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Abstract 17 

As the impacts of global warming have become increasingly severe, oxy-fuel combustion has been 18 

widely considered as a promising solution for Carbon Capture and Storage (CCS) to reduce Carbon 19 

Dioxide (CO2) to achieve net-zero emissions. In the past few decades, researchers around the world 20 

have demonstrated improvements by the application of oxy-fuel combustion to Internal Combustion 21 

(IC) engines. In this paper, it presents a comprehensive review of the experimental and simulation 22 

studies about oxy-combustion for CCS in IC engines. To give a more comprehensive understanding, 23 
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it has included a detailed explanation of the essential components contained in an oxy-fuel IC engine 24 

and its typical operating parameters. The oxy-fuel IC engine components include the system of 25 

oxygen supply, Exhaust Gas Recirculation (EGR), water injection, fuel injection and CCS. In order 26 

to optimise the combustion process, it is required to adopt the appropriate values for the oxygen 27 

concentration, EGR rate, ignition timing, compression ratio, fuel injection and water injection in oxy-28 

fuel engines. The detailed literature review and analysis presented provides a basis for the selection 29 

of oxy-fuel combustion for CCS as a prospective solution to reduce carbon emissions in IC engines. 30 

Keywords 31 

Oxy-fuel combustion, Internal Combustion (IC) engines, Carbon Capture and Storage (CCS)  32 

 33 

1. Introduction 34 

Over the last few decades, the global warming problem has gradually become more serious. The 35 

data of global land-ocean temperature index from National Aeronautics and Space Administration 36 

(NASA) shows the eighteen of the nineteen warmest years since 1880 all have occurred in this century 37 

[1][2]. The total anthropogenic Greenhouse Gas (GHG) emissions surged to about 49 gigatonnes 38 

CO2-equivalents per year in 2010. Furthermore, GHG emissions have increased at a rate of 2.2 % per 39 

year from 2000 to 2010. This is much higher than the 1.3 % increment per year from 1970 to 2000 40 

[3]. 41 

The problem of global warming is unequivocally related to CO2 gas emissions, which is the most 42 

significant long-lived GHG in the atmosphere. The increasing concentration of GHG leads to an 43 

increase in temperature and a deterioration of the climate crisis [4]. Recently, UK climate activists 44 

and scientists have published an open letter in Lancet to the UK parliamentarians to urge for an action 45 

to reduce the carbon emissions so as to achieve the carbon neutral target by 2030 instead of 2050 46 



 

[5][6]. Therefore, reducing CO2 emissions should be a critical issue on the application of vehicles, 47 

which are undoubtedly one of the most commonly used machines that transport people and cargos. 48 

To effectively reduce CO2 emissions from conventional Internal Combustion (IC) engines, 49 

environmental-friendly vehicles have hitherto been utilised with an alternative fuel and any other 50 

advanced technologies for the powertrain that does not involve petroleum solely. For instance, hybrid 51 

electric vehicles, plug-in hybrid electric vehicles, battery electric vehicles, compressed-air vehicles, 52 

fuel-cell vehicles, and solar-powered vehicles. 53 

Each of these technologies has its distinguishing feature and shortcomings. However, to achieve 54 

the net-zero emissions target, it is required to develop a sustainable and low-cost solution to eliminate 55 

CO2 emissions from IC engines to the atmosphere completely. The Carbon Capture and Storage (CCS) 56 

technology has the potential to achieve a net-zero CO2 emissions even when using the fossil fuels so 57 

this not affected by the limitations of electricity supply [7][8][9][10]. CCS technology has been 58 

widely used in the industry, especially in achieving a significant improvement of CO2 emissions in 59 

large fossil fuel-fired power stations. But, the uptake of this technology in IC engines is limited at the 60 

moment [11]. Three typical methods of the CCS are post-combustion CO2 capture, pre-combustion 61 

CO2 capture and oxy-fuel combustion CO2 capture [8][9][10]. In the post-combustion capture, CO2 62 

can be captured in the exhaust flow once the fuel burns with air. In the pre-combustion capture, carbon 63 

should be removed from the fuel before combustion by a stage of gasification or reforming to produce 64 

a syngas. In the oxy-fuel combustion capture, fuel is burned in an oxygen stream that contains almost 65 

no nitrogen to achieve zero carbon emissions.  66 

In this paper, authors present a detailed review of the research status of oxy-fuel combustion in 67 

IC engines to reduce the CO2 emissions. The review aims to contribute to a full understanding of the 68 

combustion process, control parameters, configuration details of oxy-fuel combustion in IC engines, 69 



 

as well as providing a theoretical foundation for the implementation of oxy-fuel combustion 70 

technology in IC engines, which is helpful to realise carbon neutrality to mitigate the global warming 71 

problem. The rest of the paper is arranged as follows: Section 2 introduces the principles of oxy-fuel 72 

combustion. Section 3 mainly introduce the combustion process and control in oxy-fuel IC engines. 73 

Section 4 describes the configuration of oxy-fuel combustion in IC Engines. The final section presents 74 

the conclusions and further research directions. 75 

2. Principles of Oxy-fuel Combustion 76 

2.1 Oxy-fuel Combustion Technology 77 

Oxy-fuel combustion technology is an effective way to reduce CO2, this has been established by 78 

various researchers working in this area [10][11]. The oxy-fuel combustion technology for power 79 

generation with CCS is illustrated as a flowchart in Fig. 1. The basis of oxy-fuel combustion 80 

technology relies on using pure oxygen to replace air as the intake charge to react with fuel for 81 

combustion. This ensures that exhaust emissions mainly contain CO2 and water vapour (H2O). In the 82 

meantime, other harmful emissions related to nitrogen element is significantly reduced, such as NOX. 83 

Moreover, the other significant advantage of oxy-fuel combustion is that CO2 emissions can be almost 84 

eliminated from the exhaust. This can be achieved by recycling or separation from water vapour after 85 

the condensation. As a result, nearly pure CO2 can be compressed, but the purity of CO2 should 86 

depend on a trade-off between efficiency losses and operational costs during purification and the 87 

safety demands of transportation and storage [12].  88 

 89 



 

 90 

Fig. 1. A general flowchart of oxy-fuel combustion technology for power generation with CCS 91 

 92 

The main difference between the oxy-fuel combustion and the conventional combustion can be 93 

explained mathematically using the equations (1) and (2). Unlike with the conventional air 94 

combustion, oxy-fuel combustion conception replaces air with oxygen which is utilised to react with 95 

fuel directly, leading to the final products which merely contain CO2 and H2O. 96 

   For the conventional air combustion: 97 
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   For the oxy-fuel combustion: 99 
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The primary difference between these two combustion modes is the reactants. Table 1 below 101 

shows the physicochemical distinctions between CO2 and nitrogen, which would make the difference 102 

between the two combustion modes [12-19]. The molecular weight of CO2 is 44, compared to 28 for 103 

nitrogen, so the density of the intake gas is much higher in oxy-fuel combustion compared with 104 

conventional air combustion. The specific heat capacity and thermal conductivity of CO2 is a slightly 105 

higher than nitrogen, but the oxygen mass diffusion rate in CO2 is just around 0.8 times that in 106 



 

nitrogen [18]. 107 

 108 

Table 1. Comparison of physicochemical properties between CO2 and nitrogen (N2) at 1000 k, 0.1 MPa [12-19] 109 

Properties CO2 N2 Ratio (CO2/ N2) 

Molecular weight 44 28 1.57 

Density (kg/m3) 0.5362 0.3413 1.57 

Kinematic viscosity 

(m2/s) 
7.69e-5 1.2e-4 0.631 

Specific heat capacity 

(kJ/kgK) 
1.2343 1.1674 1.06 

Thermal conductivity 

(W/mK) 
7.057e-2 6.599e-2 1.07 

Thermal diffusivity 

(m2/s) 
1.1e-4 1.7e-4 0.644 

Mass diffusivity of 

oxygen (m2/s) 
9.8e-5 1.3e-4 0.778 

Prandtl number 0.7455 0.7022 1.06 

Emissivity and 

absorptivity 
>0 ~0 - 

2.2 Research Advances of Oxy-fuel Combustion in Furnace/Boiler 110 

In 1982, Abraham et al. [20] first proposed the oxy-fuel combustion technique by producing high-111 

purity CO2 from utility electric power plants that burn coal in a CO2/O2 mixture instead of air. Because 112 

of the potential advantages to aid in the recovery of CO2 and reduce the emission of air pollutants, 113 

oxy-fuel combustion technique has been applied and studied in a furnace/boiler for a long time, that 114 

relevant leading research advances are shown in Table 2. 115 

 116 

Table 2. Summary of research advances of oxy-fuel combustion in the area of furnace/boiler 117 

Publication 

Year 
Type Focuses and Progress Main Authors 

1982 Description 

A combustion process was proposed that coal can be 

burned in a CO2/ O2 mixture instead of air for a high-

purity stream. 

