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Abstract: The transition to oxy-fuel combustion power cycles is a prospective way to decrease carbon
dioxide emissions into the atmosphere from the energy sector. To identify which technology has
the highest efficiency and the lowest emission level, a thermodynamic analysis of the semiclosed oxy-
fuel combustion combined cycle (SCOC-CC), the E-MATIANT cycle, and the Allam cycle was carried
out. The modeling methodology has been described in detail, including the approaches to defining
the working fluid properties, the mathematical models of the air separation unit, and the cooled
gas turbine cycles’ calculation algorithms. The gas turbine inlet parameters were optimized using
the developed modeling methodology for the three oxy-fuel combustion power cycles with CO2

recirculation in the inlet temperature at a range of 1000 to 1700 ◦C. The effect of the coolant flow
precooling was evaluated. It was found that a decrease in the coolant temperature could lead to an
increase of the net efficiency up to 3.2% for the SCOC-CC cycle and up to 0.8% for the E-MATIANT
cycle. The final comparison showed that the Allam cycle’s net efficiency is 5.6% higher compared to
the SCOC-CC cycle, and 11.5% higher compared with the E-MATIANT cycle.

Keywords: oxy-fuel combustion power cycle; carbon dioxide capture and storage; gas turbine
coolant; thermodynamic optimization; net efficiency

1. Introduction

The International Energy Agency expects a 30% increase in power consumption during
2016–2040 [1]. The annular combustion of hydrocarbons will also grow, which increases
the toxic and greenhouse gases’ atmospheric emissions. The anthropogenic pressure
aggravates the problem of the 21st century’s local and worldwide stable development.

The power production industry produces a remarkable amount of harmful emis-
sions [2], so the mitigation of power facility emissions is a topical direction. Today, thermal
power plants successfully reduce nitrogen and sulfur oxide emissions [3–7]. Organic fuel
combustion produces huge amounts of carbon dioxide, and its emissions still are a dif-
ficult problem [8,9]. Widely known carbon dioxide capturing technology considerably
increases the power production expenses [10–12]. The creation of environmentally friendly
and financially efficient large power facilities is a valid problem. This is emphasized by
the introduction of some international agreements, especially the Paris Climate Agreement,
which has been signed by nearly 200 countries.

Oxy-fuel combustion technology is a promising method for harmful emission miti-
gation in the power production industry [13–15]. Unlike traditional technology, oxy-fuel
combustion power cycles create less atmospheric harm through the application of a closed
gas turbine cycle, oxy-fuel combustion, and carbon dioxide capture and storage. The high
efficiency of these cycles is due to the thermodynamic separation of the working fluid that

Energies 2021, 14, 2927. https://doi.org/10.3390/en14102927 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8406-7901
https://www.mdpi.com/article/10.3390/en14102927?type=check_update&version=1
https://doi.org/10.3390/en14102927
https://doi.org/10.3390/en14102927
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14102927
https://www.mdpi.com/journal/energies


Energies 2021, 14, 2927 2 of 18

allows for the highly efficient separation of carbon dioxide from the water steam through
steam condensing in a cooler-separator.

The first modifications of these power facilities appeared at the end of the 20th century,
and now, the USA, Japan, and EU countries are actively developing this direction. Research
studies are being carried out, test facilities are being built, and foundations for the zero
emission pilot facilities are being create using grant funding, active “green technology”
backing, and through the creation of legislation bases. Large power corporations cooperate
in a buildup of demonstration facilities with power outputs of up to 50 MW [16].

The widely known oxy-fuel combustion power cycles, such as the semiclosed oxy-fuel
combustion combined cycle, the E-MATIANT cycle, the Allam cycle, the Graz cycle, AZEP,
and ZEITMOP [17], may be classified as such. The semiclosed oxy-fuel combustion com-
bined cycle (SCOC-CC), the E-MATIANT, and the Allam cycles involve carbon dioxide
recirculation, which reduces the combustion temperature. In these cycles, the main operat-
ing component is carbon dioxide. In the Graz and the “water” cycles, the temperature is
reduced with water, which is the main operating component. The AZEP and ZEITMOP
cycles use high temperature membranes integrated into the cycle heat flow circuit.

