amount of recirculated water, taking into
account the trade-off between total ICE additional cooling power and net optimization function. In the figure legend, SOI is in CAD and W represents the water recirculated in
kg/h.
In addition, once more oxygen is employed for cases with water recir-
culation, more heat power is released during combustion (Fig. 15a),
generating more brake power (Fig. 13h and i).

3.3. Temperature, mass flow, and pressure diagrams

This subsection analyzes the preferred point (in terms of total ICE
additional cooling power and net optimization function) for each case
with and without water recirculation (WIR and WOR, respectively)
14
by checking the process variables drawn over distribution diagrams
(Figs. 16 and 17):

• WMF = 20 kg h−1 and SOI = −26.5 CAD for WIR.
• WMF = 0 kg h−1 and SOI = −27.5 CAD for WOR.

Fig. 16 displays powers and temperatures on different lines and
elements of the system, including the HEN. Numerical values are added
next to each flow line with top values for WIR and bottom ones for
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Fig. 16. Power (in kW) and temperature (in °C) distribution diagram for both cases at 3500 rpm: with (top values) and without (bottom values) water recirculation.
WOR. In addition, the heat power exchanged is shown next to each
HE and cooler, as well as the net system power over the engine itself,
following the representation mentioned above. Also, Fig. 17 shows the
effect of each case on mass flow and pressure distributions, following
the same depiction scheme as for the temperature diagram (with top
values for WIR and bottom ones for WOR). Indeed, those diagrams
confirm the analyses carried out for contour maps (Figs. 13 and 14),
demonstrating the benefits of water recirculation on system perfor-
mance (see Net BSFC and Net Power on Figs. 17a and 16, respectively).
Compared to WIR, WOR has higher pressure at MIEC permeate side
with more EGR mass flow to maintain 𝑇𝑒𝑥ℎ=1000 °C, and, thereby,
less oxygen is generated by the MIEC since its feed pressure is almost
constant. However, less EGR is required to control that temperature
when there is water recirculation, which improves the pressure ratio at
the MIEC and its O2 production. If more O2 is available for combustion,
the engine power output increases, and more mechanical power is free
to move the reciprocating compressors in the CC. Once 𝜆 is fixed in both
cases, more fuel is also injected when more oxygen permeates the MIEC,
thereby generating more combustion products (CO2 and water vapor).
Thus, that increment of mass flow going towards CC, also due to water
recirculation, causes more heat transfer in the HE GA-1, and, hence,
changes the power distribution through the HEs. In addition, as the
specific heat capacity for water is almost double that for CO [24], the
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heat transfer is improved in a particular HE when there is more water
content on any of its sides. Also, the intake manifold water content
increases from 18% to 27%, enhancing the in-cylinder 𝛾 and, hence,
the engine indicated efficiency.

Nonetheless, as WIR possesses more water vapor at exhaust gas
going towards CC, Flash 1 cooling power must be higher because TF1
is the same for both cases, which increases the total ICE additional
cooling power as explained in Section 2.3.1. In any case, the heat
exchanged in the Flash 1 is much higher than for Flashes 2 and 3 due to
their outlet temperatures, which are defined in Section 2.3.1. Whenever
there is water recirculation, the pump shown in Fig. 10 is required;
however, once the liquid density is much higher than for gases, its
pumping power (around 0.005 kW) is negligible compared to the gas
compression power on reciprocating compressors (around 7 kW and
9 kW for the first and second compression stages respectively). As more
CO2 is produced for the WIR case than for WOR one, its corresponding
time to consume the fuel (at this particular operating point) and fill
up the CO2 storage tank is shorter (around 93min and 104min for WIR
and WOR, respectively) to capture the same amount of mass (around
125 kg) at 25 °C and 80 bar with the same CO2 purity equal to 95%
(mass fraction). For additional information about the CC, please see
the supplementary material with the distribution diagrams for both
configurations following the representation depicted in Figs. 16 and 17.
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Fig. 17. Distribution diagram for both cases at 3500 rpm: with (top values) and without (bottom values) water recirculation. (a) Mass flow (in kg h−1) and composition; (b) Pressure
(in bar).
As the blow-by flow generated in the cylinders is recirculated into
the intake manifold and vapor generated in the Flash 3 is directly re-
injected into the combustion chamber, the only losses of CO2 from the
system are related to non-recirculated condensed water on Flash 1 (and
Flash 2 for the WOR case), which contains some traces of CO2 diluted
in the liquid phase. Thus, CO capture efficiency may be calculated for
16
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the optimum points of the WIR and WOR cases, carrying out a mass
balance for the CO2 considering its mass flows and compositions in
the non-recirculated water and CO2 tank inlet streams. Accordingly, the
CO2 capture efficiencies (or CO2 recovery rates) calculated for WIR and
WOR are 99.94% and 99.87%, respectively using the values presented
in the supplementary material.
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Fig. 18. Overall results for the main amendments.
3.4. Overall results

