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Abstract

Oxy-fuel combustion concept is one of the most promising technologies not only to avoid NOx emissions, but also to reduce
CO, unburned hydrocarbons and soot emissions in combustion-based powerplants. Moreover, the concept facilitates Carbon
Capture and Storage (CCS), thus promoting CO2 integration in a circular economy strategy (i.e. e-fuels production). For O2
production, mixed ionic-electronic conducting membranes (MIEC) arise as a solution to separate pure O2 from air, but its
thermal requirements must be considered in order to guarantee its integration with the internal combustion engine (ICE). In
this study, the combustion process using pure oxygen as oxidizer is studied in a spark ignition ICE. A numerical method to assess
the combustion process and engine outputs in oxy-fuel operation, taking into account the thermo-mechanical constraints, is
developed and validated with experiments. It has been concluded that the use of EGR is more appropriated than O2 for
diluting the oxidizer, and the best operating strategy consist in using stoichiometric conditions and 60% to 70% EGR rate,
thus having a good compromise between combustion stability and efficiency, engine integrity, and MIEC operation. It is also
shown that oxy-fuel combustion reduces knocking propensity and hence, on the one hand, it provides some room for spark
optimization, specially at high load; on the other hand, it allows increasing compression ratio. Both strategies are interesting
to compensate the expected fuel consumption increase observed in oxy-fuel operation.
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1. Introduction1

In the last years, the world’s major economies have ac-2

tively pursued sustainable development plans in which the3

different productive sectors maintain their activities on a reg-4

ular basis in a way that is more efficient and less harmful to5

the environment. An example of this is the EU climate and6

energy framework with 2030 targets and policies [1], whose7

main objectives are to reduce greenhouse gas emissions by8

40% (CO2, HC4, N2O, fluorinated gases, etc.) and to increase9

by 32.5% the energy efficiency within the European territory.10

Likewise, global societies are working to improve life quality11

in large cities by reducing emissions of gases and other sub-12

stances which are harmful for human health (HxCy, NOx and13

particulate matter).14

Among the sectors with the highest gases emission, road15

transport and maritime international shipments can be high-16

lighted [2, 3], representing 25% and 13% of greenhouse gas17

emissions in Europe, respectively. For this reason, the policies18

implemented by the European Union in these sectors prior-19

itize increasing the efficiency of the systems that integrate20

these areas, the development of new fuels with low envi-21

ronmental impact (e-fuels, and bio-fuels) and the develop of22

propulsive systems with low or no emissions.23

∗Corresponding author.
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Related to the generation of these emissions, carbon ox- 24

ides (CO, CO2) are generated due to the use of hydrocarbons 25

in the combustion process, which are the main components 26

of the fuels used in internal combustion engines (ICE), while 27

nitrogen oxides (NOx) are generated due to the presence of 28

nitrogen in the air used as oxidizer in combination with the 29

high temperatures reached that promote its oxidation. 30

One of the possible solutions to mitigate these problems 31

could be the electrification of vehicles, which would achieve 32

low local emissions on propulsion systems, but it should be 33

noted that electric engines present difficulties in solving the 34

problems of autonomy and recharging time when they are 35

used on extra-urban routes, and thermal dissipation of criti- 36

cal components that leads to performance reduction [4]. Those 37

problems decrease when they are hybridized with an ICE 38

which can also act as a range extender or simply as a genera- 39

tor of electrical energy to charge the batteries [5, 6]. Several 40

works [7, 8, 9] studied methodologies based on models that 41

allow a better and faster design of the different systems (elec- 42

trical system, combustion engine or other auxiliary systems) 43

that make up the hybrid drive. Despite the improvement 44

from the point of view of energy efficiency and global pol- 45

lutant emissions compared to powertrains with only a com- 46

bustion engine, these hybrid systems still have a traditional 47

ICE engine that produce polluting gaseous emissions [10]. 48
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Considering the technologies that are under development49

nowadays, industrial experience has shown that oxy-fuel com-50

bustion could be one of the most promising due to the sig-51

nificant reduction not only of NOx emissions [11, 12], but52

also of CO, HxCy and particulate matter (soot and unburned53

hydrocarbons) coming from the incomplete combustion in54

the ICE. Oxy-fuel combustion is defined as the combustion55

process produced in a highly O2-enriched ambient, in which56

high temperature can be controlled by means of a dilution57

gas such as Exhaust Gas Recirculation (EGR), mainly com-58

posed of CO2 and H2O vapor, instead of N2. Among the most59

promising benefits of oxy-fuel combustion, there is the pos-60

sibility of capturing CO2 [13] to be used as a by-product in61

circular economy strategies, for example in the synthetic fu-62

els and e-fuels production. Moreover, previous research have63

shown improvement in power generation and reduction of64

polluting emissions with oxy-fuel combustion applied to ICE65

[14, 15], to electricity generation plants [16, 17, 18] and to66

industrial processes [19, 20].67

Nevertheless, this combustion concept has also drawbacks,68

being the oxygen supply the main of them. In stationary ap-69

plications, its acquisition may not be a suitable solution for70

the industry due to provisioning, storage and transport costs.71

Also, it is an issue for transport applications since it would72

require an increment of weight in vehicles leading to a fuel73

consumption deterioration. Even though more complex and74

expensive systems on board are required, high-purity oxygen75

separation is a promising technical solution to be explored76

for oxy-fuel combustion in transport applications. Between77

the different options mixed ionic-electronic conducting mem-78

branes (MIEC) found to be well suited for transport appli-79

cation options, where in particular Ba0.5Sr0.5Co0.8Fe0.2O3-δ80

(BSFC) membranes has a high oxygen permeation with pro-81

duction capacity of up to 62 ml/min/cm2 of oxygen [21].82

Serra et al. [22] conducted a characterization study of oxy-83

gen transport on MIEC BSFC based on experimental and nu-84

merical assessment, analysing some effects such as MIEC tem-85

perature feeding flow, sweep inlet flow and sweep gas com-86

position. Their results show that increasing the temperature87

from 700◦C to 1000◦C improve the oxygen transport through88

the membrane and thus its production rate. This temperature89

range to produce the O2 was assumed as a key boundary con-90

dition in order to couple the membrane to the ICE. In this91

line, Desantes et al. proposed a patent combining a MIEC in92

a syniergical way with an ICE in order to use the waste heat93

from the engine to provide the required thermal power for94

the membrane [23].95

In this context, this paper has two main objectives. On96

the one hand, assessing the dilution conditions (in terms of λ97

and EGR) where oxy-fuel combustion can be used in a spark98

ignition engine (SI), taking into account thermo-mechanical99

limitations in the chamber and knocking. To this end, a nu-100

merical method is proposed and validated with experiments101

to assess oxy-fuel combustion features. The second main ob-102

jective is to assess the potential of this particular combustion103

concept in optimal conditions, from the indicated efficiency104

Table 1: Main engine specifications.