Abraham et al. [20] 

1985 Experiment Comparing coal-CO2/O2 firing with coal/air firing. Weller et al. [21] 



 

1986 Simulation 

A 1-dimensional modelling study was developed to 

simulate the heat-transfer about burning coal in three 

different mixture ratios of CO2/O2. 

Berry and Wolsky [22] 

1987 Experiment 

Demonstrating the feasibility of obtaining regular 

performance from combustors using oxygen and 

recycled gas instead of air. 

Abele et al. [23] 

1988 

Experiment 

and 

Simulation 

Demonstrating the combustion of pulverized coal can be 

completed in a CO2/O2 mixture atmosphere. 
Wang [24] 

1995 Experiment 
The first experiment in a pilot-scale facility was 

performed. 
Woycenko [25] 

The 1990s 

Experiment 

and 

Simulation 

Experimental trials about oxy-coal combustion with 

recirculated flue gas were firstly completed. 

The ignition stability can be improved by direct injection 

of oxygen into the furnace without increasing NOx 

emissions. 

Nozaki et al. [26-29]  

2003 Simulation 

CFD simulation work was conducted to evaluation oxy-

coal combustion with new design of combustor and 

burner. 

Chui et al. [30] 

2015 Review 
A considerable way to achieve broad commercialization 

by building demonstration plants was presented 
Stanger et al. [31] 

2020 

Experiment 

and 

Simulation 

NOX emissions of natural gas combustion was 

investigated during oxy-fuel operation. 

Accurate NOX emission prediction for oxidizers 

containing up to 10%v N2 in O2. 

Schluckner et al. [32][33] 

2021 Experiment 

A novel burner and furnace design featuring co-axial, 

low-mixing flow was investigated. 

Char burnout enhanced by gasification reactions in 

pressurized oxy-fuel environment. 

Yang et al. [34] 

2021 

Experiment 

and 

Simulation 

A modified Eddy Dissipation Concept (EDC) model is 

used for the oxy-fuel combustion scenario. 

The feasibility of biogas air-fuel combustion and natural 

gas oxy-fuel in steam cracking furnaces was evaluated. 

Zhang et al. [35] 

 118 

In smaller industrial applications of furnaces, there are various research work related to oxy-fuel 119 

combustion in the 1980s. However, the technology of Recycled Flue Gas (RFG) is not used at that 120 

time because of the lack of available technology. 121 

In order to evaluate the feasibility of economically producing CO2 by adding oxygen, as well as 122 

identifying the relative differences between coal-air and coal-CO2-O2 flames, Weller et al. [21] 123 

modified the existing coal-fired combustion facilities, performing the study of pulverised coal in a 124 

CO2-O2 combustion atmosphere. 125 

To further confirm the possibility and potentiality of burning coal in CO2-O2 combustion 126 



 

atmosphere, Berry et al. [22] conducted a one-dimensional modelling study, developing a model 127 

which can effectively predict the heat-transfer process about coal firing in three different ratios of 128 

CO2-O2, including 3.65:1, 2.42:1 and 2.23:1. Abele et al. [23] experimented with checking if it is 129 

available to obtain regular performance from combustors using oxygen and recycled gas instead of 130 

air.  131 

Wang et al. [24] further confirmed that it is feasible to get sufficient combustion of pulverised 132 

coal in a CO2-O2 atmosphere over a wide range of CO2-O2 ratios from 2.23 to 3.65 in both experiment 133 

and one-dimensional simulation. It was also found that regarding the combustion performance, 134 

CO2/O2 ratio in 2.42 is closer to the coal combustion in air. 135 

In the 1990s, the oxy-fuel combustion was started to become widely used in power generation. 136 

The first experiment of this technology used in the pilot-scale facility was performed by Woycenko 137 

et al. [25] in the International Flame Research Foundation (IFRF) and Nozaki et al. [26-29] in 138 

Ishikawajima-Harima Heavy Industries Ltd. Nozaki et al. [26] found the purity of stored CO2 is 139 

affected by feeding oxygen; the whole system is most economical at a purity of 97.5% for oxygen, 140 

meantime if the required liquefaction power was considered. It was also found that ignition stability 141 

can be improved by injecting oxygen into the furnace. Meanwhile, Nitrogen Oxide (NOX) formation 142 

was decreased because that NOX was mostly reduced to HCN or NH3 in the early combustion stage 143 

[29]. 144 

Using Computational Fluid Dynamics (CFD) modelling, Chui et al. [30] evaluated the concept of 145 

the burner and combustor design for oxy-coal combustion in RFG mode. It was found that the 146 

performance of burner is susceptible to the size of furnace. 147 

Stanger et al. [31] contributed to summarise the different development aspects of oxy-fuel 148 

combustion application in power station, including three typical types: oxy-pulverized coal fired, oxy-149 



 

circulating fluidised bed coal fired and gas turbine based. It was also stated that building large scale 150 

plants can be a considerable way to achieve the aim of commercialisation for oxy-fuel combustion. 151 

Schluckner et al. [32][33] improved the understanding of the complex processes involved in NOX 152 

formation during oxy-fuel combustion of natural gas, as well as investigating the sensitivity of NOX 153 

formation using a numerically inexpensive CFD model. 154 

Yang et al. [34] designed and tested a novel burner and furnace featuring co-axial, low-mixing 155 

flow. The results show promise for dry-feed, pressurized oxy-combustion, and the new burner and 156 

furnace design. Zhang et al. [35] evaluated the feasibility of biogas air-fuel combustion and natural 157 

gas oxy-fuel in steam cracking furnaces, and numerically predicted a significant flame lift-off and 158 

incident radiative heat flux shift towards the higher elevations which was not observed in the 159 

experiments. 160 

2.3 Research Advances of Oxy-fuel Combustion in IC Engines 161 

Due to its advantages, oxy-fuel combustion technology has also been considered as a suitable 162 

solution for low power output applications, such as the IC engines applied in the automobiles 163 

[51][52][53][59-73] and submarines.  164 

The general configuration of oxy-fuel combustion technology in IC engines can be summarised 165 

and designed as Fig. 2. Firstly, the supplying oxygen was usually stored in high-pressure oxygen 166 

bottles or tanks. The exhaust gas, which mainly contains CO2 and H2O, should be condensed, 167 

followed by the separation of liquid H2O. Subsequently, a portion of remained CO2 will be 168 

recirculated back to cylinders through an Exhaust Gas Recirculation (EGR) system for reuse. 169 

Meanwhile, the rest CO2 will be captured and stored. 170 

 171 



 

 172 

Fig. 2. General configuration of oxy-fuel combustion technology in IC engines 173 

 174 

For the conventional diesel engines, the exhaust gas of combustion product will harm the 175 

environment and endanger public health.  176 

Thompson et al. [36] strongly supported in favour of a closed cycle 'nitro-diesel' concept which 177 

is very similar to oxy-fuel combustion, in reporting on a review of all contending power sources for 178 

underwater systems. A schematic of a test rig to realise 'nitro-diesel' combustion system was designed 179 

and built it based on a direct injection diesel engine (Perkins D3.152.2) in Newcastle University. 180 

As shown in Fig. 3, the Closed Cycle Diesel Engine (CCDE), also known as the non-air breathing 181 

diesel engine, can ensure zero harmful gas emissions to the environment. The working fluids 182 

commonly involve CO2, argon and helium, which has its characteristics that influence the behaviour 183 

of compression ignition engines. Besides, the performance trends can be expected when intake 184 

nitrogen is replaced with carbon dioxide, argon, or helium [37]. If the artificial air only contains 185 

oxygen, the flow chart of Fig. 3 can be called oxy-fuel combustion. 186 

 187 



 

