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Abstract: Today, most of the electrical energy in the world is generated by fossil fuel incineration.
This causes significant emissions of harmful substances into the atmosphere. The noted problem
can be solved by switching to power plants with zero emissions, operating in semi-closed cycles,
and producing electricity through oxygen combustion of fuel. A significant drawback of most of the
known oxygen–fuel cycles is the lack of useful utilization of various sources of low-grade heat, which
is especially typical for power plants operating on gasified coal fuel; as a result of the gasification
process, a significant amount of excess heat is released into the atmosphere. This paper presents the
results of the development and study of oxygen–fuel cycle thermal schemes of increased efficiency
with coal gasification. It was determined that the modernization of the scheme using the carbon
dioxide Rankine cycle for the utilization of low-grade heat makes it possible to achieve an increase in
the net electrical efficiency equal to 1.2%.
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1. Introduction
1.1. Modern Promising Directions of Carbon Dioxide Emissions Control

Today, the main global trend in the development of energy is to reduce the quantity of
toxic substances and greenhouse gases emissions into the atmosphere. The relevance of this
area of development is confirmed by the adopted international agreements [1], European
Union plans to introduce a trans-border carbon tax [2], and when taking into account ESG
principles when formulating the development strategies of large energy companies [3,4].

A number of scientific papers written over the past decades have been devoted to
the issue of reducing emissions of harmful substances from power plants. Many of the
developed methods are successfully used today at thermal power plants. In particular,
methods of controls of atmospheric pollutants, such as nitrogen and sulfur oxides, have
been widely used [5–7]. At the same time, the prevention of carbon dioxide emissions,
which are formed in large quantities during the combustion of fossil fuels, still causes
difficulties [8–10]. The introduction of carbon dioxide capture technologies leads to a
significant increase in the cost of electricity produced [11,12] and, therefore, the issue of
creating environmentally friendly and economically viable high-capacity energy systems
remains open.

There are four main ways to reduce carbon emissions, as follows:

1. Reducing the use of fossil fuels by increasing the efficiency of energy blocks, reducing
the consumption of electrical energy, using technologies without CO2 emissions
(renewable energy sources, nuclear fuel, environmentally friendly hydrogen), or
changing a low carbon and hydrogen ratio C/H (coal, oil products) to gaseous fuels
(natural gas);
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2. Capture of carbon dioxide released during the combustion process and its disposal
and beneficial use in oil producing enterprises (intensification of crude oil production,
increase in the oil recovery factor);

3. Limitation of deforestation processes, thereby increasing the accumulation of CO2 in
biomass.

Utilization and storage of carbon is one of the topical areas for the development of
traditional energy facilities. There are three main technologies for capturing CO2 emissions
(pre-, post-, and oxy-combustion) as follows:

• Pre-combustion carbon capture takes place prior to the combustion process (by gasifi-
cation of the fuel with oxygen, e.g., integrated coal gasification technology);

• Post-combustion carbon capture takes place after the combustion process (recovery
of CO2 from flue gases, e.g., by chemical absorption, physical adsorption, membrane
separation, or the use of a chemical circuit);

• Carbon capture by oxy-combustion occurs after the combustion process in an oxygen
atmosphere by separating the CO2 produced in the oxy-combustion process. An
oxygen atmosphere can be obtained by removing nitrogen from the air before the
combustion process in an air separation unit (ASU).

The most promising direction was the development of technologies for the oxygen–
fuel generation of electricity, which are based on the combustion of hydrocarbon fuels in
pure oxygen, followed by the capture of carbon dioxide and its disposal.

At the moment, more than thirty cycles with oxygen fuel combustion are known [13–15].
Among them, one of the most effective is the Allam cycle, the net electrical efficiency of
which can exceed 50% at an initial temperature of the working flow of about 1100 ◦C [16,17].
At the same time, there is a significant potential for improving the energy efficiency of
this cycle.

Most of the research on the Allam cycle has been carried out using natural gas, which
has less than 76 years of proven reserves. This factor forces us to consider the operation
of traditional units on other energy raw materials. For example, according to rough
estimates [18], coal fuel will last for more than 400 years, at the current rate of energy
consumption, which is an attractive prospect in the current energy crisis. Because of this,
in the last 10 years, research has been actively carried out to improve the efficiency of
oxygen–fuel energy complexes with the gasification of solid fuel. However, the use of coal
fuel gasification technologies will lead to a direct increase in the complex’s own needs and,
accordingly, to a decrease in the net efficiency of the power unit, which leads to the need for
the emergence of technologies that increase the energy efficiency of thermal power plants
operating on solid fuel [16].