Number of cylinders 1
Injection system PFI (up to 8 bar)
Ignition system Spark (spark plug)
Number of strokes 4
Cylinder displacement 454.2 mm
Compression ratio 10.7
Cylinder diameter 82.0 mm
Stroke 86.0 mm
Connecting rod length 144.0 mm

point of view, identifying its main benefits and drawbacks. 105

Finally, the viability of the system integration (ICE + mem- 106

brane) is briefly discussed. 107

This paper is structured as follows: the next section presents 108

the experimental setup and the simulation tools used along 109

with its respective validation. Section three describes the nu- 110

merical method implemented to study the oxy-fuel combus- 111

tion applied to ICEs. In section four results are presented and 112

analyzed to define the thermo-mechanical limitation, and the 113

best dilution strategy for this combustion concept is defined. 114

Also, an assessment of the performance and a comparison 115

with conventional combustion is discussed. Finally, the last 116

section summarizes the conclusions of the paper and remarks 117

its main contributions. 118

2. Experimental and simulation tools 119

Experimental tests for the models validation were per- 120

formed in a SI single-cylinder engine specifically developed 121

for research purposes. The engine was equipped with a port 122

injection system (PFI) that was used to avoid additional un- 123

certainties related to the charge inhomogeneities. Table 1 124

contains the main characteristics of the engine. 125

The engine was assembled in a test cell instrumented ac- 126

cording to the scheme presented in Fig. 1. The original layout 127

of the test bench was adapted for supplying O2 and CO2 from 128

two different tanks. The latter was specifically installed for 129

providing the required oxidant dilution to keep engine in- 130

tegrity during the engine start-up; once a steady operation 131

was reached, the external supply of CO2 was substituted by 132

EGR. Moreover, the system was designed in order to be flexi- 133

ble to switch between conventional combustion and oxy-fuel 134

combustion operation mode, being the valve located down- 135

stream the intake settling chamber, and the CO2 and O2 flows 136

control vales the ones used for this purpose. For conventional 137

combustion cases, an external compressor is used in order to 138

provide the compressed air to reproduce boost conditions. 139

The exhaust back-pressure was controlled by a knife-gate 140

valve located after the exhaust settling chamber in the ex- 141

haust line. Demanded levels of cooled EGR were provided 142

by a high pressure EGR system. Oil and cooling circuits were 143

independent from the engine as depicted in the layout. 144

In-cylinder pressure was measured using a piezoelectric 145

sensor. An additional piezoresistive pressure sensor was in- 146

stalled at the cylinder liner close to the bottom dead center 147
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Figure 1: Layout of the engine test cell.

for the pressure signal pegging. Moreover, to adquire the in-148

take and exhaust intantaneous pressure, two piezoresistive149

sensors were mounted. All engine fluid temperatures were150

controlled and monitored during the experimental tests using151

K-type thermocouples. NOx emissions and CO2 concentra-152

tion (to calculate the EGR rate) were measured by a HORIBA153

MEXA-7100EGR gas analyzer. Complete details about the in-154

strumentation and its accuracy are summarized in Table 2.155

The global parameters related to the combustion process,156

i.e. the indicated mean effective pressure (IMEP), combus-157

tion phasing, maximum cylinder pressure, combustion mis-158

firing, cycle-to-cycle variability (CoVIMEP) and Heat Release159

Rate (HRR) were obtained from the in-cylinder pressure sig-160

nal by the thermodynamic combustion diagnosis tool CALMEC161

[24, 25].162

2.1. Computational tools163

2.1.1. Chemistry modelling164

Auto-ignition delay and flame temperature for different165

fuel-oxidizer mixtures and thermodynamic conditions were166

estimated by using zero-dimensional (0D) chemistry calcula-167

tions. Data generated using a well-stirred reactor model, as- 168

suming constant pressure, were used for predicting the knock- 169

ing combustion tendency and maximum local temperatures. 170

The ignition delay timing was defined as the time required 171

for increasing 400K from its initial temperature [26]. 172

The chemical kinetic mechanism proposed by Liu et al. 173

[27], based on a Primary Reference Fuel (PRF), was chosen 174

for its good balance between accuracy and computational re- 175

quirements. Benajes et al. [28] demonstrated the capabili- 176

ties of this mechanism under realistic and representative en- 177

gine conditions, validating its results against the experimen- 178

tal data reported by Fieweger et al. [29]. 179

The laminar flame speed of an oxidation reaction can 180

be estimated by considering a freely propagating flame in a 181

channel with fixed cross-sectional area for a specified tem- 182

perature, pressure and mixture composition. Although this 183

parameter is traditionally calculated by using empirical cor- 184

relations [30, 31], they systematically tend to under-predict 185

the laminar flame speeds at realistic engine conditions [28]. 186

Thus, a 1D laminar flame speed solver was used to get more 187

accurate predictions. Again, the chemical kinetic mechanism 188
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Table 2: Summary and accuracy of the instrumentation used in the experiments.

