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Abstract

The energy generation from the fossil fuels results to emit a tremendous
amount of carbon dioxide into the atmosphere. The rise in the atmospheric
carbon dioxide level is the primary reason for global warming and other cli-
mate change problems for which energy generation from renewable sources
is an alternative solution to overcome this problem. However, the renewables
sources are not as reliable for the higher amount of energy production and
cannot fulfil the world’s energy demand; fossil fuels will continue to be
consumed heavily for the energy generation requirements in the immediate
future. The only possible solution to overcome the greenhouse gas emission
from the power plant is by capturing and storing the carbon dioxide within the
power plants instead of emitting it into the atmosphere. The oxy-fuel combus-
tion power cycle with a carbon capture and storage system is an effective way
to minimize emissions from the energy sectors. The oxy-fuel power cycle can
reduce 90–99% of carbon dioxide emissions from the atmosphere. Moreover,
the oxy-fuel power cycles have several advantages over the conventional
power plants, these include high efficiency, lesser plant footprint, much easier
carbon-capturing processes, etc. Because of these advantages, the oxy-fuel
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combustion power cycles capture more attention. In the last decades, the
number of studies has risen exponentially, leading to many experimental and
demonstrational projects under development today. This paper reviews the
works related to oxy-fuel combustion power generation technologies with
carbon capture and storage system. The cycle concepts and the advancements
in this technology have been briefly discussed in this paper.

Keywords: Oxy fuel combustion cycles, s-CO2 power cycle, zero emission
power cycle, carbon capture and storage system.

Nomenclature
CCS Carbon Capture and Storage system
ASU Air separating unit
LNG Liquid natural gas
s-CO2 Supper critical carbon dioxide
HPT High pressure turbine
HTT High temperature turbine
HRSG Heat recovery steam generator

1 Introduction

Energy production by burning fossil fuels contributes to emitting an enor-
mous quantity of greenhouse gases into the atmosphere and resulting in
an increase in the atmospheric carbon dioxide (CO2) level. The rise in
the amount of atmospheric carbon dioxide is the principal cause of global
warming and climate change issues. According to the survey conducted
by IEA (International Energy Agency), it’s observed that 33.1Gt of CO2
emission comes from the energy generation industry, in 2018 [1]. The energy
production from renewable energy resources is a solution to reduce emissions
in the energy production sector. In the past decades, energy generation from
solar, wind, and tidal power has increased broadly, but the energy produc-
tion from such renewable sources is inadequate to fulfill the entire world’s
energy demand. So, the fossil fuel consumption for the energy production
requirements will increase exponentially in the future [28].

To address global warming and other climate change problems, reducing
the carbon emission from fossil fuel-powered plants is an urgent challenge
for the energy generating sector. In order to minimize the emission, several
methodologies are available. The principal methodologies include carbon
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Figure 1 Types of carbon capture technologies.

capture and storage, improving the cycle efficiency with less utilization of
fuel, and increase the energy production from renewable energy resources [2].
In accordance with the prediction study conducted by Lazarou et al. [54],
these methodologies anticipated a significant reduction in carbon dioxide
emission in forthcoming eras. Among these methodologies, the carbon
capture and storage technique show the most favorable outcomes [2].

Carbon capture and storage (CCS) technology reduces the emission from
the power generating sector by capturing and storing the CO2 instead of
emitting it into the atmosphere. The CCS technologies are categorized into
three variants: Pre combustion CCS, Post-combustion CCS, and oxy-fuel
combustion technology [3], this classification is shown in Figure 1. In pre-
combustion CCS, the fuel is first gasified from the gasifier then, the carbon
content is removed from the generated gases before fed to the combustor. In
post-combustion CCS, the carbon capturing and processing unit is put follow-
ing the combustor and catch the carbon material in the combustion byproducts
before emitting it to the atmosphere, chemical compounds containing amine
or ammonia are used as a scrubbing agent for the CO2 shooting process [4].
In the case of oxy-fuel combustion CCS technology, the fuel burnt in presence
of pure oxygen and make a flue gas comprises carbon dioxide and oxygen,
subsequently, the carbon dioxide is extracted from the flue gas and transferred
into a storage system [14]. The carbon-capturing rate by CCS technologies is
expected to be increased in the coming years [55].