 188 

Fig. 3. Operation principle of a CCDE 189 

 190 

Since the 1980s, many pieces of research about CCDE or other oxy-fuel piston engines have 191 

published, mainly for the underwater vehicle which is generally known as an autonomous underwater 192 

vehicle. The main research advances are shown in Table 3. 193 

 194 

Table 3. Summary of research advances of oxy-fuel combustion in IC engines 195 

Publication Year Type Focuses and Advances Main Authors 

1981 Report 
A closed cycle "nitro-diesel" concept, which is very 

similar to oxy-fuel combustion, was illustrated. 
Thompson et al. [36] 

1983 Experiment 
A closed cycle diesel engine using different inert gases 

was studied. 
Shaw et al. [37]   

1988 

Experiment 

and 

Simulation 

The working principle and a simulation model of CCDE 

were proposed. 
Zhang and Zhu [38] 

1989 Review 
The power system utilising a closed cycle diesel engine 

can full satisfied the requirement of submarine.  
Reader et al. [39] 

1990 Review 

Closed-circuit "airless" engines that were based on 

diesel technology can be suitable power sources in the 

deeper water. 

Fowler [40] 

1992 Simulation 

A thermodynamic simulation model of an air-

independent indirect injection diesel engine system was 

initially built and developed. 

Zheng et al. [41] 

1994 Simulation 
The power of CCDE improved by increasing a certain 

amount of argon or oxygen to the intake. 
Zhang and Cheng [42] 

1992-1998 

Experiment 

and 

Simulation 

An experimental investigation to determine the 

performance limits of carbon dioxide breathing diesel 

engines was presented. 

Hawley et al. [43-47]  

1999 Report 
A conception named Internal Combustion Rankine 

Cycle (ICRC) system was first proposed. 
Bilger [57] 

2004 Simulation 
The content of CO2 was an essential role in the working 

process of CCDE. 
Zhang et al. [48]  



 

2005 Experiment 
A neural control strategy for oxygen replenishment of 

CCDE was presented. 
Zhang et al. [49][50] 

2009 Report 

The idea of ICRC applied to piston engines can be very 

economical and practical compared with gasoline 

engines.  

Bilger and Wu [58] 

2006-2014 

Experiment 

and 

Simulation 

The performance of combustion and emission level can 

be improved when the ethanol or gasoline was added 

into the inlet port. 

Wu et al. [51][52][53] 

2009-2018 

Experiment 

and 

Simulation 

Simulations and experiments about the effect of various 

parameters were studied. 

Wu et al. [59-73] from 

Tongji University 

2017-2018 Simulation 
Simulation studies of oxy-fuel combustion, including 2-

D and 3-D direct numerical simulation were completed. 
Zhong et al. [54][55] 

2020 Simulation 
The effects of oxy-fuel combustion under HCCI 

combustion mode was investigated by CFD simulation. 
Raouf et al. [56] 

 196 

Zhang and Zhu [38] outlined the working principle of CCDE, and the simulation model can be 197 

revised according to the characteristics of CCDE. Reader et al. [39] presented a review about the 198 

development process of closed and re-cycled diesel system. It was concluded that CCDE is very 199 

suitable to apply in the submarine as a non-nuclear air power supply system due to CCDE’s main 200 

advantages: low cost, depth independence, high energy storage density, safety and low emissions. 201 

Fowler [40] also made the point that the three most promising areas of activity for the availability of 202 

suitable power sources in the deeper water were Stirling engines, fuel cells, and closed-circuit 203 

"airless" engines that were based on diesel technology. 204 

Zheng et al. [41] published some modelling results which were mainly about an air-independent 205 

indirect injection diesel engine system under the operation condition of three intake components: 206 

oxygen, nitrogen and CO2. It was illustrated that there was also no effect when CO2 mass 207 

concentration is below 30%. Zhang and Cheng [42] also developed a thermodynamic simulation 208 

model to study the performance and design of CCDE systems. It was found that the power of CCDE 209 

can be improved by increasing a certain amount of argon or oxygen to the intake. 210 

Hawley et al. [43-47] completed many investigations focused on the performance effects of a 211 

multi-cylinder diesel engine when CO2 replaces nitrogen. Under maximum torque conditions, it 212 



 

provided a 20% to 23% reduction for rated brake power and a 23% to 28% increase for Brake Specific 213 

Fuel Consumption (BSFC) when the engine worked on an atmosphere of 70 mol % CO2/30 mol % 214 

oxygen mixture preheated to 150 ℃. Furthermore, the corresponding simulation work has obtained 215 

modified models which can precisely forecast performance parameters of engines on such 216 

atmospheres within 5% certain limitations. Zhang et al. [48] also stated that the content of CO2 was 217 

an essential role in the working process of CCDE by introducing a method to simulate the steady 218 

working process when the diesel ran under normal cycle and closed cycle. It was also mentioned that 219 

the accuracy and stability of the oxygen replenishment and control strategy are essential. Furthermore, 220 

the maximum dynamic deviation can be reduced from 14.2% to 3.1% when the traditional feedback 221 

control strategy was replaced by a new neural network control system [49][50]. 222 

Wu et al. [51][52][53] also published some papers on the area of oxy-fuel technology. With 223 

developing a full CCDE which could use different intake gas, studies about the engine emission 224 

performance of CO2 and smoke were conducted under transient and steady operating conditions. Both 225 

the numerical simulation and experiment of key combustion characteristics for a CCDE was 226 

completed with various intake gas contents included oxygen, argon, and nitrogen, under varying 227 

engine speeds and equivalence ratios. The performance of combustion and emission level can be 228 

improved when the ethanol or gasoline was added into the inlet port even though the primary fuel 229 

was still diesel injected into the cylinder directly. 230 

In order to investigate the effect of CO2 and H2O dilutions on the oxy-fuel combustion process, 231 

Zhong et al. [54][55] completed some simulation studies, including 2-D and 3-D Direct Numerical 232 

Simulation (DNS) with detail chemical kinetic mechanism. It was found that when the dilution ratio 233 

of CO2 and H2O is 0.66 and 0.73, respectively, oxy-CO2 and oxy-H2O can achieve similar temperature 234 

profiles with air fired conditions. Raouf et al. [56] also conducted the 3-D CFD simulation 235 



 

investigation about the effects of oxy-fuel with HCCI combustion mode on operating conditions and 236 

combustion characteristics in a diesel engine to improve combustion efficiency and power output. 237 

Bilger [57] firstly proposed a concept named Internal Combustion Rankine Cycle (ICRC) system. 238 

In this system, thanks to that pure oxygen which is used instead of air as the oxidant reacts with 239 

hydrocarbon fuel, the emission of NOX could be eliminated entirely, and water is directly injected 240 

into the cylinder. It is also crucial that CO2 generated by combustion process can be almost captured 241 

by after treatment or recycled by EGR system. Furthermore, Bilger and Wu [58] firstly applied the 242 

idea of ICRC to piston engines, this feasibility for automotive applications were analysed, and this 243 

type of vehicles can be very competitive for carbon-controlled applications. In recent years, Wu and 244 

co-workers [59-73] from Tongji University have made significant contributions to the area of oxy-245 

fuel IC engines, including simulations and experiments about the effects of various parameters, such 246 

as oxygen concentration, EGR rate, ignition timing, water injection, compression ratio, and so on. 247 

 248 

3. Combustion Process and Control in Oxy-fuel IC Engines 249 

As with the conventional engines, control strategies of combustion process is also vital for 250 

optimising power performance, thermal efficiency and emissions in oxy-fuel IC engines. Therefore, 251 

a summary about researches on various kinds of typical operating parameters which are the main 252 

paths to affect the combustion in oxy-fuel Spark Ignition (SI) and Compression Ignition (CI) engines, 253 

are presented in Table 4. 254 

 255 

Table 4. Summary of various parameters studied in oxy-fuel engines 256 

Parameter 
Engine 

(SI/CI) 

Method 

Type 
Fuel Parameter range 

Oxygen 

Concentration 

(in volume)  