1.2. Ways to Improve the Energy Efficiency of Oxygen–Fuel Power Plants

There are many works devoted to the development of circuit solutions aimed at
increasing the energy efficiency of the Allam cycle. In particular, there is a known method
for increasing the efficiency by adding an organic Rankine cycle or a Brayton cycle to
utilize low-grade heat. Studies show [19–22] that the introduction of such cycles can lead
to an increase in thermal efficiency up to 1.5%. According to various estimates [23–27],
depending on temperatures and parameters, the net efficiency of the Rankine cycle on a
low-boiling coolant can reach 18–25%, while the net efficiency of the Brayton cycle can
reach 30–42%.

Another way to increase the efficiency of the Allam cycle is the production of liquid
oxygen in the ASU with its storage in storage tanks. Research [21] shows that this solution
makes it possible to expand the control range of the energy complex by varying the power
of the air separation unit (ASU), to increase the net efficiency at the moments of ASU
shutdown, and that it is able to use the cold from oxygen evaporation.
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The introduction of closed-type nitrogen cooling for carbon dioxide turbine blades
makes it possible not only to increase the initial parameters of the cycle, but also to direct
the heated nitrogen flow to perform useful work in additional nitrogen turbines [28].

The injection of water into the carbon dioxide turbine coolant flow, due to an increase
in the heat capacity of the cooling flow, reduces its consumption, which leads to a decrease
in energy costs for pumping the coolant. The use of this technology makes it possible to
increase the net efficiency of the Allam cycle by 2.2%, but its use has a significant drawback,
namely the possible condensation of water vapor, followed by the formation of carbon
dioxide [29].

The cooling of the coolant with the help of an intermediate heat exchanger has no
drawback associated with the formation of aggressive media in the flow path of the
turbine, and its use increases the net efficiency of the Allam cycle by 3.2%. However, this
method requires additional economic costs, which can significantly affect the payback of
the station [29].

Furthermore, to increase energy efficiency, condensation of the carbon dioxide flow is
used before compression, which makes it possible to increase the net cycle efficiency up to
2% by reducing the cost of compressing the working flow. However, the implementation
of this method requires a constant source of energy with a low temperature of the cooling
flow, and the operation of the pump in the vicinity of the critical zone is dangerous due to
the possibility of a surge [30].

Based on the results of the review of various ways to increase the efficiency of the Allam
cycle presented in the open literature sources, Table 1 has been compiled, which summarizes
information on the amount of increase in net efficiency, as well as the advantages and
disadvantages of various methods.

Table 1. Comparison of different methods to improve the efficiency of the Allam cycle.

Way to Increase
Efficiency

Increase in
Net Efficiency

When
Operating on

Natural
Gas/Coal, %

Advantages Disadvantages Source

Utilization of heat
from low-potential

sources in the
organic/carbon
dioxide Rankine

cycle

–/1.51 *

1. Increased power
generation and

thermal efficiency of
the cycle through

deeper heat
utilization.

1. Additional
capital costs for

equipment.
[19]

Utilization of heat
from low-grade
sources in the

carbon dioxide
Brighton cycle

0.2/–

1. Increased power
generation and

thermal efficiency of
the cycle through

deeper heat
utilization.

2. The possibility of
replenishing the

losses of the
working fluid from

the main cycle.

1. Additional
capital costs for

equipment.
[20]
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Table 1. Cont.

Way to Increase
Efficiency

Increase in
Net Efficiency

When
Operating on

Natural
Gas/Coal, %

Advantages Disadvantages Source

Water injection into
CO2 turbine
coolant flows

2.2/–

1. Reducing coolant
consumption by

increasing its heat
capacity.

2. Water can be
taken from the

separator cooler;
therefore, no

additional costs for
its preparation are

required.

1. Danger of water
vapor

condensation in
the channels of the

cooled turbine
blades, which can

lead to a sharp
increase in thermal

stresses.
2. Additional own
costs for injecting

water into the
coolant flows.

[29]

Pre-cooling of the
carbon dioxide

turbine coolant in a
surface heat
exchanger

3.2/–

1. Cooling occurs
without additional
costs for own needs

and coolant
preparation.

1. Additional
capital costs for
heat exchange

equipment.