Pre combustion and post-combustion carbon capture technologies con-
sume a tremendous quantity of energy for the CO2 separation and capture
processes. The studies indicate that these two technologies reduce 8–12%
plant efficiency [5]. The problems associated with pre-combustion CCS and
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post-combustion CCS can be overcome by oxy-fuel combustion technology.
In this technology, fuel combustion occurs in an almost pure oxygen envi-
ronment, i.e., pure oxygen acts as the oxidizing agent instead of air for the
combustion process. The oxy-combustion is the key to achieve zero-emission,
the oxy-fuel combustion results in producing a flue gas that majorly contains
carbon dioxide and water vapor, these two produced substances are easily
separatable in nature at lower temperatures pressures, not much energy is
required for this separation processes. The water and CO2 separation can
be done by integrating a flue gas cooler and a water separating device with
the system [4]. The oxy-fuel combustion system has several advantages over
the conventional power cycles, this kind of cycle possesses higher energy
efficiency with carbon capture and storage facility, efficient fuel burning and
high flame temperature, reduced NOx emission, and compact power plant
design [6].

In oxy-combustion technology, the conventional air combustion mode of
fuel-burning is changed to pure oxygen mode and this contributes, efficient
burning of fuel, the higher flame temperature and create flue gas majorly
contains carbon dioxide and water vapor. The flame temperature of the
produced gas is reduced by mixing the recirculated stream of flue gas, which
also turns the produced flue gas into the recirculated stream-rich working
fluid. On the basis of the working fluid, the oxy-fuel power cycles are cate-
gorized into two types, the supercritical carbon dioxide-based (s-CO2) power
cycle and supercritical water-based (s-H2O) power cycle [50]. In supercritical
carbon dioxide-based systems the flue gas entering the turbine contains more
than 90% carbon dioxide at the supercritical state and less than 10% water
vapor, this carbon dioxide-rich flue gas is produced by mixing the stream
of recirculated carbon dioxide with the flue gas produced by the oxy-fuel
combustion process. Subsequent to the turbine expansion, the water content
present in the carbon dioxide-rich stream has fully been removed from the
system by the water separation process. Then remaining carbon dioxide
stream is recirculated within the system after removing the excess carbon
dioxide to the storage unit [10]. In the case of supercritical water-based
systems at the flue gas expand thorough the turbine is supercritical water-
rich flue gas. The main difference as compared to the supercritical carbon
dioxide cycle is, in this cycle after separating the water and carbon dioxide
the water is recirculated within the system and all the carbon dioxide is
removed to the storage system [15]. Conceptual diagrams for the supercritical
carbon dioxide-based power cycle and supercritical water-based power cycle
are shown in Figure 2.
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(a) 

 
(b) 

Figure 2 Oxy-fuel power cycles. (a) Supercritical carbon dioxide-based cycle. (b) Super-
critical water-based cycle.

This work focusing on the oxy-combustion carbon capture and storage
technique used in the energy sector. In this phase of the rise in atmospheric
carbon dioxide level and the continued reliance on fossil fuels for energy
generation, the carbon capture and storage technology could be taken as a
solution to control the emission from the power generating sector. This work
reviewed different oxy-fuel power cycles their configurations, components,
process involved, and the advancements done. A comparative study is done
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for the oxyfuel power cycles which includes the performance parameters. The
use of s-CO2 in power cycles comprising different sources such as waste heat
and solar energy are discussed by Sajwan et al. [56] and Kandelwal et al. [57].

2 Components of Oxy-fuel Power Cycle

The power cycle with the oxy-fuel combustion technology requires some
additional components than a conventional power plant system. The addi-
tional components are: Air separating unit (ASU), Oxy-fuel combustor,
power generation system, CO2 and water separator, and the CO2 capturing
and storage system.

2.1 Air Separating Unit

The Air Separating Unit (ASU) separates oxygen and nitrogen from the air
and supply almost pure oxygen to the combustion chamber. Oxy-fuel com-
bustion technology usually adopts a cryogenic type of ASU. The cryogenic
type ASU intakes fresh air from the atmosphere. The dust and other impu-
rities present in the air are removed by the air filtration process, and the air
cools down to a cryogenic temperature. Further, by the selective distillation
process, oxygen and nitrogen separate from the air. The oxygen purity by
this process is almost 99.5%, but the air separation process consumes a large
amount of power and significantly affects the net efficiency of the power
cycle.

2.2 Oxy-fuel Combustor

The oxy-fuel combustor is the central unit of the emission-free power cycles.
The oxy-fuel combustor has three inputs: the fuel storage unit, oxygen from
the ASU, and the recirculated stream of carbon dioxide or steam with regard
to the cycle type. Pure oxygen fed by the ASU is acting as the oxidizing
agent for the combustion process, this oxy-fuel combustion also increases
the combustion efficiency. The oxy-combustion process generates flue gas,
which comprises CO2 and water vapor with the negligible existence of other
gases, and this is the major key to achieving zero-emission, since the CO2 and
water could be separated easily without any much energy requirements. The
separated CO2 is transferred to a storage unit. The recirculated stream inputs
into the combustor and acts as the temperature moderator for the combustion
process. In oxy-fuel power cycles, the recirculated stream is either CO2 or
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H2O. This adiabatic mixing of the recirculated stream with the flue gases
leads to form a recirculated stream-rich flue gas.

