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The article compares newly developed methods of natural gas combustion through oxy-fuel technologies. 

It describes in detail the basic technological differences and ordering of technological parts for five different 

cycles using carbon dioxide and steam as a working medium in expansion turbines in electricity production. 

Among the procedures using steam as the working medium, attention is focused on GRAZ and CES cycles. In 

oxy-fuel procedures utilising carbon dioxide produced by natural gas combustion, the focus is on COOLCEP, 

MATIANS and COOPERATE cycles. For each cycle described, the respective operating conditions and prin-

ciples are given. Additionally, detailed process diagrams are also provided. Important advantages of all of 

these cycles include the possibility of the combustion of not only liquefied natural gas but also other gaseous 

fossil fuels, whose introduction into production is not very time-consuming, and the possibility of connection to 

power distribution network within a relatively short period of time.  
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1. Introduction 

In recent years, the transportation of natural gas in 

the form of liquefied natural gas (LNG) has become in-

creasingly important as a result of the construction of 

new terminals in Europe as well as with regard to its flex-

ibility, supply safety and the diversification of the energy 

mix of individual states [1, 2]. Furthermore, the use of 

LNG as fuel for gas and steam–gas plants is considered, 

as it reduces its volume approximately 600 times after 

liquefaction and thus could be transported directly to a 

power plant and subsequently regasified before it enters 

the combustion process [3, 4]. Within a gas power plant, 

some carbon capture and storage (CCS) technologies 

could also be used to reduce the amount of carbon diox-

ide released into the atmosphere [5]. In terms of the strat-

egies of the approach to carbon dioxide capture, three 

technologies based on different principles have been 

monitored: 

1. The capture of carbon dioxide from the flue gases from 

fuel combustion – the post-combustion technology; 

2. The capture of carbon dioxide from the gas before the 

combustion process – the pre-combustion technology; 

3. Co-combustion with pure oxygen – oxy-combustion, 

or the oxy-fuel technology [6]. 

The capture of carbon dioxide from the flue gases 

from fuel combustion – post-combustion – is one of the 

technologies that capture it using a suitable separation 

method, mostly based on the principle of absorption or 

adsorption. After the combustion of fuel with air, the flue 

gases are fed into a pre-cleaning technology. Here, solid 

particles are removed from the flue gases (e.g. in an elec-

trofilter). Subsequently, the flue gases are desulphurised 

(sulphur dioxide is removed). This pre-treatment is fol-

lowed by the application of one of carbon-dioxide cap-

ture technologies (e.g. adsorption, absorption methods, 

etc.) and the separated carbon dioxide is further utilised. 

The removal of carbon dioxide before the combus-

tion process is associated with its removal from the gas-

eous medium. If the primary raw material is gaseous fuel, 

the actual energy unit is preceded by the partial-oxidation 

or steam-reforming process, where syngas containing 

mainly carbon monoxide and hydrogen is produced from 

the gaseous fuel. Subsequently, carbon monoxide is con-

verted into carbon dioxide by means of steam oxide (the 

so-called shift conversion), the product of which is a mix-

ture of hydrogen and carbon dioxide. Carbon dioxide is 

then separated and the remaining gas, mostly hydrogen, 

is combusted in the gas turbine of the steam–gas cycle. 

Carbon dioxide is separated here at high pressure from 

gas that is relatively rich in carbon dioxide. This deci-

sively affects the choice of capture methods and technol-

ogies. In general, carbon dioxide is most often captured 

from gas by means of absorption methods. Another pos-

sibility for the capture are solid sorbents.  

The combustion medium used in the case of the oxy-

fuel technology is a mixture of pure oxygen (usually with 

the purity of 95 %) and recirculated flue gases. The flue 

gases then form a mixture of steam, carbon dioxide and 

nitrogen oxides, whose amount is lower than in normal 

combustion, as they are formed only from the nitrogen 

contained in the fuel. When the oxy-fuel technology is 

used, the flue gases thus have different characteristics, 

which are manifested, for example, in the lower for-

mation of nitrogen oxides or a higher flame temperature 

[7]. 