Numerous papers disclose the results of research and development of methods for
increasing efficiency of the existing oxy-fuel combustion power cycles. In particular,
a possible way to increase efficiency of the SCOC-CC cycle is an application of the addi-
tional recuperator in the heat recovery system [18]. The net efficiency of the R-SCOC-CC
is higher compared to SCOC-CC by 0.6 and 1.3% in the F- and H-class gas turbines cases,
respectively. Another way to increase the SCOC-CC efficiency is an application of liquid
oxygen pump supply of oxidizer to the combustion chamber [19]. Using this method cycle
efficiency could be increased by 3%.

In turn, the modified layout of the MATIANT cycle is proposed in [20]. The scheme
includes three changes to achieve a more balanced thermal match of the recuperator and
to lower the compression power: the reheating process is eliminated, stream split and
recompression are added, and the compressor is replaced by a seven-stage one. The op-
timized efficiency of the new cycle can reach 45.3%, which is 0.35% lower than that of
the MATIANT cycle. However, an advantage is the layout’s simplicity.

One of the latest modifications of the Allam cycle is the Allam-Z cycle proposed in [21].
The main modifications are that all the working media are pumped to high pressure by
pumps instead of compressors, the cold energy of both liquid oxygen and liquefied natural
gas is used for degrading the cooling water for carbon dioxide liquefaction, and a set of
regenerative heat exchangers are arranged for turbine exhaust heat recovery.

The selection of the most promising power production technology is an integrated
problem that involves numerous factors, including efficiency, environmental harm,
and production expenses. The influencing factors must be compared with compatible
input data and common simulation methods. Most of the available efficiency assessments
presented in the literature involve different simulation approaches. The difference may be
seen in assessments of the working fluid thermodynamic parameters, the oxygen produc-
tion power consumption, the cooled gas turbine model, and the flow analysis algorithm.
When modeling oxy-fuel combustion cycles, special attention should be paid to the estima-
tion of gas turbine cooling losses because coolant massflow is significant due to the working
fluid and cooling agent thermophysical parameters. The development of methods allowing
to decrease carbon dioxide gas turbine coolant flow is of special importance.

This investigation is devoted to an efficiency increase of the existing oxy-fuel combus-
tion cycles with the carbon dioxide working fluid (the SCOC-CC cycle, the E-MATIANT
cycle, and the Allam cycle). This problem’s solution includes the following steps. The first
step includes the development of the analysis and simulation methods for the oxy-fuel
combustion power cycles. The second step consists of the structural and parametric opti-
mization devoted to the cycles’ efficiency improvement and environmental risk reduction.
The third step is a comparison of the efficiency, environmental friendliness, and production
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expenses of the most promising oxy-fuel combustion power cycles and the combined cycle
with carbon dioxide capture.

2. Basic Schemes and Initial Parameters for Simulation of the Oxy-Fuel Combustion
Power Cycles

The first investigation object is the SCOC-CC cycle (Figure 1), first published in 1992
by O. Bolland and S. Saether [14]. It differs from the combined cycle facility prototype with
the increase of carbon dioxide partial pressure by the oxy-fuel combustion and the recircu-
lation into the combustor of a large part of flue gas from the heat recovery steam generator.
This combination reduces the power consumption for the carbon dioxide separation.

Figure 1. The semiclosed oxy-fuel combustion combined cycle (SCOC-CC) flow chart:
C—compressor; GT—gas turbine; ASU—air separation unit; PG—power generator; HRSG—heat
recovery steam generator; CS—cooler-separator; CC—combustion chamber; ST—steam turbine;
CP—condensate pump; M—motor.

The second investigation object is the E-MATIANT cycle (Figure 2), which is a prospec-
tive modification of the MATIANT proposed in 1997 by Mathieu and Yantovsky [22].
It differs from the SCOC-CC cycle in that the compressor and turbine consist of a few
cells, with the intermediate cooling for the compressor and the working fluid superheating
for the turbine. Instead of the heat recovery steam generator, the exhaust gas is cooled
in a regenerative heat exchanger. The intermediate cooling and superheating improve
the power production efficiency.
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The last investigation object is the Allam cycle (Figure 3). This cycle is free from
the two main shortages of the oxy-fuel combustion power plants, which are the large losses
of carbon dioxide compression before its storage and the irreversible losses of the hot air
low potential heat. R. Allam patented this technology in 2010 [23]. The specific features of
this cycle are the high initial and final pressures and the multiflow regenerator.