2.3 The Power Generation System

The power generation system consists of one or more turbines concerning the
power cycle capacity. The turbine inlet temperature of oxy-combustion power
cycles is much higher than the blade acceptable temperature; hence, the
turbine cooling model is essential for the system to withstand high operating
temperature. The type of turbine selection is based on the working fluid;
usually, steam turbine or gas turbine models are used for the oxyfuel power
cycle.

2.4 CO2 and Water Separator

As discussed earlier, oxy-fuel combustion results in the formation of flue gas
contain carbon dioxide and water vapor. The water content from the flue
gas needed to be separated before the carbon capture process. The water
content can be separated from the flue gas by cooling and water condensation
methods, further the water content is removed from the system by using water
separating device. This process results in almost pure carbon dioxide at the
end of the water separator. If the flue gas presents nitrogen oxides (NOx) or
sulfur oxides (SOx), some NOx and SOx removal technologies like de-NOx
and de-SOx are needed to be integrated with systems.

2.5 CO2 Capturing and STORAGE System

After separating the CO2, water content, and other impurities from the turbine
exhaust gas, the CO2 is compressed to above the critical point and further
fully or partially capture and transferred to the storage unit rather than of
emitting it to the atmosphere.

3 Classification of Oxy Fuel Combustion Power Cycle

Improving energy efficiency and reducing the emission from the power plant
are the main goals of the power production industry. The direct-fired oxy-
fuel combustion power cycles have drawn much attention because of their
inherent higher efficiency and almost zero-emission capability [6]. These
kinds of cycles achieve zero-emission by capture and store CO2 instead of
emitting it into the atmosphere [7].
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Based on working fluid these power cycles can be categorized into two
variants: i.e., supercritical carbon dioxide-based power cycles and supercrit-
ical water-based power cycles. As discussed in the introduction section the
oxy-combustion results to form a flue gas contains carbon dioxide and water,
in the supercritical carbon dioxide cycles the water content present in the
flue gas is fully removed from the system, and the remaining carbon dioxide
stream is recirculated within the system after capture excess carbon dioxide
and form a carbon dioxide-rich flue gas as working fluid. In the case of the
supercritical water-based systems, the carbon dioxide present in the flue gas
is fully removed from the system to a storage unit and the remaining water
stream recirculate within the system and forms a water-rich mixture of flue
gas as working fluid [50]. The well-established oxy-fuel power cycles like
Graz Cycle [8] and the CES Cycle [9] are utilizes water-rich flue gas as the
working fluid while the Allam Cycle [10], MATIANT Cycle [11], and Semi-
Closed Oxy Combustion Combined Cycle (SCOC-CC) [12] utilize CO2 rich
flue gas as the working fluid.

3.1 Water-rich Mixture as Working Fluid

When water-rich flue gas is used as the working fluid, the combustion
products are mixed with the recirculated steam stream and expand in a
turbine. Further, the CO2 content is entirely removed from the working fluid
by employing a water condenser and gas separator then the CO2 is fully
transferred to the CO2 storage unit.

Graz cycle
The first version of fossil fuel (Natural gas) based Graz Cycle with a carbon
capture facility was proposed by Jericha et al. in 1995 [14]. The cycle utilizes
a mixture of steam and CO2 as working fluids (77% of H2O and 23% CO2).
Figure 3 shows a basic process diagram of the Graz Cycle. The cycle consists
of supercritical steam cycles and a low-temperature Rankine Cycle. The fossil
fuel and the oxygen are fed to the combustor for the oxy-fuel combustion.
Further, the flue gas produced by the combustion process is mixed with the
recirculated H2O (steam) stream and formed a water-rich flue gas. This flue
gas first expanded in the high-temperature turbine and then the exhaust from
the turbine passed through a heat recovery steam generator (HRSG), the
heat available with the exhaust stream is utilized in HRSG to vaporize the
water. Further, the flue gas stream split into two, the minor stream contains
around 45% of flue gas recirculate directly to the oxy combustor after the
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Figure 3 Basic Graz Cycle power plant [8].

compression process and the remaining major steam is further expanded in
the low-pressure turbine unit (LPT). The exhaust stream of LPT undergoes
a cooling and water condensation process and then separates the water and
carbon dioxide. The separated carbon dioxide is completely removed from
the power cycle to the carbon capture and storage unit. The remaining water is
then passed through a de-aeration unit and to the HRSG. The generated steam
in the HRSG is expanded in the high-pressure turbine (HPT) and the exhaust
is used as the temperature moderator in the oxy combustor [8]. Over the years,
the basic version of the Graz cycle has been modified. In 2005 Sanz et al.
proposed a modified Graz cycle called the S-Graze cycle and obtained a cycle
efficiency of 52.7%, and after improving the heat transfer performance this
cycle observed 53.4% net efficiency [15]. Jericha et al. improved the cycle
by altering the working parameters like pressure ratio, mass flow rate, and
turbine inlet temperature, etc., these modifications result to obtain 54.14%
net efficiency [16].

