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Abstract: Today, with the increases in organic fuel prices and growing legislative restrictions aimed
at increasing environmental safety and reducing our carbon footprint, the task of increasing thermal
power plant efficiency is becoming more and more topical. Transforming combusting fuel thermal
energy into electric power more efficiently will allow the reduction of the fuel cost fraction in the cost
structure and decrease harmful emissions, especially greenhouse gases, as less fuel will be consumed.
There are traditional ways of improving thermal power plant energy efficiency: increasing turbine
inlet temperature and utilizing exhaust heat. An alternative way to improve energy efficiency is
the use of supercritical CO, power cycles, which have a number of advantages over traditional
ones due to carbon dioxide’s thermophysical properties. In particular, the use of carbon dioxide
allows increasing efficiency by reducing compression and friction losses in the wheel spaces of the
turbines; in addition, it is known that CO, turbomachinery has smaller dimensions compared to
traditional steam and gas turbines of similar capacity. Furthermore, semi-closed oxy-fuel combustion
power cycles can reduce greenhouse gases emissions by many times; at the same time, they have
characteristics of efficiency and specific capital costs comparable with traditional cycles. Given the
high volatility of fuel prices, as well as the rising prices of carbon dioxide emission allowances,
changes in efficiency, capital costs and specific greenhouse gas emissions can lead to a change in the
cost of electricity generation. In this paper, key closed and semi-closed supercritical CO, combustion
power cycles and their promising modifications are considered from the point of view of energy,
economic and environmental efficiency; the cycles that are optimal in terms of technical and economic
characteristics are identified among those considered.

Keywords: supercritical carbon dioxide; power cycle; Brayton cycle; Rankine cycle; SCOC-CC;
MATIANT; E-MATIANT; Allam cycle

1. Introduction

Organic and nuclear fuels are the main sources of thermal energy in the world. Steam
turbine, gas turbine and steam-gas cycles utilizing water vapor and air as a working fluid
are widely used to convert thermal energy into electric power. Under conditions of rising
energy prices and tightening requirements for emissions of harmful substances, an urgent
task is to increase the efficiency of converting thermal energy into electric power in order
to reduce fuel consumption.

According to Carnot’s theorem, the maximum possible efficiency of a heat cycle
depends on the temperature of the “heater” and the temperature of the “cooler”—the
greater the first and the lower the second, the more efficient the heat machine is.

For traditional energy cycles, the main way to increase efficiency is to increase the
temperature and pressure of the working fluid at the turbine input, that is, increase the
“heater” temperature. Thus, transition from supercritical steam parameters (540 °C, 24 MPa)
to ultra-supercritical (720 °C, 35 MPa) leads to an increase in the net efficiency of a steam
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turbine power unit of 5-6%. In advanced engineering enterprises using gas turbine and
steam-gas cycles, working fluid temperature at the turbine input exceeds 1600 °C, and the
net efficiency of the most efficient steam-gas plants is 62-64% [1].

However, an increase in the working fluid temperature leads to an increase in capital
costs for the construction of power units, since elevated temperatures require expensive
heat-resistant materials, and an increase in pressure requires either more mechanically
durable materials or an increase in wall thickness for existing materials, which requires
more metal for power plant construction.

In terms of environmental safety, an increase in temperatures during fuel combustion
in the air leads to intensification of the oxidation of the main component of air—nitrogen
(over 75% by weight)—which leads to an increase in emissions of nitrogen oxide (NOx),
which is one of the most dangerous pollutants for the environment. To reduce NOx
emissions, specialized low-emission combustion chambers and exhaust gas purification are
used, while the introduction of new elements or the complication of existing structures also
negatively affects the main equipment cost [2].

Another way to increase thermal plant efficiency is through waste heat recovery
(WHR), that is, reducing the temperature of the “cooler”. Heat is utilized by introducing an
additional low-temperature cycle which uses waste heat as a source of thermal energy. In
this case, the use of expensive, heat-resistant alloys is not required. However, due to the
low thermal potential of the waste heat, the waste heat recovery units have extremely low
efficiency (not more than 5-6%), which gives an increase in the power unit efficiency of
no more than 2-3%; for that, massive metal-intensive heat exchangers with a large heat
exchange area, which increase the capital costs of the main equipment, are used. Thus, in
WHR, specific capital costs increase due to the increase in the total metal consumption of
the power unit [3-5].

Using low-boiling organic coolant can increase the thermodynamic efficiency of cycles.
In study [6], a Brayton recompression cycle with pure CO, and with binary mixture
CO,-C7Hg was considered, and the thermal efficiency of the second one was 14.5% greater
than the first one. On the other hand, low-boiling organic coolants have a high cost and
are often dangerous for the environment. In particular, most freons are the strongest
greenhouse gases [7,8]. Thus, HFC 134a freon has a global warming potential (GWP) of
1300, that is, the emission of 1 kg of freon is equivalent to 1300 kg of carbon dioxide. It is
important to note that freons are emitted even when they are used in closed cycles due to
vaporization through seals. Thus, an important problem of waste heat utilization power
cycles is revealed by carbon footprint analysis taking into account the GWP of various
fluids. In study [9], the organic Rankine cycle (ORC) was considered for various freons, and
the difference between the maximum environmental impact fluid (R114) and the minimal
environmental impact was more than 50%.

An alternative way to improve the energy efficiency of thermal power plants (TPP)
and to reduce plant cost is through the use of supercritical carbon dioxide as a coolant. This
direction began to develop in the middle of the last century; today, dozens of CO, power
cycles and their modifications are known. Examples of implemented industrial power
plants are nuclear power plants based on gas-cooled nuclear reactors such as the Magnox
and advanced gas-cooled reactor (AGR).

The attractiveness of the transition to CO, power cycles in order to increase the
energy and economic efficiency of TPP plants is primarily due to the thermal and physical
properties of supercritical carbon dioxide.

Supercritical carbon dioxide (SCO,) is characterized by relatively low critical parame-
ters (30.98 °C and 7.38 MPa), which make it possible to compress the working fluid near
the saturation line and to significantly reduce the compressor work while also reducing
the temperature of the heat removal from the cycle. In turn, reducing the temperature
of the heat-recovering cycle makes it possible to increase the thermodynamic efficiency.
In addition, carbon dioxide has a relatively low aggressiveness compared to water and
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exhibits corrosion activity only in the presence of moisture in the gas or in the presence of a
film of water on the metal surface.

The thermophysical properties of water, air and supercritical carbon dioxide heat
carriers, presented in Table 1 within the typical parameters of modern gas turbine and
steam turbine plants, indicate the advantages of using carbon dioxide as a working fluid.
High carbon dioxide density at the parameter values typical for the input and output of
a carbon dioxide turbine determines its low weight and size characteristics compared to
steam and gas turbines with a similar working flow.

Furthermore, the values of the dynamic viscosity coefficient of carbon dioxide at the
turbine input are lower or comparable to those of air and water, which indicates that blade
friction energy losses in the turbine utilizing supercritical carbon dioxide do not exceed the
losses in steam and gas turbines. Thus, the transition to supercritical carbon dioxide is the
prospective direction in the development of closed power cycles such as the Brayton cycle
and the Rankine cycle.

Table 1. Thermophysical properties of water, air and supercritical carbon dioxide within the typical
parameters of modern gas turbine and steam turbine plants.