Table 1 summarizes the main input data used for the computer simulation of three
oxy-fuel combustion power plants.

Figure 2. The E-MATIANT cycle flow chart: HPCC—high pressure combustion chamber; LPCC—low pres-
sure combustion chamber; HPT—high pressure turbine; LPT—low pressure turbine; R—regenerator; P—pump;
ICC—intercooled compressor.

Figure 3. The Allam cycle flow chart.
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Table 1. Input data used for the computer simulation of oxy-fuel combustion power cycles.

Parameter Value

Ambient temperature/pressure/humidity, ◦C/MPa/% 15/0.1013/60
Fuel chemical contents CH4

Fuel combustion temperature/pressure/low heat production, ◦C/MPa/(kJ/kg) 15/0.7/50025
O2 produced by air separator temperature/pressure, ◦C/MPa 30/1

CO2 storage pressure, MPa 10
CO2 compressors and turbines internal specific efficiency besides cooling losses, % 90

Oxygen/fuel compressor internal specific efficiency, % 85/88
Steam turbine internal specific efficiency, % 89

Pumps internal specific efficiency, % 75
Compressors and turbines mechanical efficiency, % 99

Pumps mechanical efficiency, % 95
Power generator electric efficiency, % 98.5

Combustor pressure drop, % 4
Combustor exit O2 molar content, % 1

Cycle minimal temperature, ◦C 30
High pressure steam parameters, ◦C/MPa 560/14

Low pressure steam parameters, MPa 0.7
Steam turbine condenser/deaerator pressure, MPa 0.0045/0.121

Minimal high pressure steam under-heating at the gas turbine exit, ◦C 20
Heat recovery steam generator gas pressure losses, MPa 0.002

Pinch point temperature difference in multiflow regenerative heat exchanger, ◦C 5

3. Methodology
3.1. Mathematical Model and Calculation Algorithm for the Investigation of the Oxy-Fuel
Combustion Power Cycle

The computer simulation models of oxy-fuel combustion power plants (Figure 4)
consist of the following three main blocks connected with flow and energy couplings:

• An air separation unit that produces high purity oxygen (mathematical model of ASU
was developed using MATLAB software [24]).

• A semiclosed gas turbine cycle (SCGTC) producing electricity (mathematical models
of cycles were developed using AspenONE [25] and MATLAB software).

• A multistaged intercooled compressor that compresses carbon dioxide before storage
(mathematical model of ICC was developed using AspenONE software).

Figure 4. Flow and energy exchange between the main three elements of the oxy-fuel combustion
power cycle.

Figure 5 illustrates the computer simulation algorithm for the SCGTC cycle. The first
step is the cycle thermodynamic calculation without gas turbine cooling losses using
mathematical models implemented with AspenONE software. Next, the thermodynamic
parameter values in the nodes of schemes are used for the gas turbine 1D analysis that
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determines the turbine flowpath dimensions. The cooled gas turbine model was realized
using MATLAB software. The influences of the turbine performance, the working fluid,
and coolant thermophysical parameters are taken into account in the coolant massflow
and grid cooling loss calculations. The third simulation step is the cycle thermodynamic
calculation including the gas turbine cooling losses.

Figure 5. Semiclosed gas turbine cycle simulation chart.

The assessment method for the working fluid thermodynamic parameters remarkably
influences the accuracy of the analysis results. The database NIST REFPROP provides
the smallest errors of CO2 parameters for pressures of 0.1–30 MPa and temperatures of
30–1400 ◦C, which is confirmed by the comparison of the available gas state equations [26].
This database was used for the thermodynamic calculations.

3.2. Mathematical Model of the Air Separation Unit

A remarkable part of the cycle internal power consumption lies in the oxidizer pro-
duction. Its amount is determined by the air separation unit type, the massflow GO2 (kg/s)
end, and the oxygen purity CO2 (%).