CES cycle
The CES cycle is proposed by the clean energy system (CES) California,
this power cycle is defined as an internal combustion steam power generation
cycle [17]. A conceptual diagram of the CES cycle is shown in the Figure 4.
In CES technology, the oxy-fuel combustion system is adopted from the
rocket engines which empowers the American space shuttles. In this cycle,
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Figure 4 Conceptual diagram of CES plant [18].

a wide variety of fuels such as natural gas, syngas, produced gas, landfill gas,
refinery residues, and biogas, etc., can be taken for the combustion process.
The CES power cycle utilizes platelet technology introduced by Aerojet,
an American missile propulsion manufacturer, to mix oxygen and fuel to
ensure the controlled combustion and results to produce a homogeneous
flame front [51]. The water-rich flue gas produced in the oxy combustor
process is expanded in a high-pressure turbine (HPT) then heat is added again
to the stream by using a secondary oxy combustor and further expanded in
an intermediate pressure turbine (IPT). The heat energy available with the
exhaust from the IPT is used to preheat the recirculated stream and also
to generate steam in the HRSG. The generated steam in the HRSG system
is expanded in a low-pressure turbine. The flue gas leaving the HRSG is
undergoing a condensation process to separate water and CO2 from the flue
gas. The water is recirculated within the system, and the CO2 is removed
into a storage system. The researchers proposed different improved versions
of CES plants. The version proposed by Hustard et al. [17] shows higher
efficiency. The estimated net efficiency of the cycle is 45%.

3.2 Carbon Dioxide-rich Mixture as Working Fluid

In this category of oxy-fuel combustion power cycles, the flue gas formed
during the oxy-combustion process is mixed with recirculated carbon dioxide
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stream and forms a CO2-rich flue gas as the working fluid. The working
fluid expands in a gas turbine and produces the work as output for the
power cycle. After the turbine work, the working stream is passed through
a water separator and removes all the water content from the flue. A series of
compressors and pumps pressurize the pure CO2 stream obtained at the end
of the water separator, then a portion of the CO2 stream is recirculated within
the system after transferring excess CO2 to the carbon capture and storage
unit.

MATIANT cycle
In short, the MATIANT cycle is a combination of reheated supercritical-CO2
cycle and regenerative CO2 cycle. The cycle consists of two oxy combustors
and three gas turbines arrangement. The cycle achieves zero emission by
capturing and storing all the generated CO2 within the system. The study
conducted by Iantovski et al. mentioned that while using hybrid fuels, cycle
efficiency is above 50% for the MATIANT cycle [22]. The sensitivity analysis
done by Mathieu et al. [23] observed a maximum efficiency of around
45% for the natural gas-fired system. Zhao et al. [24] proposed a modi-
fied MATIANT cycle by eliminating the reheating process and by adding
recompression and stream split; the study obtained almost similar energy
efficiency for the modified one, and the value is only 0.35% lower than the
base cycle. Saeidi et al. [25] proposed a new variant of the MATIANT cycle,
this cycle is a combination of coal-based MATIANT cycle, and biomass
gasifier integrated Brayton cycle and Organic Rankine cycle and the study
results observed a maximum efficiency of 52.06% and an energy efficiency
of 47.02% at optimized conditions.

Allam cycle
Allam cycle shows the best first law efficiency among oxy-fuel power gen-
erating system, this cycle also called as NET power cycle. The cycle is a
highly regenerative trans-critical CO2 power cycle, and the power cycle can
enable it to work with various fuels such as natural gas, coal, biomass, and
oil refining residuals, etc. The cycle has nearly 100% of carbon-capturing
capability and also holds higher energy efficiency; moreover, the electricity
production cost is less as compared with conventional power cycles [26].
Allam et al. patented the power cycle in 2013 [27]. The studies estimated
energy efficiency of 59% for the natural gas-fired single combustor system
(without reheat) and 57.5% for double combustor system (with reheat). For
coal syngas fuelled Allam cycle estimated energy efficiency of 51.44% for
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Figure 5 Allam cycle (Natural gas-fired system) [29].