Tvpe of Thermal Temperature and Pressure of Density of Working Dynamic Viscosity of Specific Enthalpy of
yllfower Plant Working Fluid for Turbine Fluid for Turbine Working Fluid for Turbine =~ Working Fluid for Turbine
Inlet/Outlet Inlet/Outlet, kg/m3 Inlet/Outlet, -10° Pa-s Inlet/Outlet, kJ/kg
Steam turbine 540 °C, 23.5 MPa/29 °C, 4 kPa 74.6/0.004 320.8/0.11 3324.3/120.9

NGCC

1100 °C, 1.3 MPa/515 °C,

0.1 MPa 3.3/0.44 535.9/369.8 1610.4/935.2

Supercritical CO,
power plant

540 °C, 25 MPa/407 °C, 8 MPa 155.8/70.8 373.9/318.6 1019.1/875.3

On the other hand, an important direction in the development of carbon dioxide
cycles is towards semi-closed oxy—fuel combustion power cycles with internal combustion.
Semi-closed oxy—fuel combustion cycles can reduce carbon dioxide emissions due to
the sequestration of CO, from the exhaust of the turbine, and these types of cycles have
characteristics of efficiency and specific capital costs comparable with traditional cycles [10].

The potential problems of using supercritical carbon dioxide power cycles and semi-
closed oxy—fuel combustion cycles are:

The problem of coolant leakage, which can increase the carbon footprint of a plant;
The need for the compression of carbon dioxide in the near-critical region near the
saturation boundary of the coolant (fraught with sharp jumps in thermophysical
properties up to gravitational effects on the inlet blade of the compressor);

e  The large heating surfaces required by the carbon dioxide heat exchangers because of
the large capacity of the regenerators, which generate increasing capital costs;

e  The low critical temperature of CO,, which creates the need for a low-temperature
cold source (10-15 °C) for closed cycles, especially cycles with condensation.

Despite the differences in the schemes, the principle of operation and the regime
parameters of the working fluid, both for closed SCO, cycles and semi-closed oxy—fuel
combustion cycles, both aim to increase the energy and economic efficiency of energy gener-
ation. In the case of closed SCO, cycles, the increase in the techno-economic characteristics
is achieved through the downsizing of the main equipment and significantly increases
cycle efficiency. In the case of semi-closed oxy—fuel combustion cycles, the increase in
techno-economic characteristics is achieved through the almost complete absence of carbon
dioxide emissions, which leads to minimal expenses related to the purchase of emissions
quotas. Thus, the two types of cycles can improve the technical and economic indicators of
thermal power plants in different ways.
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The purpose of this paper is to generalize and systematize the data presented in the
scientific literature regarding thermodynamic cycles utilizing supercritical carbon dioxide,
as well as to identify the optimal technical solutions for the sustainable development of
thermal power engineering through a systematic comparative analysis of various carbon
dioxide energy cycles among themselves and through comparing them with traditional,
high-efficiency TPP plants with regard to key technical and economic characteristics.

2. Closed SCO; Cycles

Closed thermodynamic cycles are characterized by the supply of heat from an external
source—a boiler or nuclear reactor. Burning reactions do not occur in the working body it-
self. On the one hand, this approach expands the range of thermal energy sources—organic
fuels and nuclear reactions, WHR or solar energy collectors can be used. On the other hand,
this approach leads to an increase in the equipment cost since massive metal-intensive heat
exchange devices are required for heat transfer—boilers, heat recovery boilers, etc.

To date, all closed cycles utilizing supercritical CO; can be divided into two large groups:

e  Cycles without condensation, with the working fluid compression by a compressor
(Brayton cycles);
e  Cycles with condensation, with the working fluid compression by a pump (Rankine cycles).

These cycles have a large number of modifications and arrangements with various
heat energy sources and have different power, efficiency and capital intensity. In this
paper, Brayton and Rankine cycles utilizing supercritical CO; and their main modifications
described within the literature are considered.

2.1. Closed SCO; Brayton Cycles

The Brayton cycle with supercritical CO, was mentioned for the first time in 1948.
Sulzer Bros patented the Brayton cycle with partial condensation of carbon dioxide. After
that, CO, power cycles aroused the interest of power plant researchers and developers.
Research in this area has been conducted in many countries. In the Soviet Union, D.
Gokhshtein and G. Verkhivker were engaged in the development of CO, power cycles [11]
in 1969; in one of their works, they presented a thermal scheme of a nuclear power plant
with carbon dioxide as a coolant and working fluid (Figure 1).
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Figure 1. Cycle proposed by Gokhshtein and Verkhivker: (a) schematic diagram; (b) T-S diagram [11].
B—boiler; LPT—low-pressure turbine; HPT—high-pressure turbine; G—generator; Cond.—condenser;
P—pump; RH1, RH2, RH3, RH4, RH5—regenerative heat exchangers.
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In the first loop, the reactor is cooled by carbon dioxide (3—4), which then expands
from 3 MPa (675 °C) to 1 MPa (539 °C) in a turbine to generate electric power (4-5). Then,
the hot gases pass sequentially through the first regenerative heater (5-6), in which they
give off heat to the second cycle, thereby ensuring its initial temperature of 509 °C. Then,
exhaust CO; gases enter the second regenerative heater (6-7), where the working fluid
of the first loop compressed in the compressor is heated from 173 to 320 °C. In the third
regenerative heater (7-1), carbon dioxide also gives heat to the second loop, after which, it
is compressed in the compressor and passes sequentially through the second regenerative
heater and the reactor back into the turbine.

In the second loop, CO;, is also used as a working fluid. In a gas turbine, carbon dioxide
expands from 23.5 (509 °C) to 6 MPa (355 °C) (12-13) and then it passes sequentially through
two regenerative heaters (13-15), the cold source (15-8), pump (8-9) and the regenerator
system (9-12), in which the coolant temperature rises to the initial value.

The authors found that the net electrical efficiency of the considered cycle is 44.5%,
3% higher than that of the same cycle utilizing water. This scheme’s disadvantage is
a 71% larger heat exchange area and, as a result, greater metal consumption by the
main equipment.

First, CO, power cycles became a foundation for numerous subsequent studies, the
main results of which were the development of the following five cycles based on supercrit-
ical carbon dioxide:

Supercritical CO, Brayton cycle with regeneration [12,13];
Supercritical CO, Brayton cycle with reheating [12,14];
Supercritical CO, Brayton cycle with precooling [12];
Supercritical CO, Brayton cycle with partial cooling [12,15];
Supercritical CO, Brayton cycle with recompression [12];
Supercritical CO, Brayton cascade cycle [16].

The simplest cycle utilizing supercritical CO; is the closed Brayton cycle with exhaust
gas heat regeneration (Figure 2a). The compressor receives recirculating carbon dioxide
(1-2), which, after compression, is sent to the regenerator for heating (2-3). The heated flow
of the working fluid enters the reactor (3—4) and further increases in temperature. Next, the
supercritical working fluid is sent to a gas turbine (4-5), which rotates the electric generator.
After expansion, the turbine exhaust gases enter the regenerator (5-6) to transfer heat to the
working fluid compressed in the compressor. Then, before being fed to the compressor, the
cooled CO, stream is directed to a cold source (precooler) (6-1), where additional cooling
of the coolant occurs. Figure 2b shows a T-S diagram of this cycle.
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Figure 2. Supercritical CO, Brayton cycle with regeneration: (a) schematic diagram; (b) T-S diagram [12].
R—reactor; T—turbine; G—generator; RH—regenerative heat exchanger; PC—precooler; C—compressor.
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At an initial temperature of 550 °C, the compressor inlet temperature is 32 °C, and,
at a compressor output pressure of 25 MPa, the thermal efficiency is about 40%. Results
of the study on the effect of the initial pressure at the turbine input on the efficiency of
the Brayton supercritical cycle showed that the pressure increase of 2 MPa in the range
of 13.8-27.6 MPa leads to an increase in efficiency of 0.71% [13], and an increase in initial
temperature of 150 °C is accompanied by an increase in thermal efficiency of 5.5%.