Variable Sensor Accuracy

In-cylinder pressure Piezoelectric sensor 0.2%
Temperature of all fluids Thermocouples (K-type) 1.5ºC
Engine speed Encoder 3 rpm
CO2 and NOx concentration Exhaust gas analyzer 3.0%
Intake, exhaust & pegging Piezoresistive 0.35%
Torque Torque meter 0.1 Nm
Fuel mass flow Fuel mass flow meter (AVL 733S) 0.2%
Air mass flow Air mass flow meter (Sensiflow D80) 2.0%

from Liu et al. [27] was selected, due to its consistence with189

the experiments performed by Jerzembeck et al. [32] and190

Heimel et al. [33].191

2.1.2. 0D-1D Thermodynamic model: description and validation192

0D-1D tools show a good compromise between accuracy193

and computation time [34, 35]. To characterise the premixed194

oxy-fuel combustion concept, the in-cylinder pressure and195

temperature, gross indicated efficiency (GIE) and exhaust196

temperature under different EGR dilutions were simulated197

with a 0D-1D tool. The engine and test bench layout were198

implemented in the GT-SUITE code. These simulations al-199

lowed reducing experimental test campaigns while evaluat-200

ing different strategies to implement in the engine. In addi-201

tion, a PID-controller was implemented to optimize the GIE202

by changing the start of combustion (SoC) while keeping the203

maximum in-cylinder pressure below 150 bar.204

The model was initially calibrated using experimental data205

from the same engine operating under conventional SI con-206

ditions at 3000 rpm and for two different loads (4 and 11 bar207

of IMEP). In both cases, the combustion process was repro-208

duced by imposing the heat release rate obtained by the com-209

bustion diagnosis tool [24, 25] previously described. Results210

of the validation are summarized in Figs. 2 and 3. Here, the211

measured in-cylinder pressure and temperature (estimated212

by the combustion diagnosis tool) are compared against sim-213

ulations, showing a reasonable agreement in both operating214

conditions considered so far.215
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Figure 2: Experimental and simulated in-cylinder pressure at
two operating conditions.
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Figure 3: In-cylinder temperature comparison at two operat-
ing conditions.

2.1.3. CFDmodel: description and validation 216

CFD simulations were carried out using the CONVERGE 217

v2.4 CFD software [36], a commercial code based on the fi- 218

nite volume method and particularly developed for ICE ap- 219

plications. The model was built from the real engine ge- 220

ometry, considering the combustion chamber and both in- 221

take/exhaust ports. 222

As shown in Fig. 4, an hexahedral grid strategy based on 223

a orthogonal basis was used for meshing the complete com- 224

putational domain with a base cell size of 4 mm. The mesh 225

was refined up to 2 mm in the intake and exhaust, and up to 226

1 mm in the cylinder. The cell resolution was increased (0.5 227

mm) near the cylinder walls, including the moving piston and 228

valves. Additionally, an Adaptive Mesh Refinement (AMR) al- 229

gorithm was used to increase the grid resolution where spa- 230

tial gradients of velocity and temperature are meaningful. 231

This algorithm considered a sub-grid criteria of 1 m/s and 232

2.5 K to decrease the cell size up to a minimum of 0.125 mm. 233

Finally, the grid resolution was further increased by reducing 234

mesh size down to 0.0625 mm at the spark gap electrodes 235

to capture the initial flame kernel development. Full details 236

about the grid definition are given in Table 3. 237

Turbulence modelling was performed under the unsteady 238

Reynolds-averaged Navier–Stokes (URANS) framework. In 239

particular, the Re-Normalization Group variant of the k-epsilon 240

model (RNG k-εmodel [37, 38]), based on an eddy-viscosity- 241

based two-equation turbulence model, was used. The gas-to- 242
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Figure 4: Numerical domain and mesh characterization of the engine architecture.

Table 3: Mesh configuration details.

Base size 4 mm
Intake/exhaust ports 2 mm
Chamber refinement 1 mm

Walls refinement 0.5 mm
AMR min. size 0.125 mm

Spark refinement 0.0625 mm

Number of cells 0.5-4 million

wall heat transfer was modelled by the approach proposed by243

Angelberger [39]. This combination has been widely used in244

ICE applications [40, 41].245

The simulations were performed using a second-order cen-246

tral difference scheme for spatial discretization and a first-247

order scheme for temporal discretization. A Pressure Im-248

plicit with Splitting of Operators (PISO) algorithm modified249

by [42] was considered for the pressure and velocity fields250

coupling. The ideal gas equation of state was selected for251

calculating the compressible flow properties.252

The detailed chemistry solver [43] was combined with a253

multi-zone (MZ) approach for combustion modelling, con-254

sidering 5K temperature bins [44]. Previous studies [45]255

demonstrated the suitability of this approach for URANS-based256

gasoline combustion, even considering that it does not use an257

explicit turbulent combustion closure [46]. As in the 0D-1D258

chemistry simulations, the chemical kinetic mechanism pro-259

posed by Liu et al. [27] was used for mimicking the thermo-260

chemical properties of the fuel. The spark kernel was mod-261

elled by a volumetric source located between the spark plug262

electrodes. An energy deposition of 40 mJ was spatially and 263

uniformly distributed in a sphere of 0.5 mm along a L-type 264

profile [47]. 265

The inflow and outflow boundary conditions located at 266

the end of the intake/exhaust ports were defined by the in- 267

stantaneous pressure signal measured in the engine tests. 268

The surface temperatures of all wall boundaries were pre- 269

dicted by a lumped model [48]. 270

The model was validated by the same experimental data 271

used in the validation of the 0D-1D thermodynamic model. 272

A comparison between experiments and CFD-simulated re- 273

sults at 3000@11 is shown in Fig. 5. Again, a reasonable 274

prediction of the in-cylinder pressure and HRR signals was 275

achieved. 276
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Figure 5: Validation of CFD simulations at 3000 rpm and 11
bar IMEP. In-cylinder pressure signal and HRR trace are con-
sidered in the process.
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3. Methodology277

The numerical method is divided into four different steps.278

First, a representative sample for the engine operation is se-279

lected. Then, details about the estimation of the engine thermo-280

mechanical limits are given. Afterwards, the coupling be-281

tween the 0D-1D model (GT-SUITE) and the CFD code for the282

engine outcomes assessment is explained. Finally, the effec-283

tiveness of the method is verified by real oxy-fuel combustion284

engine experiments.285

3.1. Operating conditions286

A set of operating conditions shown in Table 4 was cho-287

sen to find a good compromise between the number of sim-288

ulations and the expected outcomes. These operating condi-289

tions are characterized by a constant engine speed of 3000290

rpm and different levels of engine load (3.7, 10.7 and 21.4291

bar of IMEP). In addition to the operating parameters, the292

most relevant experimental conditions are also detailed in293

Table 4. It is worth to mention that low and medium engine294

load (3.7 and 10.7 bar of IMEP respectively) were measured295

in the test bench, while the high load operating point was296

only simulated.297

Table 4: Operating parameters of the reference operating
conditions using conventional SI combustion at stoichiomet-
ric conditions.