lower heat value (LHV) [28]. The schematic diagram for the natural gas-
fired Allam cycle is shown in Figure 5. The entire power generating system
consists of an air separating unit (ASU), oxyfuel combustor, turbine, heat
exchanger, water separator, and compressor unit. The burning process of fuel
takes place in an oxy-fuel combustor; the pure O2 which coming from the
ASU is acting as an oxidation agent for fuel combustion. The oxy-combustion
by-products and the recirculated CO2 are mixed within the combustor and
form a CO2-rich flue gas at the end of the combustor; the recirculated stream
also acts as temperature moderator for the burning process. The CO2-rich
flue gas is then expanded in the turbine unit afterward the exhaust stream
is cool down in the recuperator and gas cooler and then separates the water
and CO2 from the flue gas. The almost pure CO2 stream after available at
the end of the water separator is pressurized to above the critical value of
carbon dioxide ie. above 301K and 74bar by using series of compressors
and pumps. Then the excess CO2 is removed from the system to a CO2
storage facility and the remaining stream is recirculated within the cycle [29].
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NET Power, an American-based company, has constructed an Allam cycle
demonstration plant with an energy capacity of 50MWt in La Porte, Texas.
The plant has several advantages over the conventional power plant, which
include zero-emission, low electricity production cost, less land footprint,
higher efficiency, easy separation of water content, etc. [33].

The cost analysis was done by Ferrari et al. [30] estimated as 83.6 e
per MWh production of electricity for the Allam cycle; this price was the
lowest among the oxy-fuel power cycles. Saccabarozzi et al. [31] conducted
a thermodynamic optimization study on the natural gas-fired Allam cycle and
observed a maximum efficiency of 54.6% at the optimized condition, and the
carbon capture rate is 100%. Zhu et al. [32] proposed a modified variant of the
Allam cycle called the Allam-Z cycle, the modification includes: alteration
in state point temperature and pressure, a pump unit is used to pressurize the
stream instead of compressors after the supercritical state of carbon dioxide, a
set of recuperators are arranged to improve exhaust gas heat recovery, and the
cold energy available with the liquid natural gas (LNG) and oxygen from the
cryogenic oxygen separator is used for cooling the working fluid. As a result
of these modifications, this study observed 2.96% improvement in energy
efficiency.

Semi closed oxy-combustion combined cycle (SCOC-CC)
As compared with the conventional combined power cycles, the configuration
of SCOC-CC is much similar and this system consists of a steam cycle at
the bottom of the semi-closed supercritical carbon dioxide cycle. The heat
available with the turbine exhaust stream of the sCO2 cycle is input to the
steam generator of the bottoming cycle [38]. The study conducted by Yang
et al. [45] on SCOC-CC by using coal as the fuel source and the study reviled
that the overall first law efficiency of the proposed cycle is comparatively less
than that of the IGCC system. It might be because of the energy consumption
by the cryogenic oxygen separator. However, the CO2 capturing capacity
of the SCOC-CC cycle is exceptionally high (over 99%) [19]. A process
diagram of an SCOC-CC power plant is shown in Figure 6.

Chiesa et al. [19] also conducted a similar kind of study on the SCOC-
CC power cycle using coal as fuel and observed a net efficiency of around
39% for SCOC-CC, which is less than an IGCC system working on similar
conditions even though the carbon dioxide emission from the SCOC-CC
system is almost zero. Xiang et al. [34] investigated different bottom cycle
arrangements for the SCOC-CC; the results indicate integration of triple
pressure reheat cycle as the bottoming cycle shows better cycle performances.
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Figure 6 Schematic process diagram of the SCOC-CC system.

Riethmann et al. [21] have been modified an NGCC system into a nat-
ural gas-fired SCOC-CC system and this cycle is integrated with a triple
pressure heat recovery steam generator. The study results showed that the
efficiency achieved by the SCOC-CC system is 8.3% points lower than the
NGCC system, the cycle observed 48.3% net efficiency with almost 100%
carbon-capturing rate.

Coal as the Source of Energy
Coal plays a vital role in the energy-generating sector. As per the survey
of IEA [35], over one-third of the global electrical energy is produced by
consuming coal. The burning of coal results in the emission of many harmful
gases into the atmosphere, leading to air pollution, the greenhouse effect, and
ocean acidification. Hence, the coal-based power generation emissions should
be controlled; for that, the oxy-fuel combustion emission control strategy
could be taken to solve this problem [50]. In the coal-based oxy-fuel power
plant, the coal in itself not be used for the oxy-combustion process, some
liquid or gaseous fuels are needed for the oxy-combustion. Therefore, a coal
gasifier unit should be integrated with the system to produce syngas from
the coal [40]. Many researchers have been conducted studies on coal-based
oxy-fuel power plants [36–43]. The gasification of coal is the key technology
required for the coal-based oxy-combustion systems while using coal as fuel.
In the gasification process, the coal reacts with oxygen and steam produces
the synthesis gas (syngas) by the partial oxidation method. The produced
syngas may contain a high amount of nitrogen oxides, sulphur compounds,
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and traces of metals such as mercury, lead, etc. so, the syngas should clean
before fed to the combustor unit [50]. If syngas used directly without the
cleaning process for the combustion process, instead of syngas cleaning flue
gas cleaning methods like deNOx and deSOx must be included to remove the
nitrogen and sulphur content [36].