 

2. The Technology of Natural Gas Combus-

tion in the Oxy-Fuel Cycle 

 The combustion in the oxy-fuel cycle primarily pro-

duces carbon dioxide and steam. Carbon dioxide is sepa-

rated by means of the condensation of water from flue 

gases. This technological element consumes a small 
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amount of energy in comparison with the energy neces-

sary for oxygen production (7–10 % of the total energy 

consumption). The main, commonly used recycled work-

ing substances are either carbon dioxide or steam. The 

technologies using carbon dioxide include COOPER-

ATE, MATIANT and COOLCEP cycles, whereas those 

utilising steam as a working substance comprise CES and 

GRAZ cycles. 

 

 

 

Fig. 1 The scheme of the COOPERATE cycle [8] 

1 – Turbines; 2 – Recuperator; 3 – Cooling tower; 4 – Water separator; 5 – Intercooled compressor; 6 – Generator;  

7 – CO2 condenser; 8 – CO2 pump

2.1.  The COOPERATE Cycle 

 The COOPERATE (CO2 Prevented Emissions Re-

cuperative Advanced Turbine Energy) cycle is also re-

ferred to as a quasi-combined cycle [8]. It consists of an 

air separation unit, combustion unit, triple expansion tur-

bine, carbon dioxide compressor, and carbon dioxide liq-

uefaction and separation unit. The scheme of the cycle is 

depicted in Figure 1. 

 Gas enters the first stage of the turbine at a temper-

ature of 600–700 °C and a pressure of 240 bar. After ex-

pansion at this stage, the gas pressure is around 60 bar. If 

the pressure of 60 bar is too high for the next stage of the 

gas turbine, the second stage of expansion is included, in 

which the pressure is reduced from 60 to 15 bar. In this 

case, the combustion chamber is used only for the heating 

of the working medium up to the working temperature of 

the gas turbine [9]. The third stage of the turbine is en-

tered by flue gases from the second combustion chamber, 

which are further fed into the recuperator after the expan-

sion. 

 A disadvantage of the cycle is the maximum operat-

ing pressure of 240 bar and the maximum operating tem-

perature of 1,250 °C in the gas turbine in the first stage. 

The production of the turbine for such parameters is com-

plicated. This problem is solved by eliminating the first 

combustion chamber; in the first turbine, the highly com-

pressed carbon dioxide is subsequently expanded [8]. 

 

2.2. The MATIANT Cycle 

 In the cycle referred to as MATIANT (based on the 

abbreviation of the names of two designers – MAThieu

 and IANTovski), carbon dioxide is removed in the liquid 

state or under supercritical conditions under high pres-

sure from the circulating medium [10]. It can then be used 

in technologies requiring high pressure. The MATIANT 

cycle is a variant of the COOPERATE cycle. It consists 

of the Rankine cycle operating in the supercritical area in 

combination with the regenerative Brayton cycle. The 

scheme of the cycle is shown in Figure 2 [11, 12].  

The cycle includes two combustion units. In the first, fuel 

is combusted with oxygen and carbon dioxide at in-

creased pressure. The flue gases contain a mixture of car-

bon dioxide and steam, whose temperature is 1,300 °C 

[13]. Subsequently, these flue gases expand in the high-

temperature intermediate turbine, before entering the sec-

ond combustion chamber, in which fuel is incinerated 

with oxygen. The flue gases are then fed into an expan-

sion turbine (generating electricity). The third expansion 

turbine using recirculating carbon dioxide is located be-

hind the recuperator; it is connected to the second power 

generator using recirculating carbon dioxide. Behind the 

output from the recuperator, there are a cooler and a sep-

arator for the removal of steam from carbon dioxide. Sub-

sequently, carbon dioxide is compressed in a three-stage 

compressor with an intercooler. Here, carbon dioxide is 

liquefied at a temperature of 30 °C and a pressure of 70 

bar. The liquefied carbon dioxide is pumped by a high-

pressure pump into a recuperator. Before the recuperator, 

excess carbon dioxide is removed from the entire cycle. 