Operating point Point 1 Point 2 Point 3*

Engine speed [rpm] 3000 3000 3000
IMEP [bar] 3.7 10.7 21.4
Injected fuel quantity [mg/cc] 10.6 33.15 66.3
Spark timing [CAD] -16.6 -19 -19
Coolant temperature [ºC] 80 85 85
Oil temperature [ºC] 90 92 92
Intake pressure [bar] 0.41 0.98 1.37
Intake temperature [ºC] 31 33 38

*Simulated.

3.2. Definition of thermo-mechanical limits298

A preliminary evaluation of the concept was performed299

by a combination of thermodynamic relationships and 0D-1D300

chemistry calculations (from now on referred as chemistry301

calculations to differentiate it from the one obtained with the302

GT-SUITE tool). Particularly, the maximum flame tempera-303

ture, the laminar flame speed and the chemical auto-ignition304

delay (AID) were analysed and compared between conven-305

tional combustion and oxy-fuel combustion. The aim of this306

study was to identify the most interesting dilution strategy307

(O2 or EGR) for oxy-fuel combustion and to determine the ef-308

fective operating range that fulfills the mechanical and ther-309

modynamic constraints.310

This study was based on the reference values obtained311

from the conventional combustion as:312

• The maximum flame temperature using oxy-fuel com-313

bustion was established at 3000 K, which corresponds314

to the flame temperature obtained at stoichiometric and315

non-diluted conditions. Boundary conditions for the 316

chemical calculations were estimated by the engine sig- 317

nals (pressure and mixture composition), the GT-SUITE 318

model and the combustion diagnosis tool (bulk temper- 319

ature). Due to the lack of experimental data for Point 320

3 (Table 4), boundary conditions were estimated from 321

data of Point 2. 322

• The combustion stability threshold was obtained from 323

the laminar flame speed estimated at the dilution limits 324

experimentally obtained operating with conventional 325

combustion in the bench, when a high dilution strategy 326

is considered (using both air and EGR dilution). As in 327

the previous criterion, boundary conditions are set by 328

the engine measurements at stoichiometric conditions. 329

Since the combustion duration at these extreme condi- 330

tions fluctuates between 40 and 50 CAD, the threshold 331

was established at 45 CAD (2.5 ms). Considering that 332

the spark plug is located at the center of the cylinder, 333

it is possible to relate the laminar flame speed with the 334

distance to travel by the flame front and the time to 335

reach the cylinder wall if the contribution of the turbu- 336

lence is constant. Therefore, an estimation of the min- 337

imum laminar flame speed that ensures a reasonable 338

combustion duration and stability can be obtained. 339

• The knock propensity is qualitatively assessed by con- 340

sidering the AID of the reference stoichiometric case. 341

An AID below this reference value means that the knock 342

tendency is higher than in the conventional gasoline 343

combustion and vice versa. 344

3.3. Assessment of the engine outputs 345

Once the most interesting operating settings and condi- 346

tions were identified, the performance of the concept was 347

assessed by a virtual version of the engine implemented in 348

GT-SUITE. This model accounts for both the gas exchange 349

and in-cylinder processes with a complete recreation of the 350

test bench facility including the engine and all auxiliary com- 351

ponents. 352

One of the main drawbacks of these simplified models is 353

the uncertainty of combustion modelling. The complexity of 354

this process and its strong 3D nature compromises the accu- 355

racy of current 0D and 1D models. If dilution strategies or 356

the oxidizer change are included in the equation, this uncer- 357

tainty can be even higher. 358

In order to improve this situation, the virtual engine was 359

coupled with the 3D CFD model through an iterative proce- 360

dure, where the flow of information between them is bidirec- 361

tional: 362

• Results provided by the 1D simulation of the research 363

single cylinder engine allow setting the boundary con- 364

ditions for the CFD modelling. 365

• The heat release law obtained with CFD modelling un- 366

der different operating conditions is fed back to the 1D 367

model to assesst the performance of the oxy-fuel com- 368

bustion concept. 369
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Using this approach, described in detail below, the impact370

of both dilution rate and spark timing was evaluated at the371

operating conditions presented in Table 4.372

The iterative procedure is illustrated in Fig. 6 for the 3000-373

@11 operating point. To initialize the first iteration, an ex-374

perimental conventional combustion heat release was assumed375

to calculate the thermodynamic gas evolution with GT-SUITE376

that was used to impose the boundary conditions in CFD cal-377

culations. Once the 3D reacting simulation was finished, con-378

sidering the closed-cycle only, the 1D virtual engine was fed379

with this new combustion profile. After 2 or 3 iterations, de-380

pending on the operating condition, the differences of the381

combustion characteristic parameters such as the peak of the382

heat release and the combustion duration were no longer sig-383

nificant, meaning that the convergence between both codes384

was reached.385

Finally as an additional study to show the potential of the386

proposed iterative method, the indicated performance of the387

closed cycle was optimized by acting on the ignition advance388

through a PID controller implemented in the 1D model, in389

order to modify the combustion centering. Moreover, in this390

optimization a limit value of the maximum cylinder pressure391

of 150 bar was established as a restriction, consistent with392

the engine specifications.393
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Figure6: Evolution of the combustion law though the iterative
process obtained from CFD simulations at 3000 rpm, 11 bar
of IMEP and 70% of EGR.