[29]

Switching to
nitrogen coolant for

a carbon dioxide
turbine

2.4/–

1. Beneficial use of a
by-product in the

production of
oxygen in ASU.

2. Elimination of
underproduction of
electricity due to the
direction of the cold

compressed CO2
flow to cool the gas

turbine stages.
3. Elimination of

additional
gas-dynamic losses

in the flow of the
working fluid by

organizing a closed
cooling system.

1. The
organization of a

closed cooling
system requires

the introduction of
an additional

compressor for
nitrogen and a

complex topology
of the cooled

channels.

[28]

Condensation of the
carbon dioxide

working flow before
compression

(Allam-Z)

2/–

1. Increasing the
thermal efficiency of

the cycle with the
same initial
parameters.

1. Condensation of
CO2 requires a low

temperature for
the cold source

during the entire
operation time.

2. Pump operation
in the near-critical

zone.

[23]

Production of liquid
oxygen using air
separation plants

17.67 **/–

1. Expansion of the
control range due to
the accumulation of
liquid oxygen in the

reserve tanks.

1. Additional
capital costs for

the liquid oxygen
storage system.

[21]

*—thermal efficiency. **—in modes with ASU off.
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Thus, among the considered options for improving the energy efficiency of oxygen–
fuel power plants (OFPP), one of the most promising technologies is the use of energy
cycles with the utilization of low-grade heat, the use of which can provide an increase in the
net electrical efficiency equal to 1.51. However, to achieve such a high increase in efficiency,
it is necessary to carry out thermodynamic optimization, which includes a comparative
analysis of coolants, as well as a determination of the optimal structure and parameters of
the thermal schemes. In this regard, the purpose of this work was the development and
study of circuit solutions aimed at improving the energy efficiency of complexes operating
on the Allam cycle with coal gasification.

2. Materials and Methods
2.1. Research Object

A schematic diagram of the Allam cycle, in which synthesis gas is cooled by the
working fluid of two nitrogen gas turbine units, is shown in Figure 1. Nitrogen is a by-
product of the high purity oxygen production in ASU, which ensures the operation of
nitrogen turbines. This circuit solution allows us to reduce the heat of the synthesis gas and
thereby reduce the cost of the oxygen–fuel power unit for its own needs. At the same time,
the use of the physical heat of the generator gas for heating nitrogen in front of the turbines
makes it possible to generate additional electrical power, which leads to an increase in the
efficiency of the entire cycle.
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The principle of operation of the Allam cycle scheme with coal gasification and
additional gas turbine units is as follows. The process of converting solid fuel into generator
gas (synthesis gas) takes place in the gasification unit, into which coal is supplied, and
the oxygen produced in the ASP and steam are blowing agents. Steam is produced by
heating water in a nitrogen–water heat exchanger (HE3) using nitrogen compressed in
a compressor. In this case, water is taken from the separator feed cooler (SC) due to the
condensation of water vapor. After the gas generator, the synthesis gas enters the heat
exchanger (HE4), in which it gives heat off to the nitrogen flow. Then, it enters the heat
exchanger (HE5), where it gives its heat off to the nitrogen of the second gas turbine and
thereby cools to the minimum temperature at which condensation of the synthesis gas
components does not yet occur. The cooled generator gas enters the fuel booster compressor
and further into the combustion chamber. Oxygen combustion of fuel takes place in the
combustion chamber and heat is transferred to the main flow of carbon dioxide. The flow is
subsequently directed to the carbon dioxide turbine, where, after expansion, regeneration
takes place in the heat exchanger (HE2). Then, the working flow enters the separator feed
cooler, in which the water formed during the combustion of the fuel is condensed. Excess
carbon dioxide formed during the combustion of fuel is compressed and cooled to a liquid
phase, after which it is sent to disposal. In the heat exchanger (HE1), the air flow entering
the ASU after compression in the air compressor is cooled.

The initial data for the analysis of the cycle scheme are given in Table 2. Table 3 shows
the fuel composition adopted according to [30]. The initial temperature and pressure at
the inlet and outlet of the carbon dioxide turbine are close to the optimal values described
in [14]. Synthesis gas is burned in oxygen of 95.6% purity obtained in a low-pressure
cryogenic ASU.

Table 2. Initial data for modeling.