Authors 

Oxygen SI Experiment Propane / 40%, 50% Wu et al. [61] 



 

Concentration 
Experiment Propane / 

45%, 50%, 

55% 
Wu et al. [65] 

CI 

Both N-heptane / 0% to 100% Wu et al. [70] 

Experiment N-heptane / 

21% (air), 

70%, 85%, 

100% 

Kang and Wu [72] 

EGR 
SI Simulation / 0% to 70% / Yu and Wu [59] 

CI Experiment Diesel / 23% Wu et al. [51][52][53] 

Water injection 

timing 

SI 

Experiment Propane 5, 10, 15, 20 CA BTDC 40%, 50% Yu and Wu [60] 

Experiment Propane 
0, 10, 20, 30 CA BTDC 

50 CA ATDC 
44.5% Yu and Wu [62] 

Water injection 

duration 

Experiment Propane 0 ms to 4 ms 40%, 50% Yu and Wu [60] 

Both Propane 0 ms, 0.3 ms, 0.4 ms 
45%, 50%, 

55% 
Wu et al. [65] 

Water injection 

pressure 
Experiment Propane 

11 MPa, 13 MPa, 15 

MPa 
40%, 50% Yu and Wu [60] 

Water injection 

temperature 

Experiment Propane 20 ℃ to 120 ℃ 50% Fu and Wu [64] 

Both Propane 0 ℃ to 200 ℃ 
45%, 50%, 

55% 
Wu et al. [65] 

Water injection CI 

Experiment N-heptane 1 ms to 3 ms 

21% (air), 

70%, 85%, 

100% 

Kang and Wu [72] 

Simulation N-heptane 

10 CA BTDC to 30 CA 

ATDC (injection iming) 

20, 50, 90 mg (injection 

mass) 

20, 80, 160 ℃ 

(injection temperature) 

70% Kang et al. [73] 

Compression 

ratio 
SI Simulation Propane 9.2 to 14 45% Gao et al. [67] 

Supplement fuel CI Both Diesel 
Port-inducted ethanol or 

gasoline 
23% Wu et al. [53] 

 257 

3.1 Oxygen Concentration 258 

Regarding the oxy-fuel combustion, the heat capacity and thermal diffusivity of CO2 much differ 259 

with nitrogen as shown in Table 1, which leads to lower laminar flame speed and lower combustion 260 

temperatures under the same operating condition of equivalence ratio. Hence, oxy-fuel combustion 261 

probably results in a more substantial heat loss than conventional air combustion [85]. The change in 262 

oxygen concentration would have a strong influence on combustion behaviour [86]. From the 263 

experimental study of partially premixed CH4/oxyfuel flames in a swirl stabilised burner, it was found 264 

that the shape and stabilization of flame are closely related to the oxygen concentration, and it was 265 

suggested that the oxygen fraction in CO2 should be higher than 21% to maintain the stabilization of 266 

these flames [85]. 267 



 

Therefore, it is necessary to optimise the combustion process of oxy-fuel IC engines by 268 

controlling the concentration of oxygen. There are some efforts focused on this from experimental 269 

studies. 270 

To better understand the influence of oxygen concentration for oxy-fuel SI engine, 𝑅𝑂𝐹  is 271 

introduced to represent the volume percentage of oxygen by Wu et al [61][65]. It is found that higher 272 

𝑅𝑂𝐹 is helpful to accelerate the combustion process and improve the cycle performance. For instance, 273 

cylinder pressure is enhanced and the maximum pressure rising rate is increased by 18% with 𝑅𝑂𝐹 274 

increasing from 40% to 50%, under the ignition timing of 30 Crank Angle (CA) Before Top Dead 275 

Centre (BTDC) [61]. 276 

When the higher 𝑅𝑂𝐹 was used in the conditions of water injection, it will be very helpful to 277 

enhance the in-cylinder temperature and the evaporation rate of injected water. Consequently, it can 278 

diminish the negative effects of water injection on the flame propagation process by accelerating the 279 

reaction rate of combustion process, resulting in an improving indicated thermal efficiency and a 280 

higher IMEP. This is because with higher 𝑅𝑂𝐹, the negative effects on flame propagation from water 281 

injection of ICRC engine will be reduced and the vaporisation process will be shortened, hence the 282 

combustion performance can be improved obviously. However, under higher 𝑅𝑂𝐹, the Heat Release 283 

Rate (HRR) will shift forward with an excessive earlier ignition timing, resulting in deterioration for 284 

Indicated Mean Effective Pressure (IMEP), due to the increase of negative work during compression 285 

stroke [61]. 286 

Wu et al. [70][72] also made some investigations in CI engines. During the experimental tests of 287 

HCCI engines coupled with oxy-fuel combustion mode, pure oxygen working condition can be 288 

employed under specific engine loads, due to the effect of injected water. It is found that both the air 289 

and pure oxygen conditions display a typical two-stage heat release curve, including the periods of 290 



 

Low Temperature Reaction (LTR) and High Temperature Reaction (HTR). Meanwhile, compared 291 

with air, the combustion characteristics show some different variation trends under pure oxygen 292 

condition as follows. The HRR increases, whereas the combustion duration and maximum cylinder 293 

pressure decline obviously, due to the enhanced LTR and Negative Temperature Coefficient (NTC) 294 

which represents the CA duration between the end of LTR and the beginning of HTR. It is also 295 

demonstrated that because of COVIMEP, 85% is likely the minimum oxygen concentration fraction 296 

under HCCI combustion mode of an oxy-fuel engine with water injection. It also should be mentioned 297 

that one primary reason for the maximum limitation of oxygen concentration is affected by exhaust 298 

temperature [47]. 299 

Numerical simulation is also an effective way to explore the effect of oxygen concentration on 300 

combustion process in oxy-fuel IC engines. It was obtained some research outcomes after a detailed 301 

numerical analysis using a chemical mechanism coupled with 654 chemical species and 2827 302 

elementary reactions [70]. With the increase of 𝑅𝑂𝐹, both the beginning and the end of LTR would 303 

be delayed, simultaneously the duration of NTC get a reduction from 6.63 CA to 2.42 CA. Due to the 304 

higher specific heat capacity of oxygen, the timing for in-cylinder temperature reaching 790 K (LTR 305 

temperature of n-heptane) delays under a higher proportion of oxygen. However, Heat Release 306 

Fraction (HRF) has risen a lot to 21.28% during LTR under pure oxygen condition. Furthermore, the 307 

increased oxygen fraction speeds the overall reaction rate of n-heptane, by enhancing the H-atom 308 

abstraction, oxygen addition and peroxy alkyl hydrogen peroxide isomerization, leading to a higher 309 

temperature and HRF during LTR. 310 

3.2 EGR Strategy 311 

For the conventional IC engines, relying on recirculating a part of exhaust gas back to the engine 312 

cylinders, EGR technology was firstly adopted in CI engines to reduce NOX emissions by lowering 313 



 

combustion temperature. During these years, EGR technology was also commonly applied in SI 314 

engines due to the more stringent regulations on emission and fuel economy for SI engines with the 315 

downsizing tendency [75]. The recycled CO2 can also be used to control the combustion process in-316 

cylinder, improving flame stability and thermal efficiency, as well as limiting the combustion 317 

roughness. It is beneficial to decrease pumping losses at partial load and to increase the ability of 318 

knock resistance at full load. 319 

EGR ratio is usually used to represent the percentage of the recirculated exhaust gas, and the 320 

calculation is shown as the equation below. In the Equation (3), [𝐶𝑂2]𝐴𝑚𝑏𝑖𝑒𝑛𝑡 , [𝐶𝑂2]𝐼𝑛𝑡𝑎𝑘𝑒 , 321 

[𝐶𝑂2]𝐸𝑥ℎ𝑎𝑢𝑠𝑡 is measured in the environment, intake manifold and the exhaust gases, respectively 322 