It is possible to increase the efficiency of the closed supercritical Brayton cycle based
on CO; by using intermediate overheating. The thermal scheme presented in Figure 3a
differs from the previous one (Figure 2a) by the presence of a second working fluid entry
into the reactor, that is, carbon dioxide is also compressed in the compressor and then sent
to the regenerator, where it is heated due to the heat of the working fluid at the turbine
output. After that, the carbon dioxide stream is sent to the reactor to increase the working
fluid temperature (5-6) to the initial cycle value and then enters the gas turbine (6-7). Next,
expansion occurs in the wheel space of the high-pressure turbine, after which, the working
fluid enters the reactor again for reheating. Figure 3b shows a T-S diagram of this cycle.

Results of the thermodynamic study presented in [14] revealed that the largest increase
in efficiency is achieved when the expansion degree under pressure in the high-pressure
turbine (HPT) is equal to that in the low-pressure turbine (LPT). With initial cycle parame-
ters of 550 °C and 25 MPa, and a turbine exhaust pressure of 7.5 MPa, the cycle efficiency is
about 41.5%.

However, it should be borne in mind that the introduction of additional superheaters
will certainly be accompanied by pressure losses. An increase in pressure losses of 10%
in the range of 0-250 kPa will lead to a decrease in power plant efficiency of about 0.11%.
With a further increase in pressure losses in the heater, the use of repeated overheating of
the working fluid is impractical, since this leads to a decrease in the efficiency of the cycle.

A

PC RH) 7 i T 4 6

8 3
Nz % ¢4 G

S 2

“C HPT Nppm™

v

(a) (b)

Figure 3. Supercritical CO, Brayton cycle with reheating: (a) schematic diagram; (b) T-S diagram [12].
R—reactor; LPT—low-pressure turbine; HPT—high-pressure turbine; G—generator; RH—regenerative
heat exchanger; PC—precooler; C—compressor.

Implementation of a second intermediate superheater makes it possible to increase
the efficiency of the Brayton cycle based on supercritical CO, by another 0.20-0.26% with
pressure losses in the heater not exceeding 125 kPa.

Another way to increase the efficiency of the simplest Brayton cycle based on super-
critical CO;, is the introduction of intermediate cooling, which helps to reduce compressor
energy consumption (Figure 4). In contrast to the simple Brayton cycle with regeneration
(Figure 2a), in this case, two low- (1-2) and high-pressure (3-4) compressors (RC) and an
intermediate cooler (2-3) are used.

A maximum increase in the cycle thermodynamic efficiency is achieved when the
second compressor compression ratio is 1.5-1.9 times greater than that of the first one. In
this case, the efficiency of the Brayton cycle based on supercritical CO; increases by 0.8%.
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Figure 4. Supercritical CO, Brayton cycle with precooling: (a) schematic diagram; (b) T-S diagram [12].
R—reactor; T—turbine; G—generator; RH—regenerative heat exchanger; PC—precooler; IC—internal
cooler; C—compressor; RC—high-pressure compressor.

In addition to the above schemes, in 1968, G. Angelino proposed another option to in-
crease the efficiency of the supercritical CO, Brayton cycle—a cycle with partial cooling [15].
The scheme presented in Figure 5 differs from the Brayton cycle based on supercritical
CO, with regeneration by the presence of high-temperature and low-temperature heat
exchangers, a condenser, pump (compressor) and a recompression compressor.

N

v

(b)
Figure 5. Supercritical CO, Brayton cycle with partial cooling: (a) schematic diagram; (b) T-S

diagram [12]. R—reactor; T—turbine; G—generator; HTR—high-temperature regenerative heat
exchanger; LTR—low-temperature regenerative heat exchanger; PC—precooler; CR—gas cooler;

LPC—low-pressure compressor; HPC—high-pressure compressor.

The working fluid is compressed in the compressor (7-7’) and then is divided into two
streams; the first stream is sent to the recompression compressor (RC) (7'-8), and the second
is cooled in the condenser (CR) (7/-1) and then is also compressed in the compressor (pump)
(1-2). CO; compressed in the pump is first heated in a low-temperature heat exchanger
(LTR) by utilizing exhaust gas heat (2-8) and then it is mixed with the first stream of carbon
dioxide in a high-temperature heat exchanger (HTR) (8-6). After that, the entire volume of
the heated working fluid is sent to the reactor, where it is heated to the initial temperature
of the cycle (6-3). Such a solution makes it possible to increase the regeneration system
efficiency by means of a heat exchanger operation at different pressures.

At an initial temperature of 550 °C and a pressure of 25 MPa, the thermal efficiency
of the Brayton cycle based on supercritical CO, with partial cooling is 44.8%. The main
disadvantage of this cycle is associated with the low critical temperature of CO, (30.98 °C),
as condensing CO; cycles require an available supply of cooling water at a temperature of
10-15 °C, which is not available in all regions worldwide all year.
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Additionally, Angelino proposed a simplified version of the cycle described above—a
supercritical CO; Brayton cycle with recompression (Figure 6). Unlike the cycle with partial
cooling, there is no pump or cooler in this scheme.
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Figure 6. Supercritical CO, Brayton cycle with recompression: (a) schematic diagram; (b) T-S
diagram [12]. R—reactor; T—turbine; G—generator; HTR—high-temperature regenerative heat ex-
changer; LTR—low-temperature regenerative heat exchanger; PC—precooler; MC—main compressor;

RC—recompression compressor.

The carbon dioxide stream is separated before the precooler, then the first part of
the stream is cooled (8-1) and enters the main compressor (1-2) for compression to the
initial pressure, and the second part of the stream immediately enters the recompression
compressor (8-3), where the working fluid is also compressed to the initial pressure of
the cycle. After the main compressor, the compressed CO; enters a low-temperature
heat exchanger (2-3), where, due to the regeneration of the exhaust gas heat, carbon
dioxide is heated to the same temperature as the second CO, stream after compression in
the recompressor.

This arrangement of the thermal circuit allows the problem of the relatively low
efficiency of waste gas heat regeneration associated with the significant difference in
specific heat capacity between hot and cold flows in the regenerator, which is characteristic
of the supercritical CO, Brayton cycle with regeneration, to be solved. In other words,
the separation of compressible flows and the introduction of a low-temperature and high-
temperature heat exchanger allow increasing efficiency of exhaust gas heat regeneration
and reduce losses in the cold source. As a result of this technical solution application, the
thermal efficiency of the Brayton cycle based on supercritical carbon dioxide increases
to 46%.

The Brayton cascade cycle was designed to utilize exhaust gas waste heat in the gas
turbine plants, and it has a large number of heat exchangers. In [16], various configurations
of cascade Brayton cycles were considered, the most promising of which, according to the
author, is a cascade cycle with double overheating, which has an efficiency of 32.6% when
the temperature at the turbine input is about 500 °C. Figure 7 shows a scheme and T-S
diagram of the cascade Brayton cycle.

Brayton cycles using supercritical carbon dioxide as a coolant can also be used as
cycles for waste heat recovery. In [17], Brayton cycles for waste heat regeneration were
considered, in particular:

Supercritical CO, Brayton simple cycle;

Supercritical CO, regenerative Brayton cycle;

Supercritical CO; regenerative Brayton cycle with recompression;
Supercritical CO, Brayton cascade cycle.

When the temperature at the turbine input is equal to 200-600 °C, these cycles demon-
strate an efficiency of 10 to 40%, depending on the scheme.

In [18], the joint use of the Kalina cycle and a simple supercritical Brayton cycle for the
WHR of a diesel engine was considered. At a heater temperature of 268 °C, the system had
an efficiency of 16% and allowed the generation of 242 kW of electrical power.
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Figure 7. Cascade Brayton cycle with doubled overheating: (a) schematic diagram; (b) T-S
diagram [16]. LTH—low-temperature heater; HTH—high-temperature heater; HTT—high-temperature
turbine; LTT—low-temperature turbine; G—generator; HTR—high-temperature regenerative heat
exchanger; LTR—low-temperature regenerative heat exchanger; PC—precooler; C—compressor.