3.4. Validation of the methodology394

As a final step, the reliability of the numerical method395

is verified by comparison with oxy-fuel combustion experi-396

ments performed in the test bench. In Fig. 7, the variables397

simulated with the described 0D-1D-CFD method are com-398

pared to the measured ones at 3000@11 operating point ap-399

plying a 70% EGR dilution with 850 mbar and 303 K of intake400

pressure a temperature respectively. Although there are cer-401

tain differences in the peak of HRR, results reasonably mimic402

the pressure evolution and accurately predict both the start403

and the duration of the combustion process. Considering that404

none of the sub-models have been specifically adjusted for405

oxy-fuel combustion operation, results are promising and the406

method can be used for preforming further studies.407
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Figure 7: Validation of the numerical method for oxy-fuel com-
bustion. The in-cylinder pressure signal and HRR trace ob-
tained form CFD simulations at 3000 rpm, 11 bar of IMEP
and 70% of EGR are contrasted.

Thus, the numerical procedure has demonstrated to be 408

a fast and effective way to obtain the engine outputs when 409

operating with oxy-fuel combustion at maximum GIE condi- 410

tions with different levels of EGR, allowing the analysis of the 411

engine performance and thus, assessing the feasibility of the 412

concept. 413

4. Results and discussion 414

Results are presented in three different subsections, each 415

one of them fulfilling the specific objectives described in the 416

introduction. The thermo-mechanical limits of the engine 417

during a suitable oxy-fuel combustion operation are estab- 418

lished first by the chemical simulations. Then, the stability 419

and safety thresholds are verified by the 0D-1D/CFD cou- 420

pling method. In particular, the sensitivity to EGR dilution is 421

studied and the appearance of abnormal combustion (knock- 422

ing) at high engine load is evaluated. Finally, the global en- 423

gine parameters of oxy-fuel combustion are assessed and con- 424

trasted to those obtained by the conventional SI combustion 425

concept. 426

4.1. Assessment of dilution rates 427

To provide an overview on which operating settings are 428

meaningful and interesting from the point of view of the oxy- 429

fuel combustion operation, multiple sets of chemical simula- 430

tions were performed. The aim was to identify the most fa- 431

vorable strategy for dilution (O2 and/or EGR) and to give an 432

idea about the effective ranges of variation. In Fig. 8, both 433

the O2 (lambda) and EGR dilution rates were swept. 434

As a first step, a preliminary evaluation of the oxy-fuel 435

combustion concept was carried out using a combination of 436

thermodynamic analysis and chemical calculations [49], with 437

the aim of identifying the strategy with the most appropri- 438

ate dilution and safe operating range to avoid exceeding the 439

thermal and mechanical limitations of the engine. This way, 440

it is ensured that the subsequent experimental start-up of the 441

engine is safe and the starting point for the experimental ma- 442

trix is focused on the interesting condition obtained from the 443

simulated database. 444

7



Fig. 8 shows the effect of changing the two fundamental445

parameters (independent input variables) that allow control-446

ling the composition of the oxidizer (and therefore the dilu-447

tion of the charge in the cylinder): the rate of recirculated448

gases (EGR) and the O2-fuel ratio or lambda (λ). The output449

variables analyzed are the adiabatic flame temperature, the450

laminar flame speed and the AID time, which are the most451

relevant parameters for the characterization of the combus-452

tion process in the engine. For each dilution condition, char-453

acterized with EGR and λ, chemical calculations were per-454

formed to estimate the three mentioned parameters.455

Figure 8 shows the results for the medium speed/load op-456

erating point (3000 rpm and 11 bar IMEP, 3000@11). As it457

can be seen, working with a pure O2 dilution strategy (with-458

out considering EGR) the engine must be operated between459

λ values of 5 and 7 to avoid, simultaneously, exceeding ther-460

mal limitations and preventing performance degradation due461

to excessively low burning rates. Such analysis was also per-462

formed for a low load condition, to check if trends are sim-463

ilar. In Fig. 9, results are shown for less demanding condi-464

tions: 3000 rpm and 4 bar IMEP, 3000@4. Results show the465

same trends observed for the point 3000@11. Focusing on466

the bottom graph of Figs. 8 and 9, the knock tendency can467

be observed. Results of AID show a slight tendency towards468

higher knock propensity when there is a decrease of the EGR469

and an increase of λ dilution. Despite not being so critical,470

this may be the first reason to think about applying dilution471

strategies with EGR. A second reason, is that the production472

of O2 is costly from the point of view of energy consumption.473

And a third reason is that with λ values much higher than474

1, the O2+ CO2 mixture will need temperatures much lower475

than 303 K for CO2 liquefaction, in order to storage it before476

capture.477

For the case of diluting only with EGR while consider-478

ing stoichometric λ, the suitable range for dilution vary from479

65% to 75%. Keeping the EGR rate above 65%, the adiabatic480

flame temperatures do not exceed the engine material limits481

(3000K). Moreover, it is not possible to operate with dilu-482

tions larger than 75% because the burning rate slows down483

to levels where the flame can be extinguished. Following this484

dilution strategy, should not be knocking-related problems485

considering both operating conditions.486

If a combined dilution strategy with λ > 1 and EGR is487

used, there is a combined effect of the trends commented488

before. As λ is reduced from 5 to 1 the EGR rate must be in-489

creased from 0% to 65% minimum for both operating points490

(low and medium load) to keep the adiabatic temperature491

limit below 3000 K. Similarly, λ must be reduced from 7 to492

1 as the EGR must be increased from 0 to 75% to maintain a493

suitable combustion stability.494

With the analysis of these chemical simulations, it has495

been identified the potential λ and EGR ranges where the496