Parameters Value

Atmospheric pressure, MPa 0.1

Atmospheric temperature, ◦C 15

Syngas pressure, MPa 4

Turbine inlet temperature, ◦C 1100

Turbine inlet pressure, MPa 30

Turbine outlet pressure, ◦C 3

Turbine coolant temperature, MPa 200

CO2 compressor mass flow, kg/s 600

Gas turbine and compressors’ isentropic efficiency, % 90

Pumps isentropic efficiency, % 75

Multi-flow regenerator pinch-point temperature difference, ◦C 5

Turbine, power generator, and compressors’ mechanical efficiency, % 99

Pumps mechanical efficiency, % 95

Power generator and electric motor efficiency, % 99

Cooler-separator exit working flow temperature, ◦C 55

Oxygen purity, % 30

Nitrogen turbine inlet temperature, ◦C 750

Nitrogen turbine inlet pressure, MPa 30

Working flow temperature at the compressor inter-cooler outlet, ◦C 30
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Table 3. Composition of coal fuel.

Parameter Value

Moisture, % 8.10
Ash, % 14.19

Carbon, % 72.04
Hydrogen, % 4.08
Nitrogen, % 1.67
Oxygen, % 7.36
Sulphur, % 0.65
Chlorine, % 0.01

Volatile substances, % 28.51

Figure 2a shows a diagram of the simplest organic Rankine cycle, which is used to
utilize the low-grade heat of the Allam cycle with gasification. The working flow evaporates
and overheats in the heat exchanger due to the heat of a low-grade source, after which it is
sent to the turbine, where it expands and performs work. Next, the coolant is sent to the
condenser, where it passes into the liquid phase due to the flow cooling, after which the
flow enters the pump, where the pressure necessary for circulation in a closed circuit is
pumped, after which the flow enters back into the heat exchanger [31,32]. The fundamental
difference between the Brayton cycle shown in Figure 2b and the Rankine cycle is the
absence of a phase transition—after the turbine, the working fluid does not condense, but
cools, after which it is compressed by the compressor and overheated from the heat of a
low-potential source, and then it returns to the turbine [33,34].

Inventions 2023, 8, x FOR PEER REVIEW 7 of 17 
 

Nitrogen turbine inlet temperature, °C 750 

Nitrogen turbine inlet pressure, MPa 30 

Working flow temperature at the compressor inter-cooler outlet, °C 30 

Table 3. Composition of coal fuel. 

Parameter Value 

Moisture, % 8.10 

Ash, % 14.19 

Carbon, % 72.04 

Hydrogen, % 4.08 

Nitrogen, % 1.67 

Oxygen, % 7.36 

Sulphur, % 0.65 

Chlorine, % 0.01 

Volatile substances, % 28.51 

Figure 2a shows a diagram of the simplest organic Rankine cycle, which is used to 

utilize the low-grade heat of the Allam cycle with gasification. The working flow evapo-

rates and overheats in the heat exchanger due to the heat of a low-grade source, after 

which it is sent to the turbine, where it expands and performs work. Next, the coolant is 

sent to the condenser, where it passes into the liquid phase due to the flow cooling, after 

which the flow enters the pump, where the pressure necessary for circulation in a closed 

circuit is pumped, after which the flow enters back into the heat exchanger [31,32]. The 

fundamental difference between the Brayton cycle shown in Figure 2b and the Rankine 

cycle is the absence of a phase transition—after the turbine, the working fluid does not 

condense, but cools, after which it is compressed by the compressor and overheated from 

the heat of a low-potential source, and then it returns to the turbine [33,34].  

 
 

(a) (b) 

Figure 2. Schemes of cycles with a low-boiling coolant: (a) Rankine cycle; (b) Brayton cycle. 

2.2. Modeling Method 

Thermodynamic studies of oxy–fuel combustion energy cycles were carried out us-

ing the AspenONE code, created to develop mathematical models of thermal circuits [35]. 

The NIST REFPROP database was used to determine the thermophysical properties of 

liquids. The simulation model of the object consists of three sub-models, namely the Allam 

cycle, the ASU block, and the gasification block (Figure 3).  
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2.2. Modeling Method

Thermodynamic studies of oxy–fuel combustion energy cycles were carried out using
the AspenONE code, created to develop mathematical models of thermal circuits [35]. The
NIST REFPROP database was used to determine the thermophysical properties of liquids.
The simulation model of the object consists of three sub-models, namely the Allam cycle,
the ASU block, and the gasification block (Figure 3).



Inventions 2023, 8, 16 8 of 17Inventions 2023, 8, x FOR PEER REVIEW 8 of 17 
 

 

Figure 3. Simulation block diagram. 