A 300 MW oxy-fuel combustion power facility requires high purity O2, which may
be supplied by a high-pressure cryogenic air separation unit (ASU) with two-stage rectifi-
cation [27–29]. The statistical analysis [30] provides two correlation functions for the O2
with a purity of 85–99%, which describe the oxygen production power consumption and
the heat supplied by the compressed air.

The ASU power consumption Ne
ASU (kW) may be calculated as follows:

Ne
ASU = GO2 · eASU = GO2 · [3.45 · (CO2)2 − 591 · CO2 + 26,100], (1)

where eASU is the specific ASU power, kW/(kg/s).
The low potential heat QASU (MW) carried by the ASU exit airflow may be utilized in

the multiflow regenerator, and is calculated as follows:

QASU = 1.027 · G. (2)

The correlation functions mentioned above were used for the simulation of the oxy-
fuel combustion power cycles.
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3.3. Mathematical Model of the Cooled Carbon Dioxide Gas Turbine

Oxy-fuel combustion power cycles reach a high efficiency at working fluid initial
temperatures above 1000 ◦C. The maximal temperature for the available heat resistance
alloys used for the gas turbine hot parts is about 870 ◦C [31], so the carbon dioxide turbine
reliable long term operation requires cooling of its flowpath elements.

The thermodynamic studies [32] show that the gas turbine cooling losses remark-
ably hurt the cycle thermal efficiency. An accurate assessment of these losses involves
the influence of the turbine specific structural features and the new heat carrier thermo-
physical parameters. Therefore the thermodynamic cycle analysis requires a carbon dioxide
cooled turbine simulation model that allows the coolant flow to split between the high
temperature grids.

The developed turbine performance analysis algorithm involves the influence of
the heat carrier and flowpath parameters on the coolant massflow (Figure 6).

Figure 6. Cooled turbine analysis algorithm.

The first step of the algorithm is to input the following data:

• Turbine inlet/exit thermodynamic parameters.
• The noncooled turbine flowpath specific internal efficiency ηoi.
• Main fluid massflow at the turbine inlet D0 or the turbine electric power Ne.

Then, the root diameter configuration, reaction degree, velocity ratio, and turbine
rotation speed are assumed. This makes the base for the 1D flowpath calculation.

If the last stage blade length lz or the turbine exit Mach number Mz are above the ac-
ceptable values of lmax and Mmax, or if the first stage blade length l1 is shorter than
acceptable lmin, then the new root diameter and the turbine number of stages are input.
Otherwise, the 1D noncooled flowpath calculation is considered as completed.

The next step is the input of following parameters for the evaluation of the airfoil
cooling efficiency:

• Selection of the cooling system scheme.
• Selection of the cooling system type, open or closed.
• Maximal acceptable blade surface temperature.

The cooling system type considerably influences the turbine performance. In the open
scheme, all of the coolant flow enters the flowpath. This type is used in convective and
film cooling systems, and its advantage is its simple flow scheme. In the closed scheme,
the coolant circulates in the cooling flow circuit. This type is used only for convective
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cooling, and its advantage is the absence of losses caused by the main and cooling flows
mixing. In closed systems, the convective cooling principle remarkably limits the cooling
capability, and the heat taken by the coolant should be utilized in a special heat exchanger.
Thus, the cycle simulation involved the open cooling type, where the coolant and working
fluid mix downstream every airfoil row.

After the coolant flows are determined, the flow expansion is recalculated with
the main and coolant flow mixing taken into account. Then, the internal specific flowpath
efficiency is calculated. Changes in the high temperature stage efficiency are combined
with the thermodynamic parameter deviation, so it is necessary to recalculate the cooling
massflow and the expansion process. This procedure is repeated while the thermodynamic
parameters deviation occurs. When the thermodynamic parameters become constant
(T1.i+1 = T1.i), the simulation process may be completed by the calculation of the energy
parameters in the cooled and noncooled compartments.