2.2. Closed SCO; Rankine Cycles

The fundamental difference between supercritical Rankine CO, power cycles and the
Brayton cycles is the presence of carbon dioxide condensation after expansion in the turbine.
Supercritical CO, power cycles with condensation were considered for the first time in
papers by Angelino in 1968 [13]. The advantage of Rankine cycles over Brayton cycles is
the reduced work required for compression with a pump compared to that required for
compression with a compressor. The main disadvantage is the need for a cold source with
a temperature 10-15 °C because of the low critical temperature of CO,. The most effective
cycle of those presented in Angelino’s papers is considered to be the Rankine cycle with
recompression, which has a calculated theoretical efficiency 43% at a temperature at the
turbine input of 550 °C.

The schematic and T-S diagram of the Rankine cycle with recompression are shown
in Figure 8. In this cycle, carbon dioxide expands in the turbine after the heater (5-6), then
it is cooled in the high-temperature regenerative heat exchanger (6-7), after which, it is
cooled in the low-temperature regenerative heat exchanger (7-8). Further, part of the flow
is directed to the condenser (8-1), after which, condensate is compressed by a pump (1-2)
and fed through a low-temperature regenerator (2-3) to a high-temperature regenerator
(3—4). Another part of the flow is immediately sent to the compressor for compression (8-3)
and then it enters the high-temperature regenerator (3—4), where it is mixed with the first
part, heated and sent to the heater (4-5).

At the same turbine inlet temperature, supercritical carbon dioxide power plants oper-
ating with the use of the Rankine cycle have lower efficiency and higher metal consumption
compared to those operating with the Brayton cycles. However, the implementation of
cooling during the working fluid condensation of the low-pressure cycle allows efficient
cooling at a low temperature with a relatively small heat exchange area. Thus, Rankine
cycles can be used for WHR, including low-potential WHR.

At present, the efficiency of a number of modifications of the supercritical carbon
dioxide Rankine cycle for waste heat recovery is being considered, including the efficiency
of a low-thermal-potential-heat modification.

In paper [14], the following Rankine cycles based on supercritical carbon dioxide were
considered for the regeneration of the waste heat of natural gas turbine exhaust gases [14]:

e  Rankine cycle with regeneration;
e Cascade Rankine cycle;
e  Split Rankine cycle with regeneration.

According to the paper, the efficiency of the cycles at heater temperatures from 300 °C
to 500 °C was from 20 to 30%, depending on the scheme and temperature.
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(a) (b)

Figure 8. Rankine cycle with recompression: (a) schematic diagram; (b) T-S diagram [13]. B—Dboiler;

T—turbine; G—generator; HTR—high-temperature regenerative heat exchanger; LTR—low-
temperature regenerative heat exchanger; C—compressor; P—pump.

A schematic diagram of a power plant operating using the Rankine cycle with regen-
eration is shown in Figure 9. In the Rankine cycle with regeneration, the working fluid is
compressed by the pump (1-2), after which, it is heated in the waste heat exchanger (2-3),
then it reaches the heat exchanger (3—4), where the working fluid cools the exhaust gases.
Further, the working fluid expands in the turbine (4-5), connected to an electric generator,
after which, it is cooled in the regenerator (5-6) and then cooled and condensed in the
condenser (6-1).

RH T
A
4
C 5
3
2
6
1
to heat sink from heat source S -
(a) (b)

Figure 9. Rankine cycle with regeneration: (a) schematic diagram; (b) T-S diagram [19]. H—heater;
T—turbine; G—generator; RH—regenerative heat exchanger; C—condenser; P—pump.

A schematic diagram of a power plant operating with the implementation of the
cascade Rankine cycle with regeneration is shown in Figure 10. In this cycle, the working
fluid is divided into two streams after compression in the pump (1-2). The first stream
forming the cycle inner loop is first heated in the low-temperature regenerator (2-3'), after
which, it is heated in the low-temperature heater (3'—4’) and further expands in the turbine,
performing work, and then it is cooled in the low-temperature regenerator (4'-5’) and
condensed in the condenser (5'-1).

The second stream forming the outer loop of the cycle, after compression in the pump,
is heated in the high-temperature regenerator (2-3), then in the high-temperature heater
(3—4) and then is used in the turbine (4-5) and cooled in the high-temperature regenerator
(5-6) and condensed in the condenser (6-10), where it is combined with the first stream.
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This cycle is more efficient than the basic Rankine cycle with regeneration due to the
introduction of a lower-temperature internal loop; according to the source, at the same
inlet temperatures, the cascade cycle increases the efficiency by 3-4% compared to the
basic Rankine cycle with regeneration. The scheme disadvantages include a larger number
of heat exchangers and the necessity of two separate turbine units, which significantly
increase the metal consumption of the equipment.

HTR T

v

LTT S
(a) (b)

Figure 10. Cascade Rankine cycle: (a) schematic diagram; (b) T-S diagram [19]. HTT—high-
temperature turbine; LTT—low-temperature turbine; G—generator; HTR—high-temperature regen-
erative heat exchanger; LTR—low-temperature regenerative heat exchanger; P—pump; LTH—low-
temperature heater; HTH—high-temperature heater.

According to [14], the split Rankine cycle with regeneration and preheating is the best
option as it has the highest efficiency and relatively low metal consumption due to the
smaller heat exchange surface area and number of turbine units. The increased efficiency is
due to the absence of a low-temperature turbine with low efficiency. The efficiency of this
cycle is 6% greater than that of the basic cycle with regeneration at the same temperatures
and 3% greater compared to a cascade cycle.

A schematic and T-S diagram of the split Rankine cycle with regeneration and pre-
heating are shown in Figure 11. In this cycle, similar to the previous cycle considered, the
working fluid after compression by the pump is divided into two streams. The first stream
is heated in the regenerator (2-3), and the second stream is heated in the low-temperature
heater (2-3), after which, it is combined with the first one.

RH T

from heat source

to heatsink

(a) (b)

Figure 11. Split Rankine cycle with regeneration: (a) schematic diagram; (b) T-S diagram [19].
HTT—high-temperature turbine; LTT—low-temperature turbine; G—generator; RH—regenerative
heat exchanger; P—pump; LTH—low-temperature heater; HTH—high-temperature heater.
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2.3. Prospective Closed Cycles

The prospective closed cycles utilizing supercritical carbon dioxide include modifi-
cations of the closed Brayton and Rankine cycles, which allow an increase in the cycle
efficiency and expand the range of applicability. In this paper, the following modifications
of closed supercritical CO, power cycles are considered:

Supercritical carbon dioxide Brayton cycle with liquefied natural gas;

Supercritical carbon dioxide Brayton cycle with trigeneration;

Supercritical carbon dioxide Rankine cycle with ejection of the working fluid;
Supercritical carbon dioxide Brayton cycle with partial condensation of the working fluid.

Currently, liquefied natural gas (LNG) is one of the promising, environmentally
friendly fuels with wide applicability and a high level of technological readiness. The
attractiveness of liquefied natural gas is due to the possibility of its transportation by sea
with subsequent regasification in regasification terminals. Liquefied natural gas has a low
temperature (—163 °C), and its regasification occurs by heating; sea water is most often
used as a heater. Thus, in most cases, the cold energy is discharged into the sea and is
not used.

In [20,21], it was proposed to use liquefied natural gas to increase the energy efficiency
of Brayton CO, power cycles by reducing the cooling temperature of the working fluid. The
schematic diagram of the Brayton cycle using liquefied natural gas and the T-S diagram
are shown in Figure 12.

In this cycle, carbon dioxide is cooled in the regenerator (5-6) and in the cooling heat
exchanger (6-1), where it heats the LNG. Thus, a coolant with a very low temperature is
used as a cooling fluid, which significantly increases the cycle efficiency. The efficiency is
52% at a turbine input gas temperature of 550 °C. This scheme’s disadvantages include
the ability to use it only near a regasification terminal, and, also, LNG’s disadvantage in
general is its high cost—a kilogram of LNG is more than twice as expensive as pipeline
natural gas.