The coal-based oxy-fuel power cycles usually work on the s-CO2 Brayton
cycle [41]. Hong et al. [36] modelled a pressurized coal oxy-combustion
power cycle. This research work determined that the performance of pressur-
ized oxy-fuel combustion is much better than an atmospheric air-fired system
and the proposed work obtained an efficiency of around 46% (HHV) and
48% (LHV). While considering the energy consumption by the cryogenic
air separating unit, the cycle efficiency reduced to 33.5% (HHV) or 34.9%
(LHV), but these efficiencies are also higher than the conventional systems.

The coal-powered version of the Allam cycle observed a thermal effi-
ciency of 51.44% for low heat value (LHV) [28]. Lu et al. [37] conducted
a study on the coal variant of the Allam cycle by integrating commercially
available coal gasifiers and analyzed the performance as compared with the
IGCC power cycle. The work summarised that the efficiency of the proposed
coal version of the Allam cycle with carbon capture capability is higher
than an IGCC power cycle without a carbon capture facility, and the study
also observed that the efficiency of the cycle depends on feedstock selection,
gasifier type, and composition of syngas [37].

Weiland et al. [7] proposed a cycle configuration for the coal-based sCO2
power plant. The cycle consists of a high-pressure oxy combustor at 300
bar, a turbine with a pressure ratio of 10, recuperators and heat exchangers,
CO2 capture and storage unit, and a CO2 recirculating loop. This research
work concluded that: as compared to the IGCC having almost similar net
output and carbon capture capability, the net efficiency for the oxy-fuel cycle
observed 6% higher and generates 13% more energy than an IGCC system.
The researcher also performed the sensitivity analysis for cycle variables, and
it has been observed that inter-cooling is a fruitful option for improving plant
efficiency [7]. Weiland et al. [39] recently published a study work for the coal
gasification integrated sCO2 power plant. In this work, the cycle is modified
by an improved heat transfer mechanism and also by integrating a turbine
cooling model. The modifications result in an increment in the net efficiency
of the power cycle, the observed efficiencies are 42.1% and 40.6% for LHV
and HHV respectively.

Zhao et al. [40] had conducted a parametric study on coal gasifier coupled
supercritical CO2 power cycle in 2018. For the parametric study turbine inlet
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temperature and pressure and the turbine outlet pressure are considered as
the variables for the study. The results obtained by this work concluded that
the temperature at the inlet of the turbine and the expansion pressure or
the outlet pressure of the turbine are significantly influencing the systems
net efficiency, while the effect of the inlet pressure of the turbine is minor
and the proposed cycle observed 38.88% net efficiency when turbine inlet
temperature at 1200◦C [40]. Zhao et al. also conducted an optimization study
on an improved heat integration model. A two-stage optimization method
was adopted for the study; first optimized the boundary conditions and then
optimized the heat integration processes. This study calculated net efficiency
of 39.5% for the primary cycle and 40.9% for the cycle with a heat integration
system. Further, the researcher optimized the turbine working conditions and
improved the net efficiency of the cycle to 41.41%.

Zhu et al. [42] proposed a novel coal-based power cycle termed Allam-
ZC in 2019. A supercritical water coal gasifier is integrated with the system
in this cycle, and a simulation study was conducted. This cycle has several
modifications over the coal-based Allam cycle. (1) the supercritical steam
is used for the coal gasification and the steam generated by absorbing the
heat from the power cycle itself, (2) The back pressure of the turbine set at
saturated value, and this modification resulted in eliminating all the compres-
sors and only the pumps were used to pressurize the fluid, (3) The turbine
exhaust gas was first passed through the gasifier unit before the heat release
in the recuperator i.e., in this modification the heat available with the exhaust
gas is first used for coal gasification process and then for the recuperation.
The analysis conducted on this modified cycle shows better thermodynamic
results and observed net efficiency of 47.3% with 100% CO2 capturing rate.

Xu et al. modelled a solar hybrid version of the coal-based oxy-fuel
power cycle. The concentrated solar energy is used for the coal gasification
process. The results obtained for this study showed a 2.9% reduction in coal
consumption while using the solar energy for the gasification process and
the system possesses net efficiency of 43.4% and exergy efficiency of 44.6%
without any carbon dioxide emission from the power plant [43].