The described algorithm worked in the turbine parametric studies. The studies’ results
are functions of the coolant flow distribution among the high temperature stages, related
to key parameters such as the initial temperature and pressure, coolant temperature at
the cooling channels inlet, and acceptable metal temperature (here, a temperature of 870 ◦C
was assumed). Table 2 presents the turbine parameters used in the simulation according to
the authors of [33].

The following equation describes the total coolant massflow Ψ (%):

Ψ = 0.545 · (2.27 + 8.57 · 10−9 · T0
3 − 0.138 · P0) · e0.003 · Tcool. (3)

This equation is applied within the limits of the following variables: initial working
fluid temperature and pressure 1100 ◦C < T0 < 1500 ◦C and 10 MPa < P0 < 40 MPa,
respectively, and the coolant temperature at the inlet of the blade channels of 100 ◦C < Tcool
< 400 ◦C.

The following equation describes the coolant massflow distribution between
the cooled stages:

Ψj = Ψ/100 · (5.58 + 1.05 · j − 0.0145 · T0)/(1 − 0.00489 · j − 0.00131 · T0). (4)

Equation (4) is applied for a number of stages below 5 and airfoil row number j from
1 to 10, and the coolant massflow for the row j is Ψj (%).

The described algorithm and models were used for the thermodynamic studies of
three oxy-fuel combustion power cycles with CO2 recirculation, namely: the SCOC-CC,
the E-MATIANT cycle, and the Allam cycle.

Table 2. Cooled flowpath parameters of the turbine operating on supercritical carbon dioxide.

Parameter Value/Description

Rotation speed, rpm 3000
Root diameter configuration dr = const

Number of stages 6–8
Mean heat drop in a stage, kJ/kg 55–73

Stage reaction degree 0.2–0.3
Velocity ratio 0.35–0.4

Relative stage airfoil efficiency without the cooling losses, % 84–86
Maximal absolute Mach number at the last stage exit 0.75

Minimal first stage blade length, mm 15
Maximal last stage blade length, mm 300
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4. Results and Discussion
4.1. Structural and Parametric Optimization of the Semiclosed Oxy-Fuel Combustion
Combined Cycle

The parametric optimization of the SCOC-CC cycle shows that when the initial fluid
temperature increased from 1100 to 1700 ◦C, the optimal initial pressure, the coolant
massflow, and the net efficiency grew from 2 to 7 MPa, from 8.1 to 36%, and from 41.0 to
47.7%, respectively (Figure 7). The fluid heat capacity in the compressor of the SCOC-CC
was higher than in the compressor of the combined cycle. In turn, the fluid heat capacity
in the gas turbine of the SCOC-CC was lower than in the gas turbine of the combined
cycle. Therefore, the SCOC-CC optimal initial pressure was higher. Furthermore, the large
SCOC-CC cooling flow causes considerable efficiency losses.

Figure 7. Optimization of the SCOC-CC initial parameters, the cooling losses include the following: (a) optimal turbine
inlet pressure; (b) influence of the initial parameters on the net efficiency.

The preliminary cooling of the coolant flow may improve the SCOC-CC thermal
efficiency (Figures 8 and 9) [34]. Deep coolant cooling down to 150–250 ◦C may take
place in a surface heat exchanger (SHE; Figure 8). The heat release source may be a part
of the steam turbine condensate flow, and the net efficiency improvement may be up to
3.2%. On the contrary, when the coolant cooling to a temperature above 250 ◦C is smaller,
it is reasonable to use the water injection into the coolant flow. The water may be taken
from the gas cycle cooler-separator (Figure 9). This scheme improves the net efficiency
up to 1.5%.

Figure 8. The SCOC-CC cycle coolant preliminary cooling in a surface heat exchanger.
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Figure 9. The SCOC-CC cycle coolant preliminary cooling water injection preliminary cooling.

These schemes are free from the water production expenses, which is an advantage.
It should be noted that preliminary cooling of the coolant flow may also improve the R-
SCOC-CC efficiency [18]. However, the increase in efficiency will be lower compared to
SCOC-CC due to lower values of the compressor outlet pressure causing the moderate
temperature of the coolant.

4.2. Structural and Parametric Optimization of the E-MATIANT Cycle

The Е-МAТIANТcycle optimization involved versions with one, two, and three
combustors. The analysis determined the optimal initial and overheating pressures.