LNG out A

v

(a) (b)

Figure 12. Supercritical CO; Brayton cycle using liquefied natural gas for precooling: (a) schematic
diagram; (b) T-S diagram [21]. B—boiler; T—turbine; C—compressor; LNG-H—LNG heater;
RH—regenerative heat exchanger; G—generator.

Carbon dioxide belongs to low-boiling heat carriers; the boiling point at atmospheric
pressure is —56 °C, so it can be used not only as a working fluid in the energy cycle, but
also as a sufficiently efficient refrigerant in the refrigeration cycle. The use of high-boiling
substances, for example, water, as refrigerants is impractical, since it requires a high degree
of vacuum and powerful vacuum compressors to maintain low pressures. On the other
hand, the energy cycle itself implies the possibility of waste heat regeneration to generate
thermal energy. For Rankine cycles running on a water coolant, cogeneration plants, which
generate electric power and thermal energy, have been known since the first half of the
20th century. Installations which simultaneously generate electric power, thermal energy
and cold are called trigeneration installations.
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Figure 13 shows the schematic diagram and T-S diagram of the proposed Brayton cycle
with trigeneration based on supercritical carbon dioxide. After compression in the high-
pressure compressor (4-5), carbon dioxide is heated in the regenerative heat exchanger (5-6)
and enters the heater (boiler) (6-7), after which, it expands in the turbine (7-8) connected to
the electric generator. Next, the working fluid is cooled in the regenerative heat exchanger
(8-9) and cooled in the electric heater while transferring thermal energy to a high-potential
heat consumer (9-10) (80 °C); after that, it is cooled in the gas cooler (10-11). Next, the
gas passes through the throttle (11-12) with a decrease in pressure and temperature, and
then the cold, two-phase fluid takes heat from the cold consumer (5 °C) (12-1) and turns
into a gaseous state, and it is compressed in a low-pressure compressor (1-2). After the
low-pressure compressor, the gas is cooled and gives heat to the WHR consumer (45 °C)
(2-3), after which, it enters the cooler and is cooled before the high-pressure compressor
(3-11). The advantages of this scheme include its high efficiency, available provided that
thermal energy, cold energy and electric power are considered equivalent. According to
work [22], the total efficiency of such a plant is 78%. This scheme’s disadvantages include
high complexity and the necessity of a large number of pieces of compressor equipment
and heat exchangers, which negatively affect the plant cost.

to high-potential heat consumer

v

A S
to low-potential heat consumer
PC

(a) (b)

Figure 13. Supercritical CO, Brayton cycle with trigeneration based on supercritical carbon dioxide:
(a) schematic diagram; (b) T-S diagram [22]. B—boiler; T—turbine; G—generator; HTR—high-
temperature regenerative heat exchanger; LTR—low-temperature regenerative heat exchanger;
LTH—low-temperature heater; HTH—high-temperature heater; V—valve; LPC—low-pressure com-
pressor; HPC—high-pressure compressor; E—evaporator; GC—gas cooler; PC—precooler.

One of the promising areas for using supercritical CO, power cycles is WHR, especially
low-potential WHR. Traditionally, the most effective CO, power cycle is considered to be
the Rankine cycle. However, for low-temperature cycles, the problem of a low-pressure
drop between isobars at heating and cooling temperatures, which significantly reduces
the mechanical work of turbines and plant power, is relevant. Ejectors are sometimes
used to increase the pressure drop between the turbine input and output. Actually, the
use of an ejector means that the flow is throttled; pressure decreases both due to the flow
acceleration in the narrow part of the ejector and due to additional hydraulic losses. The
disadvantages of using ejectors are the decrease in the plant efficiency and the increase in
metal consumption due to the introduction of additional elements.
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In [23], the Rankine cycle based on supercritical carbon dioxide with an ejector was
considered. The plant schematic diagram and T-S cycle diagram are shown in Figure 14. In
this cycle, condensed carbon dioxide is divided into two streams, one of which is heated in
a low-temperature heater (2-7) and expands in the tapering part of the ejector (7-6) while
maintaining pressure difference between the turbine input and output. The second stream
is heated in the high-temperature heater (3-4), after which, it expands in the turbine (4-5)
and is fed into the expanding part of the ejector, thus, increasing the pressure (5-6). After
the ejector, both streams are combined and condensed in the condenser (6-1). The cycle
efficiency is 7% at a heat source temperature of 100 °C.

from heat source

to heatsink

(a) (b)

Figure 14. Supercritical CO, Rankine with an ejector: (a) schematic diagram; (b) T-S diagram [23].
HTT—high-temperature turbine; HTH—high-temperature heater; LTH—low-temperature heater;
P—pump; C—condenser; E—ejector; G—generator.

Using a pump for compression is more efficient than using a compressor. In [24], a
Brayton cycle with working fluid condensation using acetone to dissolve carbon dioxide
was considered. A schematic diagram and T-S cycle diagram are shown in Figure 15. After
compression in the compressor (5-6), carbon dioxide is cooled and dissolved in acetone
(6-1). After that, the mixture is compressed by the pump (1-2). According to [19], the cycle
efficiency at the turbine inlet temperature of 1400 °C is 56%.

(a) (b)

Figure 15. Supercritical CO, Brayton cycle with acetone absorption: (a) schematic diagram; (b) T-S
diagram [24]. B—boiler; T—turbine; C—compressor; Cr—condenser; P—pump; RH—regenerative
heat exchanger; G—generator.

3. Semi-Closed Oxy-Fuel Combustion Power Cycles with CO, Recirculation

Unlike closed CO; cycles, where the working fluid heating is carried out from outside
by means of a heat exchanger (boiler, heat recovery boiler, etc.), in semi-closed cycles, the
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working fluid heating occurs in the combustion chamber, where the fuel burns in a carbon
dioxide environment with an oxidizer supplied. After that, additional carbon dioxide
formed during fuel combustion is separated from the main stream; after expansion in the
turbine, it is compressed and utilized. This approach allows two problems to be solved:

1.  Optimization of the structure of the metal consumption of the main equipment due to
the absence of massive boiler units;

2. Minimization of greenhouse gas emissions into the atmosphere through carbon diox-
ide capture and deposition.

Closed thermodynamic cycles with oxygen—fuel combustion are energy complexes
consisting of the cycle itself, oxygen production plants and plants for carbon dioxide
preparation for deposition. The following closed thermodynamic cycles have become
widely known: a semi-closed cycle with oxygen—fuel combustion (SCOC-CC), MATIANT
cycles, NET Power cycles (Allam cycle), Graz cycles, “water” (CES) cycles and membrane
cycles (AZEP cycle, ZEITMOP) [25]. The first modifications of these cycles appeared at
the end of the last century. Today, the USA, Japan and European countries are actively
developing these technologies. By grant making, the active financing of “green” electric
power generation technologies, creating legislative bases to stimulate the reduction of
carbon dioxide emissions and conducting scientific research, experimental installations
are being built, and prerequisites are being created for the development of power units with
“zero” emissions of harmful substances. Large energy corporations are joining forces to create
demonstration plants capable of releasing up to 50 MW of electric power to the grid [10].