[75]. 323 

𝐸𝐺𝑅 (%) =
[𝐶𝑂2]𝐼𝑛𝑡𝑎𝑘𝑒−[𝐶𝑂2]𝐴𝑚𝑏𝑖𝑒𝑛𝑡

[𝐶𝑂2]𝐸𝑥ℎ𝑎𝑢𝑠𝑡−[𝐶𝑂2]𝐴𝑚𝑏𝑖𝑒𝑛𝑡
                       (3) 324 

As for oxy-fuel SI engines, in the past years, the existing investigations mainly focus on the 325 

optimisation of combustion process. The application of EGR system in oxy-fuel SI engines was only 326 

an idea which was proposed in the ideal ICRC engine system [57][58][63][64][65].  327 

In the meantime, numerical simulation was used to investigate the effect of EGR on this type of 328 

engine. Wu et al. [59] calculated and optimised some critical factors of combustion process and 329 

thermal efficiency with various EGR rates and charge-fuel ratios. It indicates that pure oxygen 330 

definitely cannot be directly used into combustion under no EGR condition. Because the combustion 331 

rate is very fast without CO2 as an inert gas, and the maximum pressure rise rate can reach more than 332 

4 MPa/CA, which cause an excessive level of knock. Therefore, it is essential to introduce CO2 to 333 

oxy-fuel combustion using EGR technology, leading an appropriate reaction of oxy-fuel mixture 334 

combustion by decreasing the possible collisions. Meanwhile, Charge-Fuel Ratio (CFR) which is the 335 

mass ratio of intake charge to fuel, is also a key factor to influence the combustion process. 336 



 

Wu et al. [59] also clarified the complicated relationship between EGR rate and thermal efficiency 337 

in oxy-fuel SI engines by simulation. Under the condition of each CFR, there is a specific EGR rate 338 

which improves thermal efficiency most. Furthermore, the thermal efficiency displays a negative 339 

tendency with the increase of EGR rate, affecting by two main factors. Firstly, the heat loss through 340 

the cylinder wall and exhaust gas increases because of the higher combustion temperature, which was 341 

obtained using the “law of the wall” function in KIVA-3V. Secondly, the thermal efficiency will 342 

increase with a higher specific heats ratio, and the ratio of the specific heats of either oxygen or air is 343 

higher than CO2. Therefore, with a smaller CFR and higher EGR rate, the specific heat of mixture 344 

gas is relatively lower, leading to a reduction in thermal efficiency. For each CFR, a specific range of 345 

EGR rate can be found to enhance the thermal efficiency and indicated power of ICRC engine. 346 

As for the publications about oxy-fuel CI engines [51][52][53] which involves the EGR system, 347 

the primary function of EGR is the absorption of CO2 and smoke. Meantime, the influence of this 348 

type EGR system on combustion is also based on the selection of chemical absorbent, such as KOH, 349 

NaOH or Ca(OH)2. Firstly, it is found that BSFC can be better optimised when the CO2 absorber is 350 

filled with KOH, because less CO2 can exist under the best absorption performance of KOH. Secondly, 351 

this type of EGR is a leading factor affecting oxygen oscillation which can hardly be stable in the 352 

first few engine cycles. Compared with NaOH and Ca(OH)2, the use of KOH can achieve the lowest 353 

oscillation of oxygen. Besides, a smoke filter contained in the EGR system is proved to be very 354 

helpful for reducing smoke. 355 

Hence, main points of section 3.1 and 3.2 can be summarised as follows. Regarding the oxy-fuel 356 

SI engines, it is very important to find a suitable EGR rate with its corresponding ignition timing or 357 

charge-fuel ratio to optimise combustion performance. For the oxy-fuel CI engines, EGR system is 358 

currently used for the absorption of CO2 and smoke in the related studies. Because of the injected 359 



 

water, pure O2 can be employed under some working conditions, combustion duration and the 360 

maximum cylinder pressure is much smaller than the combustion condition with air. 361 

3.3 Water Injection Strategy 362 

For IC engines, in order to improve the performance of power and economy, the compression 363 

ratio should generally be increased. However, a significant abnormal combustion phenomenon named 364 

knock is easily produced in this case, especially under the engine operating conditions of low speed 365 

and high load. Knock usually occurs when combustion of some of the air/fuel mixture in the cylinder 366 

does not result from propagation of the flame front ignited by the spark plug. However, some of 367 

air/fuel mixture explode outside the envelope of the regular combustion front. There is an extremely 368 

rapid release of chemical energy in the end-gas, causing propagation of powerful waves of substantial 369 

amplitude across the combustion chamber [77][78]. Water injection technology is typically used to 370 

reduce engine knock by controlling the in-cylinder temperature. Besides, compared with the condition 371 

of no water cycle, the constant pressure process can be extended as the result of the water evaporation 372 

at the beginning of the power stroke [60]. Even there is a risk to enhance corrosion of engine from 373 

moisture by injected water; water injection is still a considerable way to simultaneously achieve the 374 

target of maximum engine performance and avoid the knock’s damage. 375 

For the oxy-fuel IC engines, water injection technology, including different water injection 376 

strategies, such as different values for the timing, duration, pressure, mass, and temperature of water 377 

injection, have been adopted and studied as essential technical ways to optimise combustion. 378 

3.3.1 Water Injection Timing 379 

The combustion performance for oxy-fuel SI engines can be affected significantly by the water 380 

injection timing [60][62]. It is found that for one specific working condition, injection timing should 381 

be restrained within a specific range. 382 



 

The combustion phasing can be postponed effectively as injection timing is advanced. 383 

Furthermore, the peak of cylinder pressure is almost the same, even compared with the working 384 

condition of no water injection. Because of the water vaporization, the in-cylinder temperatures will 385 

be deceased, and oxygen will be diluted, leading to an adverse effect on the in-cylinder reaction rate. 386 

Meanwhile, the working fluid is increased when the vaporisation of injected water is added. Besides, 387 

the peak of HRR of water injection cycle is higher than no water cycle. The indicated thermal 388 

efficiency will be improved as advancing the injection timing under the operating conditions of 389 

different injection pressure, because the higher temperature of water vapour can be obtained as more 390 

time for vaporisation with earlier injection. 391 

The combustion stability is also very sensitive to water injection timing [62]. The discrepancies 392 

for variation coefficient of cylinder pressure (COVCP) curves will emerge in both the amplitude and 393 

form. When the water injection timing is excessively advanced, the formation and initial propagation 394 

of the flame is significantly inhibited by the vapour, leading a stronger instability of combustion. 395 

Therefore, the cumulative HRR is meagre, and the COVCP increases obviously and reaches a high 396 

peak. Within a suitable range of injection timing, the curve of COVCP usually becomes smoother. 397 

However, an abnormal peak will also appear in the COVCP curve during the power stroke, when the 398 

injection timing is excessively delayed. It is because the heat in-cylinder could be reduced 399 

significantly with the absorption of water vaporisation accompanied with little heat release in the 400 

expansion stroke. Besides, the variation coefficient of IMEP (COVIMEP), which is sensitive to the heat 401 

release in initial combustion period, would be more stable when the water injection timing is ahead 402 

of primary combustion [79]. 403 

Wu et al. [73] also established a CFD model of oxy-fuel CI engine based on KIVA-3V to explore 404 

the feasibility and effect of water injection strategy in enhancing engine thermal efficiency. Regarding 405 



 

the effect of water injection timing, the in-cylinder temperature field from simulation results mainly 406 

indicates that the water injection timing should keep around the combustion process, so that the steam 407 

of water evaporation can be fully utilised leading a higher in-cylinder temperature. Furthermore, when 408 

the water injection timing is too early, the in-cylinder temperature gets an apparent decline, resulting 409 

in a relatively lower thermal efficiency. The late injection timing will also probably cause a decrease 410 

of efficiency by insufficient evaporation. 411 

3.3.2 Water Injection Duration and Pressure 412 

Water injection duration and pressure also play important roles in engine performance, resulting 413 

in a different mass of water entering into the cylinder, which leads to different combustion 414 

performance in oxy-fuel SI engines [60]. It is found that the peak of cylinder pressure becomes a little 415 

higher, which is led by the increasing water injection duration from 1 ms to 3 ms. However, cylinder 416 

peak has a slight reduction when it increases to 4 ms. The indicated work also increased with the 417 

extension of injection duration from 1 ms to 3 ms, and decrease under the 4 ms case. Because the 418 

excessive injected water leads to a considerable reduction of in-cylinder temperature and HRR. In the 419 

meanwhile, it can also be found that injection duration does not have much effect on the phasing of 420 

combustion, even that the case of 4 ms duration postpones the pressure peak for 5 CA. Another article 421 