Liquid carbon dioxide subsequently cools the flue gases 

in the recuperator and then is fed into the expansion tur-

bine [14, 15].  
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Fig. 2 The scheme of the MATIANT cycle [11, 12] 

1 – Expanders with internal cooling; 2 – Generators; 3 – Uncooled expander; 4 – CO2 compressor; 5 – Motor;  

6 – Recuperator; 7 – Cooler; 8 – Water separator unit; 9 – Condenser; 10 – CO2 pump 

 

2.3.   The GRAZ Cycle 

 The GRAZ cycle (the cycle is designated based on 

the university where it was developed – Graz University 

of Technology) is assembled from the high-temperature 

Brayton cycle involving two compressors, a combustion 

chamber, a high-temperature turbine and a low-tempera-

ture Rankine cycle [16, 17], which consists of a low-pres-

sure turbine, condenser, steam generator, recuperator and 

a high-pressure turbine – see Figure 3 [18]. 

 

 

 

Fig. 3 A scheme of the GRAZ cycle [18] 

1 – High-temperature turbine; 2 – Generator; 3 – Heat recovery steam generator (HRSG); 4 – Low-pressure turbine;  

5 – Cycle fluid compressor; 6 – Motor; 7 – High-pressure turbine; 8 – Condenser; 9 – CO2 compressor; 10 – Pump

 The fuel, together with an almost stoichiometric 

amount of oxygen, is fed into the combustion chamber, 

which works at a pressure of 40 bar. Steam as well as a 

mixture of carbon dioxide and water are supplied to cool 

the burners and the liner. The flue gas contains approxi-

mately 74 % of steam, 25.3 % of carbon dioxide, 0.5 % 

of oxygen and 0.2 % of nitrogen. At the output from the 

combustion chamber, their temperature is 1,400 °C [19]. 

In the high-temperature turbine, this mixture subse-

quently expands to a pressure of 1 bar. A power generator 

is connected to this turbine. Exhaust gas from the high-

temperature turbine is used in a heat recovery steam gen-

erator (HRSG) to evaporate and overheat steam for the 

high-pressure turbine. Only 45 % of the HRSG mixture 
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expand in the low-pressure turbine to the absolute pres-

sure of 0.043 bar. The rest of the mixture is compressed 

in the compressor and subsequently fed into the combus-

tion chamber with the maximum temperature of 600 °C, 

thus preventing the release of latent heat when steam 

evaporates during condensation. In the condenser, the 

gaseous and liquid phases are separated. The gaseous 

phase containing carbon dioxide and steam is com-

pressed in the compressor to atmospheric pressure; after 

further water removal, carbon dioxide is stored for fur-

ther use. The purity of carbon dioxide is then 94 %. Water 

from the condenser, which is preheated, is evaporated 

and overheated in the HRSG. Subsequently, steam is 

brought into the high-pressure turbine at a pressure of 

180 bar and a temperature of 550 °C. After expansion, it 

is used to cool burners and individual stages of the high-

temperature turbine [20, 21]. 
 

2.4. The CES Cycle 

The cycle labelled as CES (Clean Energy System, 

Inc.) is very similar to the GRAZ cycle in the circulation 

of steam into the combustion chamber, but the CES cycle 

is less complex. The cycle involves the combustion of 

gaseous hydrocarbon fuel with oxygen in the combustion 

chamber, whose construction is based on the technology 

of rocket engines [22]. This combustion at a high temper-

ature and pressure produces a mixture of steam and car-

bon dioxide [23]. It thus consists of four follow-up steps: 

1. fuel processing and compression 

2. air separation and oxygen compression 

3. power generation 

4. carbon dioxide capture. 