4 Comparison Studies on Oxy-fuel Power Cycles

Ferrari et al. [46] had conducted a comparison study on oxy-fuel
power cycles. Five promising oxy-fuel combustion power cycles such as:
MATIANT cycle, CES cycle, Graz cycle, SCOC-CC, and NET power cycle
(Allam cycle) are taken into account and all the cycles are compared against
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a reference NGCC cycle. The comparison results obtained from the technical
and economic assessments show that the NET power cycle has higher effi-
ciency as compared to all other power cycles. The specific total plant cost
for the oxy-fuel combustion power cycle is around 1,300 to 1,550 e/kWe,
which is 2–2.5 times greater than that standard NGCC power plant. Among
these cycles, the capital cost, the specific total plant cost, and the CO2
avoidance cost required for the NET power cycle are comparatively less, and
the costs are 1715 e/kW, 1320 e/kW, 68 e/ton, respectively. Therefore, the
comparison study concluded; the NET power cycle shows better technical
and economic performances.

Wimmer et al. [47] compared the NET power cycle (Allam cycle) and
Graz cycle at similar working conditions. The results obtained by this study
indicate that the net efficiency of the Graz cycle is slightly higher than the
efficiency of the NET power cycle, the obtained values are 53.5% and 52.7%,
respectively. While considering the turbine cooling model for the NET power
cycle, the net efficiency decreased to 52.06%. However, structural cycle
configurations, designing of power plant components, and the operations
associated with the NET power cycle is comparatively simpler than the Graz
cycle.

5 Major Challenges in Oxy-fuel Combustion Power
Cycles

Following are the major concerns to be addressed in oxy-fuelled combustion
power cycles

ASU energy consumption
As we discussed in earlier sections the oxy-combustion of fuel is the core
process in the emission-free power generation technology. To assure effective
oxy-combustion, pure oxygen supply is very essential, the pure oxygen is
provided to the combustor by the air separating unit integrate with the system.
Usually, the air separating units are separate the oxygen from air by the
cryogenic distillation method, this method will guarantee almost pure (99.9%
purity) oxygen supply to the combustor unit. However, the air separation unit
consumes a huge amount of energy to maintain the cryogenic temperature
required for the air distillation process, and which leads to a significant
reduction in the net efficiency of the oxy-fuel combustion power cycle [48].
Since the minimization of the energy penalty by the ASU unit is a challenging
problem.
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Turbine design
The working fluid of oxy-fuel combustion cycles is a mixture of carbon
dioxide and water. Concerning the cycle type, there might be a change in
the composition of the working fluid, the working fluid may carbon dioxide-
rich mixture or water-rich mixture. The turbine selection and design factors
are hardly depending on the properties of the working fluid. The composition
and properties of the working fluid should be pre-calculated before the turbine
design phase.

The working parameters like pressure ratio, working temperature range,
mass flow rate, fuel type, etc. might influence on the turbomachinery model-
ing. Usually, the turbine inlet temperature of oxy-fuel power cycles usually
kept at higher values to maximize the power cycle performance and which
may higher than the turbine blades acceptable temperature range, Therefore,
some turbine blade cooling models must be included during the turbine
designing phase to maintain the blade temperature within the acceptable
range [49]. So, the designing of turbo machineries without much energy
penalty is a challenge for the power cycle.

Costs required for the oxy-fuel power plant
As per the study by Ferrari et al., the costs associated with the oxy-
combustion power cycles are much higher when compared to the NGCC
power cycle. The total capital cost associated with the oxy-combustion sys-
tem is 2–2.5 times greater than a conventional system. The increment in the
capital cost might be because of the costs required for additional components
such as air separation unit, specially designed turbine, carbon capture, and
storage unit, water separator, recuperator, etc. Thus, minimization of the cap-
ital cost is a challenge for the oxy-combustion power cycles. The electricity
production cost per MWh is also high for the oxy-fuel combustion cycles.
The high energy penalty by ASU and additional costs required for the CO2
avoidance significantly affect the electricity production cost. The technolog-
ical improvement in these industrial competences can bring a reduction in
energy production costs [50].

6 Observations and Discussion

A study on the power cycle with oxy-fuel combustion carbon capture and
storage facility has been conducted. The observations found out in this review
work are discussed in this section.