The initial data for the study of the steam–oxygen blast gasification plant are as fol-

lows: coal parameters, oxygen parameters at the ASU outlet, and water parameters from 

the Allam cycle. The outlet synthesis gas parameters are calculated according to the 

method described in [33]. The generator gas temperature is determined iteratively. Chem-

ical and thermal efficiency of generator gas are calculated by Formulas (1) and (2), as fol-

lows: 

ηchem =
𝑄𝑔𝑔

c

𝑄f
c , (1) 

η𝑡𝑒𝑟𝑚 =
𝑄𝑔𝑔

c + 𝑄𝑔𝑔
f

𝑄f
c + 𝑄f

f + 𝑄𝑜

. (2) 

where Qggc—chemical heat of generator gas, kJ/(kg of fuel);  

Qtc—chemical heat of gasified fuel, kJ/(kg of fuel);  

Qggf—physical heat of generator gas, kJ/(kg of fuel);  

Qtf—physical heat of gasified fuel, kJ/(kg of fuel);  

Qo—heat of the oxidizer, kJ/(kg of fuel). 

The Allam cycle model uses a flow with the parameters of the generator gas and an 

oxygen flow at the outlet of the ASU. The energy generated in the Allam cycle is partially 

spent on the separation process in the ASU. The air parameters were also used to calculate 

the ASU model according to the method presented in [36]. 

The calculation of the thermal scheme was carried out according to the following 

algorithm. Initially, the composition and parameters of the generator gas were determined 

Figure 3. Simulation block diagram.

The initial data for the study of the steam–oxygen blast gasification plant are as follows:
coal parameters, oxygen parameters at the ASU outlet, and water parameters from the
Allam cycle. The outlet synthesis gas parameters are calculated according to the method
described in [33]. The generator gas temperature is determined iteratively. Chemical and
thermal efficiency of generator gas are calculated by Formulas (1) and (2), as follows:

ηchem =
Qc

gg

Qc
f

, (1)

ηterm =
Qc

gg + Q f
gg

Qc
f + Q f

f + Qo
. (2)

where Qgg
c—chemical heat of generator gas, kJ/(kg of fuel);

Qf
c—chemical heat of gasified fuel, kJ/(kg of fuel);

Qgg
f —physical heat of generator gas, kJ/(kg of fuel);

Qf
f—physical heat of gasified fuel, kJ/(kg of fuel);

Qo—heat of the oxidizer, kJ/(kg of fuel).
The Allam cycle model uses a flow with the parameters of the generator gas and an

oxygen flow at the outlet of the ASU. The energy generated in the Allam cycle is partially
spent on the separation process in the ASU. The air parameters were also used to calculate
the ASU model according to the method presented in [36].



Inventions 2023, 8, 16 9 of 17

The calculation of the thermal scheme was carried out according to the following
algorithm. Initially, the composition and parameters of the generator gas were determined
at the optimal proportions of oxygen and steam supplied to carry out the gasification
process. Then, the dew point temperature for the generator gas was determined, which is
the minimum allowable temperature at the outlet of the nitrogen gas turbine unit. Next,
the values of the mass flow rates of the generator gas and oxygen sent to the combustion
chamber were selected, at which the temperature at the inlet to the cooled gas turbine
was reached, equal to 1100 ◦C with the condition that the combustion reaction proceeds
at a stoichiometric ratio. The value of the mass flow rate of air sent to the air separation
unit was determined by taking into account the need for an oxygen supply for burning
generator gas in the combustion chamber, as well as for the process of gasification of solid
fuel. The value of the mass flow rate of nitrogen at the inlet to the first nitrogen gas turbine
plant was determined with the condition that the temperature at the inlet to the nitrogen
turbine be 750 ◦C, while the maximum value of the nitrogen mass flow rate was limited by
the ASU performance. The degree of pressure increase for the first nitrogen compressor
was determined from the condition of heating the working flow in the nitrogen–water heat
exchanger to the temperature of 300 ◦C. The degree of pressure increase for the second
nitrogen gas turbine plant was determined based on the condition that the generator gas
leaves the heat exchanger of the second nitrogen gas turbine plant with the lowest possible
temperature, below which condensation of the generator gas components occurs.

The developed mathematical model of the Allam cycle with gasification has the
following assumptions:

• The influence of friction forces in pipelines on the efficiency of the station is not taken
into account;

• The model does not take into account the supply of cooling carbon dioxide after each
cooled nozzle and blade of the gas turbine;

• In the combustion chamber stoichiometric combustion of synthesis gas;
• The relative internal efficiencies of the compressors, the pump, the CO2 turbine, and

the pressure loss in the combustion chamber were assumed to be constant.