 

 

 

Fig. 4 A scheme of the CES cycle [23] 

1 – High-pressure turbine; 2 – High-pressure intermediate turbine; 3 – Low-pressure turbine;  

4 – Generator; 5 – Heat exchanger; 6 – Condenser; 7 – Heat recovery steam generator; 8 – Pumps 

 

 At the inlet to the combustion chamber, the pure 

gaseous fuel is compressed to the required pressure. The 

air separation unit supplies a flow of high-purity com-

pressed oxygen to the combustion chamber (see Figure 

4). The power generation system consists of combustion 

chambers and turbines in a series and a heat recuperator. 

The combustion equipment operates at an overpressure 

of 50–100 bar and its temperature is reduced by injected 

water and steam. The produced mixture of steam and car-

bon dioxide has a temperature of 500–600 °C. This mix-

ture is then fed into a high-pressure turbine. The compo-

sition of the working substance varies depending on the 

type of the gaseous fuel and the amount of the injected 

steam, carbon dioxide and temperature. The typical ratio 

of steam to carbon dioxide is 91:9 (volume). A part of the 

mixture coming out of the high-pressure turbine is heated 

in a combustion chamber (reheated combustor), where 

additional fuel is combusted with oxygen. Then it is fed 

into a high-pressure intermediate turbine, from which, 

depending on the temperature of the exhaust gases, the 

waste heat is recuperated in the heat exchanger. It pre-

heats recycled water or generates steam, which is used in 

the combustion chamber. Heat recovery steam generator 

is placed behind the heat exchanger because of the nec-

essary condensation of flue gases from the high-pressure 

intermediate turbine. This is where also low-pressure 

steam is generated for a separate low-pressure steam 
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Rankine cycle, in which low-pressure steam is expanded 

into a vacuum [24]. 
 

2.5. The COOLCEP Cycle 

Liquefied natural gas (LNG) has a temperature of 

approximately −163 °C, which is much lower than that 

of the surrounding air. For this reason, it offers a large 

amount of energy, which can be further transformed into 

mechanical work – exergy. In reception terminals, in-

stead of the evaporation of LNG by means of heat from 

ambient hot water or air, it is possible to obtain exergy 

from LNG evaporation by investing in a process that uses 

it for subsequent applications. One way to do this is to 

include it in a heat power cycle that uses an LNG evapo-

rator as a cold reservoir. One of the technologies for ob-

taining and subsequently using exergy from LNG is 

COOLCEP (cool clean efficient power). It is basically a 

cogeneration recuperation Rankine cycle with liquefied 

carbon dioxide as a working substance [25].  

 

 

Fig. 5 A scheme of the COOLCEP cycle [26, 27] 

1 – Pump; 2 – Evaporator; 3 – Recuperator; 4 – Oxygen compressor; 5 – Turbine; 6 – Generator; 7 – Heat exchanger; 

8 – LNG-cooled heat exchanger; 9 – Condenser; 10 – Compressor; 11 – Condenser; 12 – Separator; 13 – Pump; 14 – 

Heat exchanger; 15 – High-pressure compressor 

 

 The COOLCEP cycle is shown in Figure 5, consist-

ing of a power subcycle and an LNG evaporation process. 

Between the two processes, there is a carbon dioxide con-

denser, heat exchanger and fuel supply to the combustion 

chamber.  

 Liquid carbon dioxide at −50 °C, which forms the 

working substance, is pumped at a pressure of 30 bar into 

the evaporator. The produced oxygen in the air separation 

unit is compressed in the compressor and admixed to liq-

uid carbon dioxide. The gas mixture is heated in the re-

cuperator by waste heat from the turbine. The tempera-

ture of the working substance is further increased in the 

combustion chamber. The substance then expands in the 

turbine to approximately ambient pressure and is then 

cooled in the recuperator. Carbon dioxide is then lique-

fied in the heat exchanger and steam is removed from it 
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in the condenser. The remaining working substance is 

compressed to condensation pressure in a single-stage in-

ternally cooled compressor for the reduction of compres-

sion work. Subsequently, the working substance is lique-

fied in the condenser, where LNG evaporation is used. In 

the separator, non-liquefied gases (mainly nitrogen, oxy-

gen and argon) are separated from the working fluid. This 

mixture is then compressed in a high-pressure compres-

sor to a pressure at which carbon dioxide is condensed 

and captured. LNG is pumped to the pressure that is typ-

ical of reception terminals (73.5 bar) and is subsequently 

evaporated using heat from the energy cycle. The evapo-

rated natural gas transfers a small amount of cold in the 

heat exchanger if its temperature at the exit from the heat 

exchanger is still low enough. Finally, gaseous natural 

gas is divided into two parts. Most of the natural gas is 

pushed into the transmission system; the rest is used as 

fuel in the combustion equipment [28]. 