Fig. 18 summarizes the preferred results of each amendment pro-
posed in this manuscript. In fact, the abbreviation depicted in that fig-
ure and used in this subsection represents the following modifications
of the layout:

• Original layout established by Arnau et al. [43] (M1).
• Layout M1 without VGT GO and its corresponding cooler, adding

an oxidation catalyst (M2).
• Layout M2 with a cooler upstream of the intake manifold and

the coupling of the CC system. This configuration is equivalent
to the WIC case shown in Section 2.3.1 (M3).

• Layout M2 with the coupling of the CC system. This structure
is equivalent to WOC and WOR cases seen, respectively, in
Sections 2.3.1 and 3.3 (M4).

• Layout M4 with water recirculation. This configuration repre-
sents the WIR case in Section 3.3 (M5).

The results shown for M1, M2, M3, and M4 consider the preferred
SOI only with regard to net optimum function, while M5 takes into
account that variable combined with the total ICE additional cooling
power as explained in Section 3.1. In general, a worsening of the
engine performance (higher net BSCF and lower net mechanical power)
is seen (Fig. 18c and d) due to the system capability of capturing
the CO2 present in the exhaust gas (Fig. 18b). As already discussed
in Section 2.2, M1 and M2 have similar performance, a part of M2
presenting lower ICE additional cooling energy because the cooler
upstream the VGT GO is also removed in this case (Fig. 18a). M5 is
able to combine the advantages of M3 and M4 when the CC is deemed
with in-cylinder direct injection of the surplus vapor coming from flash
3. Thus, M5 yields the same net BSFC as M3, with a slight reduction in
net mechanical power, but decreasing considerably total ICE additional
cooling power (approximately from 110 kW to 80 kW). In addition,
although M5 presents more cooling energy than M4, an important
improvement in engine efficiency and output power is observed for M5
(on average, more than 5% and 13% respectively), which confirms M5
as the best layout discussed in this work.
17
4. Conclusions

An oxy-fuel combustion engine concept with in-situ O2 separation
and CC is studied through several amendments to a layout proposed in
the literature. Indeed, the oxy-fuel combustion applied to power plants
enables to capture CO2 in the liquid phase by means of inter-cooling
compression stages with water removal, and in this manuscript, the
energy cost of that process is assessed as well as the ways to design
and integrate it into the powertrain system. To do so, the PR EOS is
calibrated with experimental data found in the literature for each pair
of substances and used to predict the VLE behavior in many elements
to model the CO2 purification process properly.

The first layout modification was based on removing VGT GO with
its corresponding cooler and adding an oxidation catalyst. Afterward,
a CC system, composed of two reciprocating compressors, three flash
units, and one CO2 storage tank, was designed taking into account the
flash outlet temperatures and pressures. Thus, the best values found in
terms of energy consumption for TF1, TF2, TF3, and flash 3 pressure
are 50 °C, 30 °C, 20 °C and 80 bar. Moreover, the surplus vapor leaving
flash 3 was directly injected into the cylinders in order to increase the
in-cylinder trapped mass and produce extra mechanical power with the
excess of oxygen to move the reciprocating compressors. Although a
cooler upstream of the intake manifold enhances the engine perfor-
mance by increasing engine volumetric efficiency and collaborating
with O2 production by decreasing the MIEC permeate side pressure,
its cooling power may not be negligible. Consequently, a mixer model
was developed to recirculate part of the water condensed in flashes
1 and 2 towards the cylinder inlet to lower intake gas temperature
and increase the 𝛾 of the oxidizer, improving the engine’s effective
efficiency. Moreover, a sweeping process was carried out with varying
SOI and WMF to find the best engine operating conditions.

After the sweeping process, WMF = 20 kg h−1 and SOI=-26.5 CAD
was deemed the optimum point, taking into account the trade-off
between chilling power and engine performance. In fact, this case
merges the main benefits of the approaches WIC and WOC, reducing
WIC total ICE additional cooling power from 110 kW to 80 kW and
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increasing the WOC net optimization function from 25 kW to 30 kW.
Finally, upcoming research will extend the engine operation map range
towards other engine speeds and load levels considering the onboard
oxygen generation with MIECs and CO2 capture.
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