The power of the carbon dioxide turbine is calculated by the following Formula (3):

NCO2.T = NCO2.T1 + NCO2.T2 + NCO2.T3 (3)

where NCO2.T1, NCO2.T2, and NCO2.T3 are the electric power of the first, second and third
stages of the CO2 turbine, W, respectively.

The power of the i-th stage is determined by the following Formula (4):

NCO2.T.i = GCO2.Ti·( hinlet.i + houtlet.i) (4)

where GCO2i is the consumption of carbon dioxide in the i-th stage of the turbine, kg/s;
hinlet.i and houtlet.i are enthalpy at the inlet and outlet of the i-th stage of the turbine, J/kg,
respectively. Stoichiometric combustion of synthesis gas occurs according to the following
Formulas (5)–(7):

CH4 + 2·O2 = 2·H2O + CO2 (5)

2·H2 + O2 = 2·H2O (6)

CO + 0.5·O2 = CO2 (7)

The Low heating value of the fuel is determined by the following Formula (8):

LHV = 0.339·C + 1.03·H − 0.109·(O + S)− 0.0251·W (8)

where C, H, O, S, and W are the content of carbon, hydrogen, oxygen, volatile sulfur and
moisture in the working mass of the fuel, %, respectively.
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The heat released in the combustion chamber is calculated by the following For-
mula (9):

Qcc = B·LHV (9)

where B is fuel flow rate, kg/s;
The net power of the oxy–fuel combustion energy cycle was calculated using Equa-

tion (10), as follows:

Nnet = (NCO2.T + NN2.T1 + NN2.T2)·ηme·ηgen

−
(NCO2.C+NO2.C+N f uel.C+NST.CO2.C+NN2.C1+NN2.C2

ηme ·ηmot
+ NASU

)
,

(10)

where NCO2.T, NN2.T1, and NN2.T2 are the power of the carbon dioxide and nitrogen turbines,
W; ηme and ηgen are the mechanical efficiency and efficiency of the electric generator,
respectively; NCO2.C, NO2.C, Nfuel.C, NN2.C1, NN2.C2, and NST.CO2.C are the power of carbon
dioxide, oxygen, fuel, nitrogen compressors, and disposal compressor, W, respectively;
NASU is the power spent on the air separation unit, W.

The net efficiency of the oxy–fuel combustion energy cycle is calculated using Equa-
tion (11), as follows:

ηnet =
Nnet

Qcc
(11)

3. Results and Discussion
3.1. Study of Low-Potential Heat Sources in the Allam Cycle with Gasification

The developed scheme of an oxygen–fuel energy complex with coal gasification
(Figure 1) has many sources of low-grade heat (LGH) (Figure 4), which may be useful to
utilize in order to increase the efficiency of the cycle.

Several heat sources have the greatest potential for utilization, including the com-
pressed air flow in front of the ASU and the exhaust gases of nitrogen gas turbines. The
criterion for the LGH sources selection was the presence of a temperature difference of
at least 60 ◦C and a source of thermal power of more than 10 MW. The limitation on the
source temperature is due to the fact that, at a low temperature difference, the required heat
exchange area and, accordingly, the cost of heat exchange equipment, will greatly increase.

In the production of oxygen in an air separation plant, the air is pre-compressed, since
the separation of oxygen and nitrogen takes place at a pressure of about 6 bar. As a result
of compression, the air flow heats up to an average of 241 ◦C. To increase the efficiency of
the Allam cycle, the heated air flow is directed to the cycle regeneration system, where,
due to the utilization of air heat, the CO2 flow is heated, which is directed to cool the
gas turbine. However, due to the fixed temperature value (200 ◦C) and the coolant flow,
complete heat recovery becomes impossible. At the same time, it is necessary to supply
air with a temperature not higher than 30 ◦C to the ASU and, therefore, about 21 MW is
emitted into the atmosphere.