According to the technology of oxygen—fuel combustion, three streams enter the
combustion chamber of the oxy—fuel energy complex: fuel (gaseous, including gas produced
from coal), oxygen and a stream of carbon dioxide, limiting the maximum temperature in
the combustion chamber. A mixture of carbon dioxide and water vapor is formed as a result
of the burning reaction (3—4). Predominantly, a two-component fluid at a temperature from
1000 to 1700 °C is directed to the cooled turbine, the fluid expands in the turbine (4-5) and
then enters a surface heat exchanger, which can be a heat recovery boiler or a regenerative
heat exchanger (5-6). Having given away most of the heat energy, the flow is directed to
the cooler—separator (CS). In the CS (6-1), the working fluid cooling is accompanied by the
formation of a condensate of water vapor removed from the cycle. After that, the flow rich
in carbon dioxide is sent to the compressor (1-2), increases its pressure and then is fed for
recirculation into the combustion chamber. Thus, the thermodynamic cycle is closed [26].
To replenish the material balance, part of the working medium is removed for deposition.
Carbon dioxide storage tanks can be both natural and artificial. A schematic diagram and
T-S diagram of the oxygen—fuel energy complex are shown in Figure 16.

gaseous fuel

fuel comp. N

€0, to CCS

v
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Figure 16. Oxy-fuel energy complex: (a) schematic diagram; (b) T-S diagram [26]. ASU—air
separation unit; CC—combustion chamber; GT—gas turbine; RH—regenerative heat exchanger;
C—cooler.
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gaseous fuel

The above cycles can be classified according to their methods for obtaining oxygen
and limiting combustion chamber temperature. The oxygen—fuel cycle using cryogenic
air separation units (ASU) includes a semi-closed cycle with oxygen—fuel combustion,
such as the Allam cycle and the Graz cycles. The AZEP and ZEITMOP cycles use high-
temperature membrane ASUs integrated into the thermal circuit. Temperature limitation
in the combustion chambers of oxygen—fuel cycles is achieved by recirculating part of the
working fluid flow. In this, chemical composition of the recirculation flow may vary. So,
in a semi-closed cycle with oxygen—fuel combustion (the MATIANT cycle and the Allam
cycle), a stream of carbon dioxide, which, in these cases, is the main component of the
working fluid, is supplied for recirculation, and, in the Graz cycles and the “water” cycle, a
stream with a high content of water vapor is provided.

A common feature of these cycles is the almost complete absence of harmful gas
emission into the atmosphere. Oxygen—fuel technology allows the sequestering of up to
99% of the CO, generated as a result of burning carbon fuel in oxygen. The remaining
technical and economic parameters of prospective TPP cycles, according to available
estimates, differ significantly.

Within the framework of this work, the following semi-closed cycles with oxygen—fuel
combustion are considered in detail:

e  Semi-closed cycle with oxygen-fuel combustion (SCOC-CC);
MATIANT and E-MATIANT cycles;
e  The Allam cycle.

3.1. SCOC-CC

The semi-closed cycle with oxygen—fuel combustion, which was proposed for the
first time in 1992 by scientists Bolland and Saether [27], has a simple configuration and is
essentially a combined Brayton—Rankine cycle with an oxygen—fuel oxidizer and dioxide
recirculation. The main advantage of the CO-CC cycle among closed cycles with oxygen—
fuel combustion is the ease of implementation. A schematic diagram and T-S diagram of
the SCOC-CC cycle are shown in Figure 17.

v

(a) (b)

Figure 17. SCOC-CC: (a) schematic diagram; (b) T-S diagram [27]. Comp.—compressor; CC—combustion
chamber; GT—gas turbine; B—boiler; ST—steam turbine; C—cooler—separator.

The gaseous fuel and high-purity oxygen are supplied into the combustion chamber
with a stoichiometric ratio (2-3). Since the torch temperature during the combustion of such
a mixture can reach 3500 °C, a third stream is also fed into the combustion chamber—a
mixture with a high CO; content, which is necessary to limit maximum temperature. The
resulting gas flow, consisting of approximately 80% CO, at a temperature of 1300-1400 °C,
is directed to a gas turbine (3—4), which causes rotation of the electric generator. After
expansion in the GT, the working fluid enters the heat recovery boiler (4-1). Due to
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regeneration of the combustion product heat at the GT output, superheated steam is
generated in the combustion chamber and feeds the steam turbine (ST), which is also used
to generate electric power (6-7-8-9). Flue gases at the combustion chamber output are
directed to the condenser, in which the separation of most water due to its condensation at
a pressure close to atmospheric pressure takes place. Then, part of the carbon dioxide flow
is removed from the cycle for subsequent sequestration. The rest of the flow, consisting
mainly of carbon dioxide, is recirculated and enters the compressor input.

Unlike open gas turbine cycles, in which the main component of the working fluid is
nitrogen, in a semi-closed cycle with oxygen—fuel combustion, the proportion of carbon
dioxide in the working fluid composition varies from 80 to 96%. In this cycle, the chemical
composition of the working fluid depends on many factors, including type of fuel used,
oxidizer purity, the thermodynamic parameters of the recirculation flow and the amount of
excess air required to achieve complete combustion.

Since the cycle is semi-closed, the minimum pressure does not necessarily have to be
equal to atmospheric pressure. On the one hand, an increase in the minimum pressure
leads to a decrease in the turbomachinery and combustion chamber dimensions; on the
other hand, it increases the wall thicknesses of the power equipment. Studies of the effect
of minimum pressure on the efficiency of a semi-closed cycle with oxygen—fuel combustion
have shown that its increase from 1 to 10 bar leads to a change in efficiency of only 0.5% [28].
However, at increasing pressure, an important problem is the cooling of the gas turbine
blades. On the one hand, increased operating pressure reduces volumetric flow rate and,
consequently, surface area to be cooled. On the other hand, the heat transfer coefficients on
both sides of the cooled channels increase, and, consequently, the total heat flow through
the blade walls becomes greater. This, in turn, leads to an increase in the temperature
difference along the blade thickness with reduction of the permissible increase in the cooler
temperature in the internal cooling channels. As a result, more refrigerant is consumed
to remove the same heat flow. These factors confirm the expediency of maintaining the
exhaust pressure of the SCOC-CC cycle gas turbine at the atmospheric level.

Results of analysis of the recirculation flow temperature effect on energy efficiency
and design features of a semi-closed cycle with oxygen—fuel combustion are given in [29].
On the one hand, a decrease in the temperature of the recirculation flow leads to a decrease
in the amount of compressor work and, on the other hand, an increase in cold source losses,
primarily due to the increase in the proportion of condensed moisture. In this paper, it
was shown that there is no clear optimum for this parameter; for gas temperature at the
GT output equal to 620 °C, it is in the range from 40 to 70 °C. Accordingly, to achieve
maximum cycle efficiency, the recirculation flow temperature should be slightly higher
than the temperature of the cold source.

The working medium initial parameters at the gas turbine input have the greatest
impact on energy efficiency of the SCOC-CC cycle. According to the research results given
in [30], the net efficiency of the semi-closed cycle with oxygen—fuel combustion at gas
inlet temperatures equal to 1300-1400 °C and degrees of pressure increase in the range of
3045 varies in the range of 45-48%.

The optimal degrees of pressure increase for the initial temperatures of the working
fluid at 1400 and 1600 °C are approximately equal to 60 and 90 bar, respectively, which is
significantly more than for traditional gas turbine plants [31].

3.2. MATIANT Cycles

The concept of the MATIANT cycle was presented for the first time in 1997 by two
inventors, Mathieu and Jantowski [32]. A distinctive feature of this technology is the
expansion of a working mixture with a high content of carbon dioxide in three turbines:
high-, middle- and low-pressure turbines (HPT, LPT1, LPT2) (Figure 18).
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Carbon dioxide is compressed in the multi-stage compressor (1-2-3—4) with interme-
diate cooling to a pressure of 300 bar and enters the regenerator for heating (4-5). After
taking part of the heat from the gases at the LPT (5-6) output, the heated flow is directed to
the HPT, where it expands to a pressure of 40 bar and returns to the regenerator (6-7) for
reheating. From the regenerator output, the flow is directed to the first cooled combustion
chamber (7-9), where the temperature rises to 1300 °C due to the combustion reaction of
the fuel supplied to the chamber in the oxygen contained in the working mixture. Then,
the hot combustion products expand in the cooled LPT1 (8-9), after which, they are sent
to the second cooled combustion chamber, to which fuel and oxygen are also supplied.
From the combustion chamber output (9-10), the heated working fluid is sent to the cooled
LPT2, where it expands to approximately atmospheric pressure (10-11). A hot carbon
dioxide stream at the LPT2 output serves as the hot fluid of the regenerator. From the
regenerator output, the flow is directed to a condenser, in which, in addition to cooling the
working fluid due to heat transfer to the environment, water condensation also occurs with
subsequent separation.