[65] also mentions that thermal efficiency can be up to 32.1%, 37.6% and 41.5% for the case of no 422 

water cycle, 0.3 ms and 0.4 ms water injection duration, respectively. Meanwhile, comparing the 423 

effect of water injection pressure of 11 MPa, 13 MPa and 15 MPa on thermal efficiency, the higher 424 

pressure can make the best use of heat with increasing working fluid and better cycle performance, 425 

leading to higher thermal efficiency. 426 

Because no matter the gain in injection duration or pressure, the working medium will increase 427 

by adding more water. Furthermore, the reaction rate is also affected by the increased water, because 428 



 

both the concentration of oxygen and the propagation process of flame will change in that case. 429 

However, there will be probably an undesired effect for the thermal efficiency by excessive injected 430 

water, owing to that the in-cylinder temperature will decrease with too much loss in heat conduction. 431 

For the existing publications about oxy-fuel CI engines, water injection is also considered helpful 432 

to regulate the combustion process. In order to minimise the deterioration of HCCI combustion, 433 

especially suppressing knock, Wu et al. [72] found that it is advantageous by utilising high 434 

temperature (120 ℃) and high pressure (60 to 480 bar) water injection within an appropriate timing 435 

around Top Dead Centre (TDC). It is presented that cylinder pressure can be enhanced with a short 436 

injection duration of 1.0 ms. However, the pressure will switch to slightly decrease with a longer 437 

water injection duration, because of the decreased peak of HRR. It is also demonstrated that water 438 

injection strategy promotes the engine to achieve stronger anti-knock ability and enhanced thermal 439 

efficiency. There is another advantage that the CoV only increases up to 4% with a decent thermal 440 

efficiency near 40% with the strategy of water injection from 1 ms to 3 ms, unlike EGR strategy 441 

which has significant influences on the combustion process. The simulation results on oxy-fuel CI 442 

engine also imply that in order to achieve improved thermal efficiency, the working fluid of injected 443 

water within a specific range of amount is required to make a balance between in-cylinder thermo-444 

atmosphere and steam production [73]. On the contrary, the efficiency will slowly change for the 445 

worse with overmuch injected water by absorbing too much heat. It should also be noted that the 446 

COVIMEP will increase with the longer duration of water injection, leading to a deterioration in 447 

combustion stability [62]. 448 

3.3.3 Water Injection Temperature 449 

Regarding the effect of water temperature on oxy-fuel SI engine [64], the experimental results 450 

show that indicated thermal efficiency and indicated work could be improved with higher temperature 451 



 

of injected water. Because the negative effect of combustion process can be reduced by the rapider 452 

evaporation of water mist, which can help avoid the slow evaporation with low temperature water 453 

and promote the low COVIMEP, leading to a steadier operating condition of the engine. 454 

A model was established to investigate the impact of water temperature for the energy conversion 455 

of oxy-fuel SI engine [65]. It mainly concludes that the optimal water injection mass is increased with 456 

higher water temperature, resulting in better cycle performance. Moreover, thermal efficiency will be 457 

improved significantly; its optimal value is 43%, 53% and 67% when water injection temperature is 458 

0 ℃, 120 ℃ and 200 ℃, respectively. 459 

Besides, the in-cylinder temperature field under different water injection temperature [73] of an 460 

HCCI engine was also simulated. It indicates that it is beneficial the in-cylinder temperature drop in 461 

the water area becomes much smaller with the increase of water injection temperature, which leads 462 

to higher steam formation rate and cylinder peak pressure for better cycle performance. 463 

3.3.4 Effects of Water Injection on Emissions 464 

An experimental study completed by Wu [63] shows the results of five continuous combustion 465 

cycles, the first one is a dry cycle, and the other four cycles are water injected. A large amount, around 466 

800 ppm, is detected within the first cycle. Afterwards, the NOX decreases a lot after four water 467 

injection cycles due to the following two aspects. First, as the industrial grade oxygen is very hard to 468 

be absolutely pure owing to high costs to further improving the purify, When the intake supply 469 

switches from air to non-air operation, the residual gas from the chamber will also probably produce 470 

an apparent level of NOX emission. Second, the vital factor for NOX formation is the temperature 471 

which is restrained by injected water. Contrarily, the HC emissions exhibit an increasing trend with 472 

water injection. The reason is that water mist has strong adverse effects on flame propagation and 473 

finally lead to incomplete combustion.  474 



 

3.4 Ignition Timing and Compression Ratio 475 

Regarding the ignition timing, Wu et al. [61] found that appropriate ignition timing matched with 476 

related EGR rate would lead to better engine performance. Under the condition of 𝑅𝑂𝐹 = 50%, with 477 

the ignition timing advanced from 25 CA BTDC to 30 CA BTDC, the max pressure rise rate decreases. 478 

IMEP also has an approximate decrease tendency with excessively advanced ignition timing, and the 479 

drop range of 𝑅𝑂𝐹= 50 % is larger than that of 𝑅𝑂𝐹= 40%, owing to the acceleration of combustion 480 

with more content of oxygen. It indicates that the combustion instability is enhanced by an 481 

excessively advanced ignition timing. Furthermore, it is easier to achieve a higher IMEP with the 482 

advance of ignition timing under lower 𝑅𝑂𝐹 (higher EGR rate) than higher 𝑅𝑂𝐹 (lower EGR rate). 483 

The compression ratio is also essential for combustion process of engine. It is beneficial to 484 

increase the compression ratio to achieve better cycle performance, but it is also theoretically limited 485 

by the potential of knock. In order to perform a research about the compression effect and efficiency 486 

boundary of oxy-fuel SI engine, Wu et al. [67][71] have established a thermodynamic model using 487 

STANJAN software of Reynolds and the ideal ICRC process. It was indicated that injected water is 488 

helpful for oxy-fuel SI engines to reach a higher compression ratio. It was also found that with the 489 

compression ratio increasing from 9.2 to 14, cylinder pressure increases obviously and IMEP also 490 

gets an increment from 0.68 to 0.78 MPa under no water injection condition and from 1.09 to 1.55 491 

MPa under 140 mg water injection condition, respectively. Meanwhile, it also reflects that the thermal 492 

efficiency boundary will increase a lot with higher compression ratio at various injection mass. 493 

Notably, a 22.4% increment for thermal efficiency will be obtained under 140 mg injected water by 494 

increasing compression ratio, because with the injected water, the knock tendency can be reduced 495 

effectively to enhance compression ratio further. Besides, it is shown that only around 4% energy is 496 

lost during the CO2 separation and capture under a typical working condition with the engine 14:1 497 



 

compression ratio. 498 

3.5 Fuel Injection Parameters 499 

Regarding the direct injection parameters, it is found by Wu et al. [51] that with the increase of 500 

injection pressure, BSFC becomes a bit lower due to the high gas pressure and temperature. 501 

Wu et al. [53] also introduced a supplementary fuel injection system to oxy-fuel CI engine for 502 

study, then obtained some results by simulation and experiment. For the effect of supplement fuel 503 

(ethanol or gasoline) on combustion, the simulation results mainly show that the isothermal lines 504 

become more homogeneous, particularly under the condition of port-inducted ethanol which has 505 

smaller molecular weight and velocity than gasoline. The experiment results show that the 506 

concentration of smoke, NOX and CO2 emissions can be reduced effectively using the supplement 507 

fuel injection because of the combustion performance affected by the advantages of less carbon and 508 

more homogeneous mixture in this way. Furthermore, with port-inducted ethanol, smoke and NOX 509 

emissions are lower than those with port-inducted gasoline, whereas CO2 emission is higher because 510 

as a typical oxygenated fuel, ethanol can make the combustion process more thoroughly. 511 

Consequently, the main findings of section 3.3 to 3.5 can be summarised as follows. Utilising 512 

appropriate water injection strategies to improve the indicated thermal efficiency. Such as an 513 

appropriate water injection timing, increasing the water injection mass by duration or pressure. 514 