Figure 10 shows the influences of the initial parameters and the number of overheating
stages in combustors upon the E-MATIANT cycle thermal efficiency. The E-MATIANT
cycle with three combustors at initial temperatures of 1100–1700 ◦C has optimal inlet
pressures of 3–6 MPa in an HPT, 0.9–3.0 MPa in an intermediate pressure turbine (IPT),
and 0.5–2.4 MPa in an LPT (Figure 10a). Figure 10b shows a remarkable efficiency reduction
caused by turbine cooling. At a temperature of 1700 ◦C, the net efficiency of the cycle with
three combustors dropped down by 8.6%.

Figure 10. Results of the E-MATIANT cycle initial parameters’ optimization: (a) turbine inlet optimal pressure; (b) net
efficiency vs. initial parameters.
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When the initial parameters grow, the turbine exhaust temperature also grows
(Figure 11a). This temperature should not be above 750 ◦C because of the regenerator
material temperature limit of 800 ◦C (the heat resistant steels XH35BTJu or 15X12BHMF
are considered). Figure 11b shows the E-MATIANT cycle net efficiency calculated with
the cooling losses and the regenerator inlet temperature limit.

Figure 11. Optimization of the E-MATIANT cycle initial parameters, cooling losses, and regenerator limits involved:
(a) turbine exhaust temperature; (b) influence of initial parameters and number of combustors on net efficiency.

The E-MATIANT cycle parametric optimization shows that the maximal net efficiency
of 44.0% is reached for the case with two combustors, initial parameters of 1400 ◦C and
4 MPa, and a total coolant massflow and temperature of 40.3% and 400 ◦C, respectively.
Here, the coolant source is the heated flow at the regenerator exit.

The intermediate cooling and overheating improve the cycle thermal efficiency,
but the flowpath mean temperature causes remarkable cooling losses. Thus, the E-
MATIANT cycle has a lower efficiency than the SCOC-CC cycle. Therefore, coolant
precooling may be a possible method for efficiency improvement.

The coolant temperature had a reduction below 400 ◦C from the earlier coolant bleed-
ing from the regenerator, but this caused an efficiency reduction because of higher losses in
the cold source. The steam compartment could utilize the low potential heat of the coolant.
These losses, together with the steam turbine unit absence, reduced the E-MATIANT cycle
efficiency with the precooling in an intermediate surface heat exchanger.

The cooling flow may be lower without the efficiency reduction using an injection into
the coolant flow of the water taken from the cooler-separator (Figure 12a). It is reasonable to
inject water into the LPT coolant flow. If water is injected into the HPT cooling flow, the high
initial pressure may cause the water steam to condense. The preliminary analysis shows
that the water bleeding from the cooler-separator and its injection into the LPT cooling
flow may increase the E-MATIANT cycle net efficiency by 0.8% (Figure 12b). The injection
part will be 2.3–2.7% of the LPT inlet massflow.
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The water injection could also be applied for IPT of the improved MATIANT cycle
with stream split and recompression described in [20]. The source of the coolant flow in
this case could be the HPT exhaust temperature of which is a bit below 400 ◦C.

Figure 12. The E-MATIANT cycle with the cooling flow precooling: (a) heat flow chart; (b) coolant temperature after
the injection influence on the cycle net efficiency.

4.3. Parametric Optimization of the Allam Cycle

The simulation results show the Allam cycle maximal net efficiency of 56.5% is reached
at the following parameters:

• Initial temperature of 1083 ◦C
• Initial pressure of 30 MPa
• Gas turbine exit pressure of 3 MPa
• Coolant temperature of 200 ◦C
• Coolant specific massflow of 7.7%

The production and compression of the oxygen supplied to the combustor and the car-
bon dioxide storage reduced the net efficiency by 7.2 and 0.4%, respectively (Figure 13).
The low energy consumption on CO2 storage at 10 MPa is due to the cycle minimal pressure
of 3 MPa.

Figure 14 shows the Allam cycle net efficiency vs. gas turbine exit pressure, coolant,
and water temperatures at the initial parameters of 1083 ◦C and 30 MPa.