C0, multistage comp.
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Figure 18. MATIANT cycle: (a) schematic diagram; (b) T-S diagram [32]. Comp.—compressor;
CC——combustion chamber; LPT—low-pressure turbine; RH-—regenerative heat exchanger;
HPT—high-pressure turbine; C—cooler.

The results of the thermodynamic studies given in [33] revealed a significant influence
of the compressor internal relative efficiency on the MATIANT cycle efficiency; with an
increase in internal relative efficiency from 75 to 90%, the energy complex net efficiency
is increased by 5.5%. A decrease in maximum pressure (pressure at the HPT input) from
300 to 150 bar leads to a decrease in net efficiency of about 1%, and an increase in the MPT
input pressure from 40 to 100 bar increases net efficiency by more than 3%.

The above estimates were obtained without a detailed calculation of the process of
working fluid expansion in cooled LPT1 and LPT2. The decrease in net cycle efficiency
due to turbine cooling losses was assumed to be 2.5%. However, taking into account
the overheating of the working fluid at the LPT1 and LPT2 input, total consumption
for cooling has a noticeable effect on the cycle efficiency at the high initial parameters,
which causes a significant error in the authors’ estimation of the technology efficiency.
More accurate thermodynamic studies require the development of a methodology for
determining consumption for cooling and losses at carbon dioxide turbine cooling or
adaptation of existing methods for traditional gas turbines operating with air as a working
fluid and refrigerant.
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In addition to developing an efficient turbine cooling system, when designing the
MATIANT cycle, special attention should be paid to the regenerative heat exchanger.
Creating this element may require large capital costs due to the significant heating surface
area and high cost of materials (nickel alloys) necessary for its manufacture. Cold carbon
dioxide flow at the compressor output with a pressure of 300 bar should be heated to
600-700 °C by the heat taken from the LPT output working fluid with a temperature and
pressure at the regenerator input of 900-1000 °C and 1 bar. Currently, heat exchangers with
such high temperatures and pressure differences are not used in the energy industry.

A modification of the technology under consideration called the “E-MATIANT” cycle
was proposed in [34]. Advantages of this new cycle version consist of the reduction in the
number of thermal circuit elements, reduction in the maximum cycle pressure and greater
efficiency due to reducing the losses for compression in the compressor (Figure 19). The
working fluid expansion takes place in two cooled turbines of high (10-11) and low (12-13)
pressure. At the input of each turbine, its own cooled combustion chamber is installed, and
fuel and oxygen are supplied into the chambers in addition to the working fluid. From
the second turbine output, the working fluid is fed to the regenerator while heating the
compressed carbon dioxide at the pump output.

T A
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v
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Figure 19. E-MATIANT cycle: (a) schematic diagram; (b) T-S diagram [34]. Comp.—compressor;
CC—combustion chamber; LPT—low-pressure turbine; RH—regenerative heat exchanger; HPT—high-
pressure turbine; S—separator; P—pump.

The minimum pressure in the “E-MATIANT” cycle, similar to that in the prototype,
is close to atmospheric pressure, and the input HPT pressure has an optimum: 60 bar.
Optimization is carried out for a constant working fluid temperature at turbine inputs
equal to 1300 °C and underheating in the regenerator equal to 20 °C. The isentropic
efficiency of the compressor used in the calculations is in the range between 85% (three first
stages) and 80% (last stage). Maximum efficiency of the “E-MATIANT” cycle achieved at
an input pressure of 60 bar is 47%, excluding turbine cooling losses.

3.3. Allam Cycle

The concept of the Allam cycle was patented in 2010 by inventor Rodney John
Allam [35]. A simplified schematic thermal diagram of the Allam cycle using natural
gas is shown in Figure 20. The technology allows the achievement of a net efficiency of 48%
with CO, emissions close to zero. In comparison, the net efficiency of natural gas combined
cycle (NGCC) power units using sequestration technology does not exceed 48%, and that
of steam-gas plants with coal gasification and sequestration is 39% [36].
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In the Allam cycle, carbon dioxide is compressed in a multi-stage compressor with
intermediate cooling up to 80 bar (2-8) and then it is fed to the pump (8-9), after which, it
reaches maximum pressure in the cycle in the range from 200 to 400 bar. After the pump,
the carbon dioxide is sent to the regenerator (9-10), where it is heated to 700-750 °C by
the heat of the working fluid at the turbine output and the heated refrigerant used for the
intermediate cooling of the oxygen in the plant for carbon dioxide preparation. Processing
in the regenerator of WHR produced at intermediate oxygen cooling makes it possible to
compensate the thermal balance between the hot and cold flows. After the regenerator, most
of the carbon dioxide flow is directed into the combustion chamber (10-11); in order to limit
maximum temperature, a smaller part is used to cool the gas turbine. The remaining carbon
dioxide is mixed with the compressed oxygen stream and is also sent to the combustion
chamber. In the combustion chamber, the working fluid temperature increases to 1150 °C
due to the combustion of fuel with oxygen. The use of carbon dioxide recirculation in order
to limit temperature at the GT input causes the working fluid to consist of 90% carbon
dioxide. Expansion in the GT wheel space (11-12) occurs to a pressure of 20-30 bar, which
is less than the critical pressure of carbon dioxide. From the GT output, the working fluid is
sent to the regenerator (12-1). The optimal pressure of the working fluid at the gas turbine
input is in the range from 200 to 400 bar, and the degree of pressure reduction in the turbine
is in the range from 6 to 12 [37].
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Figure 20. Allam cycle: (a) schematic diagram; (b) T-S diagram [35]. ASU—air separation unit.

An important advantage of this technology is the competitive unit cost of installed capac-
ity. The specified indicator for the Allam cycle using natural gas is equal to 1400-1500 $/kW
due to the compactness of the entire plant and power equipment caused by the high
minimum pressure of the working fluid in the range of 2040 bar and the absence of tradi-
tional steam-gas cycle elements (steam turbine, recovery boiler, steam pipelines, devices
for reducing emissions of nitrogen oxide, carbon monoxide, sulfur, synthesis gas cooler,
catalysts, etc.).

The creation of a gas turbine and combustion chamber using the Allam cycle is possible
on the base of existing groundwork for the development of steam turbine and gas turbine
technologies. The Allam cycle temperatures are lower than the temperatures in modern gas
turbine and steam-gas cycles but significantly higher than temperatures in steam turbine
cycles. In other words, the maximum pressure does not exceed the pressure in the latest
steam turbines but exceeds the pressure in gas turbines at times.
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The absence of the danger of nitrogen oxide formation makes it possible to concentrate
efforts in the design of the Allam cycle combustion chamber to achieve high indicators of
structural durability and efficiency of the burning process. Moreover, the main indicator
of combustion chamber efficiency is the content of carbon monoxide in the combustion
products, which can be minimized by optimizing the combustion chamber length.

An important difference between the Allam cycle combustion chamber and the com-
bustion chamber for traditional GT is the presence of at least three supply streams: fuel
(natural gas), oxidizer (oxygen) and maximum temperature limiter (carbon dioxide). The
hot stream at such a combustion chamber’s output consists mostly of carbon dioxide.

Advantages of the Allam cycle in comparison with other oxygen—fuel cycles are its
high efficiency, compactness and, as a result, the relatively low cost of a kilowatt of installed
capacity. The disadvantages include, first of all, the fact that the maximum temperature
at the turbine input is limited by the maximum permissible temperature and the pressure
of the working fluid in the regenerator, which, in turn, depends on the alloys used for
their manufacture.