 

3. Conclusion 

 From the strategic aspect of the approach to the cur-

rently highly monitored capture of carbon dioxide from 

the processes of combustion of gaseous and fossil fuels, 

oxy-fuel technology appears to be very promising. The 

text summarizes and compares the basic principles of the 

five most important cycles using carbon dioxide or steam 

as a working medium in variously interconnected expan-

sion turbines in the production of electricity. Among the 

procedures using steam as the working medium, attention 

is focused on GRAZ and CES cycles. In oxy-fuel proce-

dures utilising carbon dioxide produced by natural-gas 

combustion, the focus is on COOLCEP, MATIANS and 

COOPERATE cycles. Important advantage of the pro-

cesses discussed is the fact that they can be brought into 

operation and thus also connected to the power distribu-

tion network, from which renewable energy sources are 

being disconnected. [29] 

 

 
 

Reference 

1. Kumar S., Kwon H.T., Choi K.H., Cho J.H., Lim 

W., Moon I. Current status and future projections of 

LNG demand and supplies: A global prospective. 

Energ Policy, 2011,39(7):°4097-4104. 

2. Moryadee S., Gabriel S.A., Avetisyan H.G. Investi-

gating the potential effects of U.S. LNG exports on 

global natural gas markets. Energy Strateg Rev, 

2014,2(3-4):°273-288. 

3. Liu M., Lior N., Zhang N., Han W. Thermoeco-

nomic analysis of a novel zero-CO2-emission high-

efficiency power cycle using LNG coldness. Energ 

Convers Manage, 2009,50(11):°2768-2781. 

4. Xuan Y.Y., Pretlove J., Thornhill N. Assessment of 

Flexible Operation in an LNG Plant. Ifac Paper-

sonline, 2018,51(8):°158-163. 

5. Rubin E.S., Yeh S., Antes M., Berkenpas M, Da-

vison J. Use of experience curves to estimate the fu-

ture cost of power plants with CO2 capture. Int J 

Greenh Gas Con, 2007,1(2):°188-197. 

6. Gibbins J., Chalmers H. Carbon capture and storage. 

Energ Policy, 2008,36(12):°4317-4322. 

7. Hadjipaschalis I., Kourtis G., Poullikkas A. Assess-

ment of oxyfuel power generation technologies. Re-

new Sust Energ Rev, 2009,13(9):°2637-2644. 

8. Yantovski E.I., Zvagolsky K.N., Gavrilenko V.A. 

The Cooperate - Demo Power Cycle. Energ Convers 

Manage, 1995,36(6-9):°861-864. 

9. Yantovski E.I. Stack downward - Zero emission 

fuel-fired power plants concept. Energ Convers 

Manage, 1996,37(6-8):°867-877. 

10. Mathieu P., Nihart R. Zero-emission MATIANT cy-

cle. J Eng Gas Turb Power, 1999,121(1):°116-120. 

11. Cao W., Zheng D. Thermodynamic performance of 

O2/CO2 gas turbine cycle with chemical recuperation 

by CO2-reforming of methane. Fuel, 2007,86(17-

18):°2864-2870. 

12. Mathieu P., Nihart R. Sensitivity analysis of the 

MATIANT cycle. Energ Convers Manage, 

1999,40(15-16):°1687-1700. 

13. Mathieu P. Zero emission technologies: An option 

for climate change mitigation. Int J Green Energy, 

2005,2(2):°193-199. 

14. Crespi F., Gavagnin G., Sanchez D., Martinez G.S. 

Supercritical carbon dioxide cycles for power gener-

ation: A review. Appl Energ, 2017,195152-183. 