The coolant optimal temperature may be explained by the following. A change in
the coolant temperature is related not only to its massflow change and the concerned
cooling losses but also to the amount of heat utilized in the regenerator. The last factor
crucially influences the cycle efficiency. At a coolant temperature of 200 ◦C, the regenerator
transfers the maximal amount of heat.
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Figure 13. The Allam cycle parameters optimization, cooling losses included: (a) net efficiency vs. initial parameters; (b) net
efficiency relation to losses for O2 production and CO2 storage.

Figure 14. The Allam cycle parameters’ optimization at the initial parameters of 1083 ◦C and 30 MPa: (a) gas turbine
exhaust pressure optimization; (b) gas turbine coolant temperature optimization; (c) cooling water temperature influence.

The temperature of the cooling water supplied to the cooler-separators remarkably
influences the Allam cycle’s efficiency. The simulation results in Figure 14c show a 2.1%
cycle efficiency increase at a water temperature reduction of 10 ◦C. A cooling water temper-
ature reduction below 20 ◦C is not desirable because of the risk related to the liquid phase
formation in the multistage compressor flowpath.

The net efficiency deviation from its maximal value of 56.5% occurs at the initial pres-
sure within the 25–30 MPa range, initial temperature of 1025–1210 ◦C, gas turbine exhaust
pressure of 2.0–3.5 MPa, and coolant temperature of 100–300 ◦C. Therefore, the Allam cycle
power facility design should stay within the values of these key parameters. An exit from
the range of these parameters will cause a remarkable efficiency reduction, which is also
partially supported by the research results described in [35].
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Promising areas for further efficiency improvement of the Allam cycle are the tran-
sition to the Allam-Z cycle by the elimination of compressors [21] and integration of
the additional low temperature cycles for utilization of the various low-grade heat sources.

4.4. Oxy-Fuel and Combined Cycle with CO2 Storage Facilities Parameters Comparison

Parametric optimization of the oxy-fuel combustion power cycles with carbon dioxide
working fluid provides the following dependencies of performance on the cycle initial and
final parameters:

• An increase of the SCOC-CC initial temperature from 1100 to 1700 ◦C causes the opti-
mal pressure to increase from 2 to 7 MPa, the coolant massflow to increase from 8.1 to
36%, and results in the net efficiency to increase from 41.0 to 47.7%.

• An increase of the E-MATIANT cycle initial temperature from 1100 to 1400 ◦C causes
the optimal pressure increase from 3 to 4 MPa, the coolant massflow to increase from
14.5 to 40.3%, and causes the results in the net efficiency to increase from 41.1 to 44.0%.

• An increase of the Allam cycle initial temperature from 1000 to 1100 ◦C causes the op-
timal pressure increase from 20 to 31 MPa, coolant massflow increase from 3.9 to 8.5%,
and results in the net efficiency increase from 54.6 to 56.3%.

The following combinations of parameters provide the maximal net efficiency of
oxy-fuel combustion power cycles with CO2 working fluid:

• SCOC-CC working fluid initial parameters of 1700 ◦C/7 MPa.
• E-MATIANT cycle working fluid parameters at high and low pressure turbine in-

lets of 1400 ◦C/4/2 MPa, and the temperature of the working fluid bleeding from
the regenerator for the turbine cooling of 400 ◦C.

• The Allam cycle working fluid initial parameters of 1083 ◦C/30 MPa, the turbine
exhaust pressure of 3 MPa, and the temperature of working fluid bleeding from
the regenerator for the turbine cooling of 200 ◦C.

The following technical solutions improve the efficiency of the oxy-fuel combustion
power cycles with carbon dioxide working fluid:

• SCOC-CC with cooling in the surface heat exchanger, where the cooling agent is a
part of the steam turbine condensate and improves the net efficiency by 3.2%, which
is reasonable to apply for the coolant to cool down to 150–250 ◦C.

• SCOC-CC with cooling by the water injection: the water is bled from the gas cycle
cooler-separator and is injected into the coolant flow to reduce its temperature down
to 250 ◦C. The net efficiency increase is up to 1.5%.