Furthermore, thermal efficiency and indicated work could be improved with higher water injection 515 

temperature. Besides, thermal efficiency and theoretical maximum injected water mass will increase 516 

a lot with the increase of compression ratio for oxy-fuel SI engines. The isothermal lines become 517 

homogeneous and the concentration of smoke, NOX and CO2 can be reduced effectively using the 518 

supplement fuel in the oxy-fuel CI engine. 519 

4. Configuration of Oxy-fuel Combustion in IC Engines 520 



 

As shown in Fig. 2, in order to successfully realise accurate operation and control of oxy-fuel 521 

combustion in IC engines, it is indispensable to establish effective and reliable systems to achieve the 522 

functions of oxygen feeding, intake organisation, water/fuel injection, CO2 separation, capture and 523 

storage, and so on. 524 

The system of an oxy-fuel IC engine can be divided into some sub-systems, including oxygen 525 

supply system, EGR system, water injection system, fuel injection system and CCS system. 526 

4.1 Oxygen Feeding System 527 

During the oxy-fuel combustion process, instead of air, a certain amount of pure oxygen should 528 

be provided and utilised as an oxidiser. When it comes to the power generation industry, especially 529 

full-scale power plants, an air separation unit with cryogenic technology was generally used as a 530 

conventional method of oxygen production [26][74]. However, it is very costly and unsuitable for IC 531 

engines which is the most common power source for land and water vehicles. Especially because the 532 

limited load capacity and dimension of vehicles, it is also unsuitable to use any other oxygen 533 

production technologies of power plants, such as membrane separation, ceramic auto-thermal 534 

recovery, chemical looping, and pressure swing adsorption. 535 

Regarding the oxygen feeding strategies, there is no distinction between SI and CI engines. The 536 

typical feeding strategies can be classified into two categories, as shown in Fig. 4. 537 

 538 

   539 

(a) Oxygen feeding without EGR                   (b) Oxygen feeding with EGR 540 



 

Fig. 4. Schematic of typical oxygen feeding strategies in IC engines 541 

 542 

One typical strategy is that oxygen was fed in the location of the inlet duct or inlet manifold of 543 

the engine without EGR system. The gases can be injected into the inlet directly and separately [47] 544 

or mixed using a chamber followed by entering into inlet [72]. The other typical strategy is that 545 

oxygen is fed into the EGR circulation system, then return to cylinder together with a portion of 546 

exhaust gases. This strategy was presented in the schematic of ideal ICRC engine [57][58][63][64][65] 547 

and was also used in the CCDE system [51][52][53]. 548 

In either of these two strategies, high-pressure bottles or liquefied gas tanks are employed as the 549 

resources for oxygen supplement. In order to enhance the uniformity of gaseous mixture and 550 

simultaneously reduce the oscillation of concentration, the gases are usually first transported to an 551 

evaporator, spiral airways [49][50] and an air-box which is about 100 times of the engine 552 

displacement is suggested to be installed [51][52][53]. The flow of oxygen feeding can be stabilised 553 

by a Proportion Integration Differentiation (PID) controller and an electrochemical oxygen sensor 554 

which can manage the concentration of oxygen in the O2/CO2 mixture gas. Thus, it is very convenient 555 

to measure and control the CO2/O2 ratio, so that the EGR rates can be simulated or controlled quickly 556 

and flexibly. The speed stabilisation of engine is used to judge whether the engine operation is regular 557 

or not, especially when the intake supply is switching from air to non-air operation. A system named 558 

neural feedforward compensation is also demonstrated to be used for reducing the dynamic deviation 559 

of oxygen feeding effectively [49][50]. Besides, the temperature gap along the pipes should also be 560 

concerned; in order to reduce the risk of frosting, specially designed heating belts can be installed at 561 

the outlets of gas bottles [72]. 562 

Additionally, another strategy of pure oxygen injection, which was typically used in the furnace 563 

[27][30], also has the potential to be employed in IC engines [80][81]. In that case, oxygen can be 564 



 

directly injected into the intake manifold or cylinders by nozzles, and a higher feeding pressure is 565 

helpful to accelerate evaporation. 566 

4.2 EGR System 567 

For oxy-fuel combustion, nitrogen is not a composition of intake gas, so EGR system is mainly 568 

used to introduce a portion of CO2 to replace nitrogen as a heat absorbent to control combustion 569 

process by slowing down the HRR. 570 

Currently, for oxy-fuel SI engines, an atypical conception of EGR system was proposed in the 571 

schematic of ideal ICRC engine conception [57][58][63][64][65]. In this case, exhaust gas 572 

recirculates back to the engine cylinders accompanying some oxygen from feeding system. A portion 573 

of recycled water reinjected into the cylinder during the combustion process can also be preheated in 574 

this EGR system. Hence, the waste heat can also be utilised in part simultaneously. 575 

Compared with ICRC engine, the EGR system which Wu [51][53] used in oxy-fuel CI engine is 576 

more complicated. The exhaust gas is firstly cooled by a gas cooler, then the gas entered into an 577 

absorber which is mainly for reducing CO2, and the concentration of CO/CO2 is measured with an 578 

analyser (RI-803). 579 

According to the extract location of the recycled gas, EGR can be typically divided into two types 580 

[75][82][83]. Cooled EGR means the recycled gas was extracted and recirculated after cooling, the 581 

other type called hot EGR that the exhaust gas was directly recycled without external cooling. Both 582 

of them can be applied to oxy-fuel SI or CI engines.  583 

If lower cost and higher thermal efficiency are needed, it is more suitable to select the structure 584 

of hot EGR with relatively simple and a more distinct effect on combustion duration, leading to a 585 

shorter ignition delay by the higher temperature recycled gas. Moreover, even the combustion 586 

temperature is generally improved by hot EGR, NOX production is not a factor due to the main 587 



 

advantage of oxy-fuel combustion. 588 

Regarding the system of oxy-fuel IC engine, as shown in Fig. 2, a condenser or heat exchanger is 589 

generally employed as a significant role in cooling action. Hence, the cooled EGR strategy is not 590 

difficult to be implemented. Compared to hot EGR, cooled EGR system has lots of influences on 591 

engine performance that need more attention as follows. 592 

The main feature of cooled EGR is its ability to improve the volumetric efficiency by increasing 593 

the intake density with a bit lower temperature. Therefore, it means cooled EGR can introduce a bit 594 

more oxygen, CO2 and H2O in the inlet. The more oxygen can increase the flame temperature [84]. 595 

Meanwhile, a more substantial amount of CO2 and H2O could lead to a higher heat adsorption 596 

capacity [83]. The rate of air-fuel mixture and fuel evaporation will be reduced, which is a factor to 597 

lead a higher emission level of hydrocarbon. Also, ignition delay will be probably postponed, and the 598 

premixed combustion might be enhanced. This would easily result in the deterioration of combustion 599 

noise and the cycle-to-cycle variations. Besides, it should also be noted that with the cooled EGR 600 

strategy, it does not rule out the possibility of corrosion by the condensation of moisture in the 601 

recirculated gas [82]. 602 

4.3 Water Injection System 603 

Regarding the water injection system which has been utilised in some oxy-fuel IC engines 604 

[57][58][60][63][64][65][70][72][73], current strategies can be presented in two types, as shown in 605 

Fig. 5. 606 

 607 



 

 608 

(a) Water injection with water tank 609 

 610 

 611 

(b) Water injection without water tank 612 

Fig. 5. Schematic of typical water injection systems in IC engines 613 

 614 

As presented in Fig. 5 (a), it is the most popular solution to implement water injection due to its 615 

simple structure and lower cost. In this solution, water supplement is from a separate storage tank, so 616 

it is indispensable to consider the weight of the tank and how to maintain the water temperature under 617 

different temperature environment. Water is directly injected into cylinders within suitable injection 618 

timing through a high pressure water rail and water injectors. This injector is modified based on the 619 

diesel injector, which can support a wide injection pressure range from 6 MPa to 48 MPa coupled 620 

with an air booster [72]. Besides, if it is required to imitate the waste heat recovery process, a heater 621 

with accessories which have monitor and control water temperature can also be added to this system.   622 

The other typical water injection system is shown in Figure 5 (b). Compared to Figure 5 (a), the 623 