15. Zhao Y.M., Chi J.L., Zhang S.J., Xiao Y.H. Thermo-

dynamic study of an improved MATIANT cycle 

with stream split and recompression. Appl Therm 

Eng, 2017,125452-469. 

16. Sanz W., Braun M., Jericha H., Platzer M.F. Adapt-

ing the zero-emission Graz Cycle for hydrogen com-

bustion and investigation of its part load behavior. 

Int J Hydrogen Energ, 2018,43(11):°5737-5746. 

17. Thorbergsson E., Grönstedt T. A Thermodynamic 

Analysis of Two Competing Mid-Sized Oxyfuel 

Combustion Combined Cycles. Journal of Energy, 

2016,20161-14. 

18. Nami H., Ranjbar F., Yari M. Thermodynamic as-

sessment of zero-emission power, hydrogen and 

methanol production using captured CO2 from S-

Graz oxy-fuel cycle and renewable hydrogen. Energ 

Convers Manage, 2018,16153-65. 

19. Nami H., Ranjbar F., Yari M., Saeidi S. Thermody-

namic analysis of a modified oxy-fuel cycle, high 

steam content Graz cycle with a dual-pressure heat 

recovery steam generator. Int J Exergy, 

2016,21(3):°331-346. 

20. Sanz W., Jericha H., Luckel F., Gottlich E., Heitmeir 

F. A further step towards a Graz Cycle power plant 

for CO2 capture. Proceedings of the ASME Turbo 

Expo 2005, Vol 5, 2005181. 



PALIVA 12 (2020), 4, s.: 162 - 168 Oxy-fuel combustion of natural gas: A review 

DOI: 10.35933/paliva.2020.04.04 168 

21. Toffolo A., Lazzaretto A., Morandin M. The 

HEATSEP method for the synthesis of thermal sys-

tems: An application to the S-Graz cycle. Energy, 

2010,35(2):°976-981. 

22. Beer J.M. Oxy-fuel combustion for power genera-

tion and carbon dioxide (CO2) capture Foreword. 

Woodhead Publ Ser En, 2011. 

23. Anderson R.E., MacAdam S., Viterl F., Davies 

D.O., Downs J.P., Paliszewski A. Adapting Gas Tur-

bines to Zero Emission Oxy-Fuel Power Plants. Pro-

ceedings of the Asme Turbo Expo 2008, Vol 2, 

2008781-791. 

24. Pronske K., Trowsdale L., Macadam S., Viteri F., 

Bevc F., Horazak D. An overview of turbine and 

combustor development for coal-based oxy-syngas 

systems. Proceedings of the ASME Turbo Expo 

2006, Vol 4, 2006817-828. 

25. Zhang N., Lior N., Liu M., Han W. COOLCEP (cool 

clean efficient power): A novel CO2-capturing oxy-

fuel power system with LNG (liquefied natural gas) 

coldness energy utilization. Energy, 

2010,35(2):°1200-1210. 

26. Barba F.C., Sanchez G.M.D., Segui B.S., Darab-

khani H.G., Anthony E.J. A technical evaluation, 

performance analysis and risk assessment of multi-

ple novel oxy-turbine power cycles with complete 

CO2 capture. J Clean Prod, 2016,133971-985. 

27. Zhang N., Lior N. A novel near-zero CO2 emission 

thermal cycle with LNG cryogenic exergy utiliza-

tion. Energy, 2006,31(10-11):°1666-1679. 

28. Gomez M.R., Gomez J.R., Lopez-Gonzalez L.M., 

Lopez-Ochoa L.M. Thermodynamic analysis of a 

novel power plant with LNG (liquefied natural gas) 

cold exergy exploitation and CO2 capture. Energy, 

2016,10532-44. 

29. Mastný P., Drápela J., Mišák S., Macháček J., 

Ptáček M., Radil L., Bartošík T., Pavelka T. Ob-

novitelné zdroje elektrické energie, ČVUT, Praha, 

2011. 

 