oxy-fuel combustion concept can be applied with the imposed497

restrictions. In order to achieve high λ values, the produc-498

tion of O2 in the MIEC must be increased significantly, thus499

requiring higher energy demand for the membrane opera-500

tion. Moreover, this strategy will difficult the capture of CO2 501

from the exhaust gases, since its separation from O2 + H2O 502

is not trivial. 503

From a technological point of view, EGR is a conventional 504

strategy, already implemented in standard engines, and sev- 505

eral ways of achieving the required EGR rates has been de- 506

scribes in the patent of Desantes et al. [23] about a mul- 507

ticylinder oxy-fuel combustion engine. Therefore, it is ener- 508

getically more efficient to control combustion temperature by 509

getting required EGR rates than required lambda values. Due 510

to these reasons and that high concentrations of CO2 in the 511

exhaust gases facilitates the thermal and energetic feasibility 512

of in-situ O2 production with MIECs and of CCS technolo- 513

gies [50], the oxy-fuel combustion concept was evaluated by 514

using EGR dilution (60%-75%) at stoichiometric conditions 515

(λ≈ 1). 516

@

Combustion stability threshold

Flame 
temperature 
over 3000K

- knock propensity + knock propensity 

Figure 8: Analysis of chemical simulations at 3000 rpm and
11 bar IMEP.
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Figure 9: Analysis of chemical simulations at 3000 rpm and 4
bar IMEP.

4.2. Verification of stability and safety thresholds517

4.2.1. Impact of EGR dilution on combustion518

After analyzing the results obtained with the chemical519

simulations in the previous section, it was possible to focus520

the study of the oxy-fuel combustion concept on a specific521

area of interest in the λ- EGR map. Specifically, diluting with522

EGR while keeping stoichometric conditions seems to be the523

most favourable strategy to minimize the energy required by524

the MIEC for the oxygen production.525

Since understanding combustion phenomena is essential526

to ensure the stability and maximize the benefits of oxy-fuel527

combustion, more accurate simulations are required to repro-528

duce in detail the physical phenomena related to combustion.529

Due to the simplifications considered in the chemical models,530

the 3D CFD model was used to predict a realistic combustion531

law operating under oxy-fuel combustion conditions.532

In Figs. 10 and 11, the instantaneous evolution of the in-533

cylinder pressure and the rate of heat release (HRR) calcu-534

lated for different dilution levels are drawn. Three levels of535

EGR were simulated (60%, 65% and 70%) keeping the same 536

ST in Fig. 10 and the same combustion centring (character- 537

ized through angle at which 50% of the fuel mass is burned 538

-CA50-) in Fig. 11. In addition to the simulated oxy-fuel 539

results obtained for the 3000@11 operating point, the ex- 540

perimental evolution of equivalent conditions using conven- 541

tional SI combustion (same fuel mass, λ = 1, no EGR) are 542

also included in these figures. It is observed that, for a con- 543

stant spark timing, the combustion accelerates as the dilution 544

rate decreases, exhibiting a shorter combustion duration and 545

higher heat release peak (up to 60 J/CAD of difference). The 546

duration of the conventional combustion is close to the 60% 547

case. As expected from the analysis of the previous section, 548

combustion tends to degrade as the dilution increases, reach- 549

ing a critical value around 70% of dilution. At this condition, 550

the combustion duration is on the limit of stability (CA10-90 551

around 45 CAD), thus further increments of the dilution rate 552

should lead to misfire and unstable operation. This threshold 553

is slightly lower than that suggested by the chemical simula- 554

tions, but considering their simplicity, they can be accepted 555

as a first approach for the concept assessment. Although not 556

included, it is worth to mention that similar trends were ob- 557

served at different loads (4 and 25 bar of IMEP). 558

Increasing the duration of combustion will lead to ad- 559

vance ignition to partially recover indicated performance dur- 560

ing ST optimization in section 4.3. To consider a more realis- 561

tic behaviour than keeping ST, the spark timing was modified 562

Figure 10: In-cylinder pressure signals (top) and HRR profiles
(bottom) at 3000@11 for different EGR dilution rates at con-
stant ST.
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Figure 11: In-cylinder pressure signals (top) and HRR profiles
(bottom) at 3000@11 for different EGR dilution rates at con-
stant CA50.

to maintain the same combustion centring for the three EGR563

levels considered. In Fig. 11, results show a similar trends564

as the previous cases discussed in terms of combustion dura-565

tion. The sensitivity to the dilution is also remarkable when566

CA50 is kept, even though lower than the effect seen for567

constant ST, thus maximum peak decreases about 40 J/CAD568

between extreme conditions considered. In addition, both569

the maximum heat release and the combustion duration are570

similar to those of conventional combustion when consider-571

ing 60% of dilution. Through this analysis a more accurate572

EGR limit range was obtained, where the oxy-fuel combus-573

tion concept can operate. It should be noted that this range574

is similar to the one predicted with the 0D model, reinforcing575

this methodology to characterize the combustion concept in576

ICE applications.577

4.2.2. Knocking issues at full load operation578

Although chemical simulations demonstrated that a pure579

EGR dilution strategy keeps the knocking issues under con-580

trol when oxy-fuel combustion is applied at low to medium581

engine loads, the risk of knocking combustion at full load582

conditions has not been evaluated so far.583

In order to identify realistic conditions where knocking584

combustion is a critical problem, additional simulations were585

performed considering the conventional SI concept. In Fig. 12,586

the AID time is plotted for different engine loads ranging587

from 4 to 25 bar of IMEP. Boundary conditions were esti-588

0 5 10 15 20 25 30
IMEP [bar]

10-1

100

101

102

A
ID

 [
m

s]

Combustion duration

Figure 12: Evolution of AID against the engine load. A refer-
ence combustion duration is included for time-scales compar-
ison.