Through the literature survey, it has been observed that it is possible
to eliminate all the carbon dioxide emissions from the power plant by
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Table 1 Comparison between oxy-fuel combustion power cycles

Cycle Working Net
No. Author Cycle Name Fuel Used Fluid Efficiency References

1 Sanz et al. S Graze Natural gas H2O 52.7% [15]

2 H. Jericha et
al

Graze Natural gas H2O 54.14% [16]

3 Hustard et al. CES Natural gas H2O 45% [17]

4 Chiesa et.al SCOC Natural gas CO2 39% [19]

5 Lozza et al SCOC Natural gas CO2 46.17% [20]

6 Riethmann
et al

SCOC Natural gas CO2 48.17% [21]

7 Iantovski
et al. and
Mathieu
et al.

MATIANT cycle Natural gas CO2 45% [23]

8 Saeidi et al. MATIANT cycle Biomass CO2 52.06% [25]

9 Allam et al. Allam cycle Natural gas CO2 59% [26]

10 Allam et al. Allam cycle Coal syngas CO2 51.44% [28]

11 Saccabarozzi
et al.

Allam cycle Natural gas CO2 54.6% [31]

12 Zhu et al. Allam-Z cycle Natural gas CO2 50.87% [32]

13 Xiang et al. NGCC integrated
with oxy fuel
combustion cycle

Natural gas CO2 55.3% [34]

14 Hong et al. oxy-fuel
combustion power
cycle

Coal syngas CO2 34.9% [36]

15 Weiland
et al.

Direct fired sco2 Coal syngas CO2 37.7% [7]

16 Weiland
et al.

Direct fired sco2 Coal syngas CO2 42.1% [39]

17 Zhao et al. Direct fired sco2 Coal syngas CO2 38.87% [40]

18 Zhao et al. Direct fired sco2 Coal syngas CO2 41.41% [41]

19 Zhu et al. Allam-ZC Coal syngas CO2 47.3% [42]

20 Xu et al. Solar hybrid coal
based direct-fired
s-CO2 cycle

Coal syngas CO2 43.4% [43]
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incorporating the oxy-fuel combustion carbon capture technology in the
power generating sector. This technology also possesses higher energy and
exergy efficiencies as compared with the conventional power cycles without
having the carbon capture and storage facility. A summary of the literature
survey is shown in Table 1. As per the observations, this technology requires
gaseous or liquid state fuels for effective oxy-combustion and carbon capture
procedures. Solid fuels such as coal or biomass are itself not be used directly
for the oxy-combustion process; they should convert to respective syngas by
gasification techniques before fed to the oxy combustor.

Based on the literature survey, an efficiency comparison of oxy-fuel com-
bustion power cycles is graphically represented in the Figure 7. By analyzing
this graphical data, it is noted that the net efficiency of all the oxy-fuel power
cycles is greater than 30%. As compared with the fuel used in the system,
the natural gas-fired oxy-fuel power cycles show better thermodynamic first
law efficiency than coal or biomass syngas powered cycles. Among all the
oxy-fuel power cycles, the natural gas-fired power cycle proposed by Allam
et al. [26] (cycle no: 9) shows heights energy efficiency.

As compared with the system performances the oxy-fuel combustion
power cycle shows better thermodynamic results than conventional power
cycles having similar working conditions [47]. But the cost analysis con-
ducted study works [39, 46], and [50] concluded that as compared with a
conventional power cycle the capital cost, total plant cost, and specific elec-
tricity production cost of oxy-fuel power cycle is much higher. The levitation
in these costs is because of the additional components and processes involved
in the oxy-combustion and carbon capturing and storing processes.
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7 Conclusion

A review based on the oxy-fuel power cycles with carbon capture and storage
technology has been conducted. The main conclusions made by this study
work are as follows:

• The oxy-fuel combustion power cycle with carbon capture and storage
system is a promising technology to reduce the carbon dioxide emission
from the power plant. Most oxy-fuel combustion cycles reduce 90 to
99.99 % of the carbon dioxide emission from the power plant.

• The oxy-fuel power cycles possess higher energy efficiencies, all the
cycles have more than 30% energy efficiency. The natural gas-fired
versions of oxy-fuel power cycles show higher efficiency than coal-fired
systems. Among the oxy-fuel power cycles, the highest efficiency is
observed for the natural gas-fired Allam cycle, the observed efficiency
is 59%.

• Different types of fuels such as natural gas, coal, liquid fossil fuels,
and biomass can be used for the oxy-fuel combustion process. While
selecting solid fuels such as coal or biomass, a gasification unit must be
integrated with the system. The working or demonstrational model of
coal or biomass fired systems are not yet been developed, these versions
are only described in the literary works.

• The challenges associated with the oxy-fuel power cycles include:
higher energy penalty by the ASU, the turbomachinery designing and
modeling processes, and the higher costs associated with the oxy-
combustion and carbon capture processes. A small advancement in these
challenges will significantly improve the cycle performance.
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