Another source of low-potential heat is the flow of exhaust gases from additional
nitrogen turbines used to utilize the physical heat of generator gas (source No. 14). Nitrogen
from the air separation plant is superheated by the heat of the generator gas and sent to
nitrogen gas turbines to generate electricity. However, at the turbine exhaust, the flow has
a relatively high temperature, which is caused by the limitation on the exhaust pressure,
which cannot be lower than 1 atm.
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Figure 4. Thermal potential of the Allam cycle low-grade heat source, as follows: 1—intermediate
cooler of the O2 compressor first stage for the combustion chamber (CC); 2—intermediate cooler of
the second stage of the O2 compressor for the CC; 3—air cooler in front of the ASU; 4—intermediate
cooler of the first stage of the CO2 compressor; 5—intermediate cooler of the second stage of the CO2

compressor; 6—intermediate cooler of the third stage of the CO2 compressor; 7—CO2 flow cooler in
front of the carbon dioxide pump; 8—heat loss with H2O; 9—intercooler of CO2 disposal compressor;
10—CO2 flow cooler before disposal; 11—heat losses with CO2 disposal; 12—intermediate cooler
of the O2 compressor for gasification; 13—O2 flow cooler before gasification; 14—heat loss to the
environment with the exhaust gases of the nitrogen gas turbine unit (GTU).

Utilization of the low-grade heat of the carbon dioxide compressor in the carbon
dioxide Rankine cycle gives 2.1 MW of additional net power generation. However, due
to the small temperature difference and the large amount of heat utilized from the Allam
cycle, a large flow rate of the cooling flow is observed, which exceeds the flow rate of
the working flow by 2.55 times (by 1530 kg/s). This, in turn, will lead to a large metal
consumption for the designed thermal circuit in the case of low-potential cycles. Figure 5
shows a comparison of the flow rates of the working and cooling flow for a carbon dioxide
compressor and an ASU.
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Figure 5. Comparison of the flow rate of the working and cooling flow in a multistage compressor
and an air separation unit.

3.2. Study of the Impact of Low-Grade Heat Utilization on Efficiency

The cycles shown in Figure 3 can be added to each LGH source separately, or one cycle
can be used for both sources, which must first be combined.

In order to utilize low-grade heat from OFPP in a single cycle, a staged utilization
scheme was developed. The low-boiling coolant flow through the heat exchangers receives
heat from all LGH sources, while the order of installation of heat exchangers is formed
according to the following principle: if two sources operate in the same temperature range,
then they are connected in parallel, and if the temperatures are in different ranges, the
heat exchangers are connected in series. The final scheme of staged utilization is shown in
Figure 6, while the installation sequence and parameters of the heat exchangers are shown
in Table 4.
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Table 4. Input data for low-potential heat sources of OFPP.

LGH Source Temperature at the
HE Inlet, ◦C

Temperature at the
HE Outlet, ◦C

Installation
Sequence

Flue gas cooler for the first
nitrogen turbine 322 178 1A

178 142 2A
142 50 3A

Flue gas cooler for the
second nitrogen turbine 322 178 2B

178 142 3B

ASU 142 50 3C

The thermodynamic efficiency of low-boiling coolant cycles is significantly affected
by the type of working fluid, in connection with which a study was conducted to select
the most energy-efficient low-boiling coolant, the results of which are shown in Figure 7.
To study the effect of the refrigerant on the efficiency of low-grade heat utilization, the
Rankine cycle was used, thanks to which, depending on the composition of the working
flow, changes in thermodynamic properties were taken into account. At the outlet of the
turbine, the minimum pressure changed depending on the saturation temperature, and
the inlet pressure was optimized in increments of 0.1 MPa. As a result, due to changes
in thermodynamic properties, the power of the turbine and the cost of compressing the
working flow in the pump changed, which affected the increase in additional power.
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Figure 7. Increase in net efficiency during the Allam cycle LGH utilization with gasification.

It was determined that, for the Allam cycle with gasification, the greatest increase in
efficiency, equal to 0.914 (Table 5), is achieved using benzene as a working fluid. This is due
to the fact that benzene has the lowest saturation pressure, equal to 15 kPa, while carbon
dioxide has it equal to 7.1 MPa, due to which the turbine operates with a large pressure
drop. Furthermore, when using benzene, there are minimal costs for compression in the
pump, which is due to the high density of benzene in the liquid phase; indeed, at 30 ◦C, the
benzene density is 868 kg/m3.
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Table 5. Calculation results for cycles using low-grade heat.