mated from data of Table 4 and thermodynamic assumptions. 589

In addition to the AID time of the mixture, the characteristic 590

duration of combustion is included in this figure for compari- 591

son of time scales. As it can be seen, AID times are well above 592

the characteristic combustion duration (≈20 CAD) in almost 593

the whole load range. Nonetheless, both time scales become 594

closer when the load increases above 20 bar of IMEP. At 25 595

bar of IMEP, the AID is lower than the combustion duration, 596

thus the risk of knocking is clearly higher. 597

An equivalent oxy-fuel combustion operating point was 598

simulated considering 25 bar of IMEP, where conventional 599

SI combustion evinces a clear knock propensity. Results of 600

this simulation are shown in Fig. 13. Here the in-cylinder 601

pressure and HRR profile are plotted for a reference spark 602

timing of -19 CAD aTDC. In addition, the original ST was 603

shifted for GIE optimization (ST = -32.5 CAD) and results 604

are also included in the same figure. the absence of knock, 605

even at extreme ST advances, corroborates the findings ob- 606

tained after the analysis of chemical simulations performed in 607

section 3.2 for lower engine load conditions. Thus, diluting 608

with high EGR rates (above 65%) seems to be a suitable strat- 609

egy for oxy-fuel combustion since not only allows an stable 610

and flexible engine operation but also guarantees the engine 611

integrity. 612

4.3. Assessment of oxy-fuel combustion performance 613

Once the stability and safety thresholds are well estab- 614

lished, the oxy-fuel combustion concept will be analysed in 615

terms of engine outputs. In particular, the instantaneous in- 616

cylinder pressure and temperature were predicted for an op- 617

timal spark advance and different dilutions with EGR. More- 618

over, other parameters related to the engine performance, 619

such as the gross indicated efficiency, or the suitability of the 620

exhaust temperatures for the MIEC operation, are also anal- 621

ysed. 622

Figure 14 shows the in-cylinder gas pressure and temper- 623

ature operating at 3000@11, stoichometric conditions and 624

70% of EGR dilution, both obtained by the coupling method 625
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Figure 13: In-cylinder pressure signals (top) and HRR profiles
(bottom) at 3000@25 for different spark timings at 70% of
EGR dilution rate.

of 0D-1D and CFD. The significant reduction in pressure ob-626

served throughout the engine cycle can be explained because627

of several causes:628

• Since the oxidizer is diluted by 70% (mass fraction) of629

inert gas (EGR) in oxy-fuel combustion and by 77% of630

N2 (average mass fraction of dry air) in conventional631

combustion, a lower mass flow rate of oxidizer though632

the engine is required for keeping the same oxidizer-633

fuel ratio (i.e. stoichometric conditions). Therefore,634

the trapped mass in the cylinder at the valves closing635

is lower when considering oxy-fuel combustion.636

• Similarly, if the fuel mass, the oxidizer-fuel ratio (λ =637

1) and the dilution of the oxidizer are maintained be-638

tween both combustion concepts, a lower intake pres-639

sure is required for achieving an equivalent oxy-fuel640

combustion operation. Since the EGR gas constant is641

lower than the N2, the density of the oxidizer is higher642

if intake pressure and temperature are kept when the643

engine operates in oxy-fuel combustion mode, and thus644

pressure required to have the same mass flow rate though645

the engine is lower according to:646

pintake = p0 = ρ · R · T0 (1)

• Furthermore, the adiabatic expansion coefficient (γ) 647

when operating with EGR as the oxidizer diluent is 648

lower than considering pure N2. This aspect strongly 649

conditions the pressure increase during the compres- 650

sion stroke, leading to a lower pressure increase. 651

-180 -135 -90 -45 0 45 90 135 180
Crankangle [CAD aTDC]

0

10

20

30

40

50

60

In
-c

yl
in

d
er

 p
re

ss
u

re
 [

b
ar

]

Oxy-C
Conv-C

-180 -90 0 90 180 270 360 450 540
Crankangle [CAD aTDC]

0

500

1000

1500

2000

2500
In

-c
yl

in
d

er
 t

em
p

er
at

u
re

 [
K

]
Oxy-C
Conv-C

Figure 14: Comparison between oxy-fuel combustion with
70% EGR dilution and conventional SI combustion concepts.
In-cylinder pressure and temperature at 3000 rpm and 11 bar
IMEP and λ= 1.

Same trends can be observed in Fig. 15, where in-cylinder 652

pressure and temperature are depicted for the low load op- 653

erating condition (3000@4). 654

The effect of temperature during the compression is mod- 655

erate since the intake temperature is kept constant when the 656

combustion mode is changed. The small increase at IVC is 657

given by the different intake and exhaust processes that are 658

increasing the residual gases that remains in the cylinder af- 659

ter the scavenge process. In any case, the effect of the lower 660

γ can be seen clearly during the compression stroke, where 661

a lower temperature is reached right before the start of com- 662

bustion in comparison with conventional combustion. Dur- 663

ing combustion, the change in the heat release law observed 664

in Fig. 11 along with the higher specific heat of the diluent 665

leads to a lower maximum temperature when the engine op- 666

erates with oxy-fuel combustion. However, the effect of the 667

lower γ during the expansion increases the temperature at 668

exhaust valve opening in oxy-fuel combustion mode. This 669

effect is interesting from the point of view of the O2 produc- 670

tion in the MIEC, but it must be controlled to not exceed the 671

thermal limits of the engine components. 672
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Figure 15: Comparison between oxy-fuel combustion and con-
ventional SI combustion concepts. In-cylinder pressure and
temperature at 3000 rpm and 4 bar IMEP.

Table 5 shows intake pressure, exhaust temperature and673

GIE values obtained for points 1 and 2 (see Table 4) operat-674

ing with both combustion concepts. In both cases, stoicho-675

metric conditions are maintained and the ST was optimized676

according to the method described previously. For oxy-fuel677

combustion cases, the dilution rate was fixed at 70%.678

Focusing on oxy-fuel combustion cases, the intake pres-679

sure and the exhaust temperature increases around 0.4 bar680

and 110 K, respectively, when switching from 4 to 11 bar of681

IMEP. In terms of performance, it is shown an improvement682

of around 1% when the load increases. Temperature differ-683

ences are larger if both combustion concepts are compared,684

for instance, an increase of approximately 150 and 220 K is685

observed when switching form conventional to oxy-fuel com-686

bustion in point 1 and 2 respectively.687

The variation observed in the boundary conditions and688

gas properties will affect the indicated efficiency when oper-689

ating with oxy-fuel combustion. Thus, taking into account690

that γ is an important parameter for determining the perfor-691

mance in an ideal thermodynamic cycle (as it is well known692

from ideal Otto cycle analysis), the drop of around 8% at693

both operating points (3000@4 and 3000@11) can be ex-694

plained mainly by the γ reduction, along with the changes in695

the combustion rate.696

The effect of EGR on the combustion process has been697

studied before in section 4.2.1, but its specific impact on the698

engine outputs has not been assessed yet. Therefore, an addi-699

Table 5: Oxy-fuel combustion load assessment operating with
70% of EGR.