• The E-MATIANT cycle with the low pressure turbine coolant taken from the regen-
erator and cooled by injection of the water bleed from the cooler-separator. The net
efficiency grows by 0.8%.

At optimal thermodynamic parameters, the Allam cycle net efficiency is 8.8% higher
than the SCOC-CC one, and 12.5% higher than the E-MATIANT one (Figure 15a). Besides
this, the Allam cycle has a remarkably higher operating pressure and lower initial tempera-
tures (Figure 15b), which provides a minimal turbine cooling massflow (Figure 15c).
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Figure 15. Results of oxy-fuel combustion power cycles’ parametric optimization: (a) net efficiency vs. initial parameters;
(b) optimal initial pressure vs. initial temperature; (c) Ψ coefficient vs. initial parameters.

Thus, it is possible to conclude that the Allam cycle has a higher efficiency than
the competitive oxy-fuel cycles because of a combination of the following thermodynamic
features:

• The working fluid is compressed near the CO2 saturation line, which reduces the com-
pressor drive power consumption.

• The useful utilization in the regenerator of low potential heat reduces heat losses in
the cold source.

• Minimal gas turbine coolant flow caused by the moderate initial temperature.
• Minimal power consumption for the compression of the separated content due to

the high final pressure.

The oxy-fuel combustion power cycles have obvious advantages against the combined
cycle of CO2 separation from flue gas. The Allam cycle net efficiency is 8.5% higher than
the combined cycle efficiency (Figure 16a) at conditions of CO2 capturing at 98.9% for
the oxy-fuel combustion power cycle and 89% for the combined cycle (Figure 16b).

The cost parameters of the environmentally safest oxy-fuel Allam cycle are compared
with the combined cycle with CO2 storage for the power facility nominal power annual
operation of 6000 h for 30 years and CO2 storage at 10 MPa. The Allam cycle installed
power cost facility was 46% lower, or $1398/kW against $2423/kW. This difference is
caused by the absence of expensive equipment for CO2 separation from flue gas with
a high nitrogen content and with steam turbine elements. More than that, the price of
the Allam cycle CO2 storage is 5.5% lower due to the smaller mass of produced CO2, or 343
against 413 G/(kW·hr), and utilized CO2 339 against 367 G/(kW·hr).
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Figure 16. Thermal efficiency and environmental performance of oxy-fuel combustion power cycles and combined cycles
with CO2 storage cycles: (a) technology efficiency; (b) technology environmental safety.

5. Conclusions

1. The developed set of algorithms, methods, and recommendations for oxy-fuel combus-
tion power cycle simulation allow for the calculation of thermal efficiency, including
cooling losses in a high temperature turbine, and the power and fluid flow transition
between the power production compartment and the air separation unit.

2. Structural and parametric optimization of the oxy-fuel combustion power cycles with
carbon dioxide working fluid was carried out for the initial temperature ranges from
1100 to 1700 ◦C. An influence of the initial temperature and pressure on cycles’ per-
formance was estimated. Optimal parameter combinations providing maximum net
efficiency were identified. Significant values of the coolant massflow were identified
for the SCOC-CC and E-MATIANT cycles working at initial temperatures higher than
1200 ◦C.

3. Several new technical solutions improving oxy-fuel combustion power cycles’ ef-
ficiency were suggested consisting in preliminary cooling of the coolant flow in
the surface heat exchanger and by the water injection. The calculation results con-
firmed the possibility to increase cycles’ efficiency by 0.8–3.2% by reducing gas turbine
cooling losses.

4. The analysis results show that the Allam cycle is one of the most effective oxy-
fuel technologies. The cycle net efficiency is 8.5% higher than the combined cycle
with carbon dioxide capturing, the carbon dioxide emission is 11–12 times smaller,
and the installed power cost is 46% lower. However, the Allam cycle design effi-
ciency remarkably depends on the simulation conditions of a multiflow regenerative
heat exchanger. The efficiency estimations disclosed here may be applied when
the regenerator is considered as a united heat exchanging device. In further studies,
it is reasonable to design, in detail, the multiflow heat exchanging system, and to
re-evaluate the thermal efficiency of the prospective oxy-fuel combustion power cycle
operating with supercritical carbon dioxide.
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