 

significant discrepancy is the resource of water. Without an extra water tank, the injected water is 624 

from the separation of exhaust gas in this system. Before the recycled water is injected into the 625 

cylinder, it can be heated up by high temperature exhaust. Hence a portion of waste heat can also be 626 

utilised simultaneously. The indicated thermal efficiency can be enhanced by the benefit of water 627 

evaporation which improves the working fluid inside the cylinder. Furthermore, in order to eliminate 628 

the variation of in-cylinder pressure on the water injection rate, the water injection pressure should 629 

be higher than the peak in-cylinder pressure. In this system, because the pipes delivery time for water 630 

from the gas/water separator to the cylinder is relatively more prolonged, in order to guarantee water 631 

temperature to a specific level and avoid the subcooled boiling, a water rail with a heater is used to 632 

heat the high-pressure water, and several thermocouples are integrated into the water rail to monitor 633 

the water temperature. 634 

4.4 Fuel Injection System 635 

The design of fuel injection system in oxy-fuel IC engines is the same with conventional engines. 636 

The ICRC engines studied by Wu et al. [59] is generally injected with propane by KN3-2B type 637 

electronic controlled injectors. Regarding oxy-fuel HCCI engines by Wu [70][72][73], the 638 

mechanical injection system is changed to be electronically controlled with a dual-injection system 639 

which can maintain Port Fuel Injection (PFI) and Direct Injection (DI) separately or simultaneously. 640 

During the test, n-heptane is injected with a 12-hole nozzle PFI injector controlled by a NI-9401 641 

module. Meanwhile, diesel is supplied by an 8-hole nozzle and a common rail with high pressure up 642 

to 180 MPa controlled by a NI-9751 module. 643 

Wu et al. [53] also performed related works about the fuel injection system of oxy-fuel CI engine. 644 

The intake port and related devices were modified, then supplementary fuel injectors were installed 645 

in the intake port companied with an electronic control unit. Also, a three-ball glass meter, a turbine 646 



 

flow meter (ANSI 150) is used to measure the flow rate of fuel and air, respectively. 647 

4.5 CCS System 648 

Regarding the after treatment in oxy-fuel IC engines, one crucial part is the CCS System. As 649 

shown in Fig. 2, nitrogen is removed from the intake, so the emission gases theoretically only contain 650 

CO2 and water vapour. The water vapour is not difficult to be removed by condensation and gas/water 651 

separation. Then, the remaining gas stream dominated by CO2 should be considered for compression 652 

and storage. In addition, it should be noted that if there is some impurities in CO2 stream, the energy 653 

for CCS will increase, and CO2 purity of separation product and CO2 recovery rate will usually 654 

decrease [87]. 655 

Regarding the oxy-fuel IC engines, the existing investigations mainly focus on the combustion 656 

process; typical CCS technology has not been included in the past experiments. It was just designed 657 

in the schematic of ideal ICRC engine conception [57][58][63][64][65], after the condensation and 658 

separation of water, followed by a compression pump and a solid tank, which are used for CO2 storage. 659 

Also, there is a device shown in the publication of Wu [51][52][53], which is proposed as one 660 

technical way to reduce CO2 emissions using absorber with absorptive liquids. An absorber using 661 

bubbling method coupled with a perforated T-type pipe is usually used, which can mix with the 662 

exhaust gas with one of these chemical absorbents, such as KOH, NaOH or Ca(OH)2. [51]. The 663 

chemical reaction between CO2 from engine exhaust and KOH in the absorber can be concluded as 664 

the Equation (4). 665 

CO2 + 2KOH → H2O + K2CO3                         (4) 666 

Since the absorption effect of the absorbents is closely related with temperature, a cooler is utilised 667 

to control the temperature when it is above 40 ℃. The concentration of absorbent is 17% by mass, 668 

and the exhaust gas should be cooled and dried after the absorber. It was also suggested that KOH 669 



 

could be supplied by two nozzles to improve the mixture quality with exhaust gas [52][53]. 670 

 671 

5. Conclusions and Future Research Directions 672 

The oxy-fuel combustion technology was adopted as a promising method for CCS to achieve zero 673 

carbon emissions. Previously, oxy-fuel combustion technology was mostly applied in the field of 674 

large scale power plants which is ordinarily beneficial for reducing the CO2 emissions with the effect 675 

of compromising the thermal efficiency. Recently, oxy-fuel combustion technology becomes a 676 

durable topic of IC engines attracting some researchers. The oxy-fuel combustion process shown is 677 

quite different with conventional combustion of IC engines, since nitrogen is replaced by the CO2 678 

using EGR system or CO2 gas tank, the contents of exhaust almost include water and CO2. Meanwhile, 679 

the rest of the exhaust CO2 can be captured through condensation and separation; then the dry CO2 680 

will be compressed and stored in a designed tank. 681 

In this comprehensive review, for oxy-fuel combustion of IC engines, various parameters, 682 

including oxygen concentration, EGR rate, ignition timing, compression ratio, fuel injection, water 683 

injection (timing, duration, pressure and temperature), have been analysed and demonstrated as 684 

valuable roles which influence the combustion process of oxy-fuel engines. 685 

Regarding the oxy-fuel SI engines, it has been found that it is crucial to find a suitable EGR rate 686 

with its corresponding ignition timing or charge-fuel ratio to optimise combustion performance. 687 

Meanwhile, with the increase of EGR rate, the thermal efficiency shows a negative tendency. For 688 

each engine operating condition, there is a specific appropriate range for water injection timing. 689 

Increasing the injection mass of water by duration or pressure can effectively impact combustion rate 690 

since the working medium, oxygen concentration and flame propagation are changed. Indicated 691 

thermal efficiency and indicated work could be improved with higher water injection temperature. 692 



 

With the increase of compression ratio, indicated thermal efficiency and theoretical maximum 693 

injected water mass will increase a lot. 694 

Regarding the oxy-fuel CI engines, EGR system is mainly designed for the absorption of CO2 and 695 

smoke in the related studies. Moreover, as a chemical absorbent, KOH is better than NaOH and 696 

Ca(OH)2. Because of the injected water, pure O2 can be employed under some working conditions, 697 

combustion duration and the maximum cylinder pressure is much smaller than the combustion 698 

condition with air. It is also found that the isothermal lines become homogeneous and the 699 

concentration of smoke, NOX and CO2 can be reduced effectively using the supplement fuel in the 700 

oxy-fuel CI engine. In order to enhance thermal efficiency, the injected water should be within a 701 

specific range of amount, and an appropriate water injection timing (around TDC) is essential. 702 

In the future, further research is required in the field of oxy-fuel combustion in IC engines, such 703 

as HCCI engines coupled with oxy-fuel combustion at the economical oxygen-fuel ratios. For 704 

automotive, marine and industrial applications, it will be a prospective way to improve thermal 705 

efficiency and achieve the near zero carbon emissions, which is beneficial to control the greenhouse 706 

effect and global warming, as well as to save the costly consumption of oxygen. 707 
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Appendix 892 

Abbreviations 893 

BSFC Brake Specific Fuel Consumption 

BTDC Before Top Dead Centre 

CA Crank Angle 

CCDE Closed Cycle Diesel Engine 

CCS Carbon Capture and Storage 

CFD Computational Fluid Dynamics 

CFR Charge-Fuel Ratio 

CI Compression Ignition 

CO2 Carbon Dioxide 

COVCP Variation Coefficient of Cylinder 

Pressure 

COVIMEP Variation Coefficient of IMEP 



 

DI Direct Injection 

DNS Direct Numerical Simulation 

EGR Exhaust Gas Recirculation 

GHG Greenhouse Gas 

H2O water vapour 

HRR Heat Release Rate 

HRF Heat Release Fraction 

HTR High Temperature Reaction 

IC Internal Combustion 

ICRC Internal Combustion Rankine Cycle 

IFRF International Flame Research Foundation 

IMEP Indicated Mean Effective Pressure 

LTR Low Temperature Reaction 

N2 nitrogen 

NASA National Aeronautics and Space 

Administration 

NOX Nitrogen Oxide 

NTC Negative Temperature Coefficient 

PFI Port Fuel Injection 

PID Proportion Integration Differentiation 

RFG Recycled Flue Gas 

SI Spark Ignition 

TDC Top Dead Centre 
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