Conventional SI Oxy-fuel combustion

IMEP [bar] 4 11 4 11
Intake pressure [bar] 0.411 1.005 0.303 0.739
Exhaust temperature [K] 957 1004 1110 1220
GIE [%] 40.0 40.3 31.5 32.3

tional study was performed to better understand the impact 700

that the EGR dilution has in the oxy-fuel combustion opera- 701

tion. To this end, different levels of EGR dilution (60%, 65% 702

and 70%) are simulated at point 2 (3000@11) maintaining 703

the same CA50 in order to perform a fair and straightforward 704

comparison. 705

Figure 16 shows the instantaneous pressure evolution of 706

these oxy-fuel cases together with the equivalent condition 707

operating at conventional SI combustion. The maximum peak 708

pressures values reached are similar in the three oxy-fuel 709

combustion cases. The effect of the combustion slowdown 710

evinced in Fig. 11 on the pressure evolution is compensated 711

somehow by the increased pressure during the compression 712

stroke as the EGR rate increases. This pressure increase is ex- 713

plained by the increment of intake pressure required to reach 714

the target EGR rate, while keeping the oxidizer-fuel ratio. 715

Regarding the gas temperature,it decreases as the dilu- 716

tion with EGR increases, mainly due to the fact that trapped 717

mass of diluted gas in the cylinder is higher. For this rea- 718

son, lower EGR dilution rates lead to higher temperatures at 719

the valves opening and thereby, to higher exhaust tempera- 720

tures. This is an important aspect to take into account since 721

the membrane functioning is strongly dependent on this pa- 722

rameter. Therefore, the control of the EGR rate could be an 723

interesting strategy not only for assuring both the combus- 724

tion stability and the engine integrity, but also to optimize 725

the MIEC operation. 726

The stated changes in the engine operation produce the 727

GIE trends observed in Fig. 17. As it can be seen, there is an 728

improvement of 1.1% when EGR dilution increase from 60% 729

to 70%, thus confirming the expected trend when both CO2 730

and H2O concentrations get larger. The reduction of heat re- 731

jection due to the lower temperatures in the cylinder explains 732

this trend. Although this is a notable increment, GIE values 733

are far from the levels offered by the conventional SI combus- 734

tion. This is the main disadvantage of the oxy-fuel combus- 735

tion, however it must be highlighted that it is compensated 736

by the suitability and potential of the oxy-fuel combustion to 737

facilitate the CO2 capture thanks to the absence of N2 in the 738

exhaust gases. 739

5. Conclusions 740

A numerical method, validated with engine experiments, 741

has been developed to verify the viability of the oxy-fuel com- 742

bustion for SI homogeneous combustion concept in a recip- 743
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Figure 16: Effect of EGR dilution on the in-cylinder pressure
and temperature at 3000 rpm, 11 bar IMEP using oxy-fuel
combustion.
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Figure 17: GIE at 3000 rpm and 11 bar of IMEP at constant
CA50.

rocating ICE operating under realistic conditions. Since re-744

sults reproduce well the trends observed in the engine exper-745

iments, the following conclusions can be drawn:746

• The combination of simple chemical simulations with747

some thermodynamic assumptions helps to provide a748

realistic prediction of safety and stability thresholds for749

oxy-fuel combustion operation. These results have been750

considered as first estimation, since they slightly change751

when simulations with higher accuracy are performed.752

• EGR dilution strategy is intrinsically more appropriate 753

for an integrated oxy-fuel combustion concept. Using 754

a oxygen-based dilution strategy, the O2 MIEC produc- 755

tion should be significantly increased to achieve con- 756

ditions comparable to a pure EGR dilution strategy. In 757

addition, it is technologically easier to recirculate the 758

exhaust gases. And will be easier to liquefy for storage 759

and capture at supercritical conditions the CO2. 760

• In this way, the engine should be operated near-stoichometric761

conditions (λ ≈ 1) with EGR dilution rates ranged be- 762

tween 60% and 70% to avoid, on the one hand, exceed- 763

ing in-cylinder thermo-mechanical limits and engine 764

knocking, and on the other hand ensuring the combus- 765

tion stability. In should be note, that in order to achieve 766

higher levels of dilution without getting stability issues 767

(and also interesting from the point of view of the ther- 768

mal efficiency), the spark timing must be optimized. 769

• The oxy-fuel combustion concept is expected to be more 770

flexible in terms of spark advance at high load condi- 771

tion (where this abnormal combustion should compro- 772

mise the optimum combustion phasing in conventional 773

SI combustion), since no knocking issues are expected 774

in a wide range of spark timing. 775

• An important reduction of the indicated efficiency is ex- 776

pected when the engine operates in oxy-fuel combus- 777

tion mode (around 8 percentual points less at equiva- 778

lent operating conditions), also compromising the brake 779

specific fuel consumption. Nevertheless, despite this 780

penalty in fuel consumption, the oxy-fuel combustion 781

concept is really advantageous when integrates a MIEC 782

for in-situ O2 production, since it allows easily imple- 783

menting techniques for CO2 capturing, and therefore 784

not any CO2 will be released into the atmosphere. It 785

means that the link between engine efficiency and CO2 786

emissions could be broken. 787

• The EGR operating range is closely constrained by thermo- 788
mechanical limits due to the resistance of materials and 789

combustion stability, this narrow range (maximum range 790

between 60% and 70%) might be challenging for con- 791

trol purposes. 792

• On the other hand, as no knocking issues are expected, 793

even at full load conditions with extremely advanced 794

spark timings, increasing the compression ratio could 795

be an interesting strategy for recovering part of the 796

thermal efficiency reduction when the oxy-fuel concept 797

is applied. It must be taken into account that even 798

thought the CO2 can be captured, increasing the ef- 799

ficiency is important to reduce the costs. 800
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