Working Fluid CO2 Benzene R11 R123 Hexane Cyclohexane

Turbine capacity, MW 10,767 4642 4557 4463 4753 4718

Consumed power of the
utilizing cycle pump, kW 6843 347 477 385 519 446

Power generated by the
utilization cycle, kW 3924 4295 4080 4078 4234 4272

Net efficiency of the
utilization cycle, % 18.25 19.98 18.98 18.97 19.69 19.87

Increase in net efficiency, % 0.835 0.914 0.868 0.868 0.901 0.909

The use of benzene as a working fluid is not advisable due to its toxicity; its use is
contrary to modern environmental requirements. At the same time, carbon dioxide is the
working flow of the main cycle and a by-product of power generation and, therefore, its
use as a coolant in the utilization cycle is more appropriate. Therefore, carbon dioxide will
be used as the working fluid of the Brayton and Rankine utilization cycles.

The thermodynamic optimization of the parameters of the LGH utilizing cycles (Fig-
ure 8) was carried out with varying pressure at the inlet and outlet of the turbine with a
step of 1 bar from 10 MPa to 50 MPa. Initially, the pressure value at the turbine exhaust was
fixed and the optimal value of the pressure at the inlet was determined. Then, the optimal
initial pressure was fixed, and the pressure value at the turbine outlet was determined.
At the same time, for the scheme of the organic Rankine cycle, the pressure at the outlet
of the turbine was not optimized due to the limitation on the saturation pressure of the
working flow.
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Figure 8. The increase in the efficiency of the Allam cycle with coal gasification when using the
Brayton cycle (a) and the Rankine cycle (b).

The results of a comparison of supercritical Rankine and Brayton cycles on carbon
dioxide indicate that the greatest total increase in the efficiency of the Allam cycle is
achieved when using the Rankine carbon dioxide cycle as a low-potential heat utilizer. This
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is due to the fact that when using the Brayton cycle, the temperature of the cooling flow
at the inlet to the heat exchanger increases, which causes the temperature of the heating
flow to rise at the outlet of the heat exchanger, which leads to an increase in the cost of
compression in the compressor, due to a decrease in the density of the working flow. The
Rankine cycle allows for deeper cooling to 30 ◦C, which significantly reduces the cost of
cooling CO2 pumping.

The study determined that when the utilizing cycle is operating at low temperatures
in the Brayton cycle, the use of a regenerator is impossible, since the temperature at the
inlet to the utilizing heat exchanger rises, which reduces the amount of waste heat in the
cycle. The absence of a regenerator drastically reduces the thermodynamic efficiency of the
cycle, so the use of the Rankine cycle to use low-grade heat gives a higher power gain.

It is also worth noting that the maximum increase in energy efficiency occurs when
the utilization cycle is separately connected to each source of low-grade heat rather than
when using a single cycle with the combination of all sources. The energy efficiency of a
separate LGH utilization is due to the fact that the use of a separate LGH utilization allows
the low-boiling cycle to operate at the high temperatures of the working flow at the outlet
of the carbon dioxide heat exchanger, due to which the net efficiency of the cycle with a
low-boiling coolant increases, but the installation of several cycles will lead to large capital
costs for equipment.

4. Conclusions

1. This paper proposes new circuit solutions for oxygen–fuel energy complexes operating
on the Allam cycle on coal fuel. The main sources of low-potential heat losses are
determined and a unified scheme for its utilization is created;

2. Several heat sources have the greatest potential for utilization, namely the compressed
air flow in front of the ASU and the exhaust gases of nitrogen gas turbines, the total
capacity of which is 40 MW. The coolers of the working flow in the carbon dioxide
compressor have a high thermal power equal to 154.2 MW. However, these sources
operate at low temperatures, due to which a large consumption of a low-boiling flow
in the Rankine carbon dioxide cycle (1530 kg/s) is observed with a slight increase in
power (2.1 MW);

3. It has been established that benzene, due to its thermophysical properties, namely a
saturation pressure of 15 kPa and density at 30 ◦C equal to 868 kg/m3, is the most
effective coolant for organic Brayton and Rankine cycles; however, due to its toxicity,
its use is contrary to the modern environmental requirements set for humanity. At
the same time, carbon dioxide, which is the working heat of the main cycle and a
by-product of the energy complex, is the most promising coolant for recycling cycles;

4. It was determined that the use of the Rankine carbon dioxide cycle for the utilization
of low-grade heat in the main cycle makes it possible to increase the efficiency of the
power plant by 1.198%, and the use of the Brayton carbon dioxide cycle increases
efficiency by 0.87%. In this regard, we can conclude that it is more expedient to use
the organic Rankine cycle as a cycle for the utilization of low-grade heat.
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