3.4. Modified Semi-Closed Oxy—Fuel Combustion Power Cycles with CO, Recirculation

For cycles with oxygen—fuel combustion, the working fluid temperature at the turbine
input is limited only by the heat resistance of the combustion chamber materials but can be
increased using cooled turbine blades; therefore, improving the gas turbine blade cooling
efficiency is one of the areas of research required to improve the energy efficiency of
the cycles under consideration. The second direction of research towards improving the
oxygen—fuel energy cycles’ efficiency relates to WHR sources, as well as decreasing the
cooling temperature of the working fluid, that is, in general, this direction can be described
as decreasing the “temperature of the cold source”.

A separate direction for improving semi-closed CO, power cycle efficiency is creating
energy technology complexes based on oxygen—fuel power plants, which generate electric
power and produce hydrogen by electrolysis from water or in conversion reactors from
natural gas. It is planned that the produced hydrogen or synthesis gas can serve as fuel for
energy generation and storage and also as fuel for transport.

In the framework of this paper, the following promising modifications of oxygen—fuel
cycles using supercritical carbon dioxide are considered:

SCOC-CC cycle with refrigerant cooling;

SCOC-CC cycle with water injection;

SCOC-CC cycle with WHR;

Allam cycle using liquefied natural gas for cooling;

Allam cycle with WHR;

MATIANT cycle with production of electric power and methane in Sabatier reactors.

Paper [38] considered the cooling of turbine blades using the cooled condensate of the
second circuit in the SCOC-CC cycle, as well as the cooling of turbine blades using water
injection. Figure 21 shows a schematic diagram and T-S diagram of the SCOC cycle with
cooling turbine blade refrigerant.

The difference between this cycle and the basic SCOC-CC cycle consists of the use of
an additional heat exchanger for the cooled turbine blade refrigerant. In this heat exchanger,
the refrigerant is cooled by the condensed water of the second circuit, and the water, in
turn, is heated by the heat removed (line 8-9 in Figure 21b). Furthermore, reducing the
refrigerant temperature allows the reduction of the flow, which increases the efficiency
of the turbine. The use of this approach allows an increase in the cycle efficiency of 3.2%.
The scheme disadvantages include the necessity of an additional heat exchanger, which
increases the power unit metal consumption and, as a result, capital cost.
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Figure 21. SCOC-CC cycle with preliminary cooling of turbine blade refrigerant: (a) schematic
diagram; (b) T-S diagram [38]. ASU—air separation unit.

The second method considered in [34] to reduce the cooled blade refrigerant consump-
tion of carbon dioxide turbines was water injection. Figure 22 shows a schematic diagram
of a power plant implementing the SCOC-CC cycle with water injection. Water injection
reduces the temperature of the refrigerant due to evaporation. Water for injection can
be taken from the cooler-separator, which eliminates the need for additional expensive
water treatment. Water injection makes it possible to increase the cycle efficiency by 1.5%
compared to the basic version, which is less than in the case of cooling by a second circuit
condensate. Advantages of this scheme include the simplicity and cheapness of the water
injection implementation, which does not have a big impact on the power unit specific
capital costs.
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Figure 22. Schematic diagram of SCOC-CC cycle with water injection [38]. ASU—air separation unit.
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Patent [39] proposed a modified SCOC-CC cycle with WHR sources by introducing
an additional low-temperature Rankine cycle based on supercritical carbon dioxide. As
a result, this trinary cycle includes a Brayton cycle based on supercritical carbon dioxide,
the Rankine cycle based on water vapor and the Rankine cycle based on supercritical
carbon dioxide. Figure 23 shows the cycle schematic diagram and its T-S diagram. As can
be seen from Figure 23, the main difference between the considered cycle and the basic
SCOC-CC cycle is the presence of a Rankine cycle based on supercritical CO, (curve 9-13
in the T-S diagram). According to [35], the introduction of an additional cycle makes it
possible to increase the plant efficiency by 6% compared to the basic cycle options at similar
temperatures of supercritical CO; at the gas turbine input. The disadvantage of the cycle,
similar to that of other schemes with WHR, is the significant increase in capital costs.

I\

T T T T T

(a) (b)

Figure 23. SCOC cycle with WHR: (a) schematic diagram; (b) T-S diagram [39]. ASU—air separa-
tion unit. Comp.—compressor; CC—combustion chamber; GT—gas turbine; ST—steam turbine;
RH—regenerative heat exchanger; C—condenser; P—pump.

For the Allam cycle, the issue of WHR is also relevant. The Allam cycle provides
for a large number of compressors which require cooling of the working fluid for more
efficient compression. In particular, cooling is required for compressors used to compress
the oxygen at the output of the ASU.

Paper [40] proposed a modification of the Allam cycle with WHR when cooling
compressors at the output of the ASU using the Brayton cycle with recompression. A
schematic diagram and T-S diagram of this cycle are shown in Figure 24. In this cycle, in
the process of multi-stage compression after leaving the ASU, oxygen is sequentially cooled
after each compressor stage (line 1'-5") while transferring heat to the Brayton cycle with
recompression, after which, it is compressed in the last stage of the oxygen compressor
and combined with the flow of compressed carbon dioxide. Further, the Allam cycle
remains unchanged. This solution makes it possible to increase the cycle efficiency by
3.7% compared to the basic version of the Allam cycle with the same gas parameters at
the turbine input (1083 °C and 30 MPa). The disadvantage of the cycle, similar to other
schemes with WHR, is the significant increase in capital costs.
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Figure 24. Allam cycle with WHR: (a) schematic diagram; (b) T-S diagram [40]. ASU—air separation unit.

Efficient compression in a multi-stage CO, compressor also requires cooling after each
stage. In [41], it was proposed to use liquefied natural gas for cooling. In addition, the
paper also proposed the WHR of cooled carbon dioxide after a separator—cooler, using
liquefied natural gas as a cold source. Despite the low temperature of carbon dioxide before
the compressor, the use of liquefied natural gas with a temperature of —163 °C allows for a
sufficient temperature difference for the energy cycle functioning. A schematic diagram of
the proposed equipment and T-S cycle diagram are shown in Figure 25.
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Figure 25. Allam cycle with cooling by means of LNG and WHR: (a) schematic diagram; (b) T-S
diagram [41]. ASU—air separation unit.

In the considered cycle, when carbon dioxide is cooled after water separation (line 2-3
on the T-S diagram), the working fluid is heated in the heat exchanger according to the
organic Rankine cycle scheme and then is expanded in the turbine, cooled and condensed
in the cooler and is compressed by the pump. At this point, the Rankine organic cycle
cooler uses liquefied natural gas coming from a cooling natural gas storage facility. Further,
the LNG successively enters heat exchangers designed to cool carbon dioxide after its
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compression in the compressor stages (line 3-10 on the T-S diagram). Advantages of the
considered cycle include the highest efficiency of the Allam cycles, considered equal to 53%,
and the scheme disadvantages include high capital costs for the equipment for the Rankine
organic cycle, as well as a limited scope of application; the cycle can be implemented only
in the immediate vicinity of the liquefied natural gas regasification terminal.

One of the ways to increase economic indicators and energy generation efficiency is
currently the production of hydrogen or other fuels, for example, synthesis gas or synthetic
methane, as an additional product or during periods of low energy demand for energy
for storage in the form of chemical fuel energy. The production of combustible gases at
oxygen—fuel power units has a high attractiveness since carbon dioxide emissions into
the atmosphere are minimal at these power units, which ensures the carbon neutrality
of the product produced. A promising direction is the production of synthetic methane
from carbon dioxide and hydrogen, which makes it possible to utilize carbon dioxide more
efficiently from an economic point of view.

In [42], the MATIANT cycle using a part of carbon dioxide as a component for the
production of synthetic methane was investigated. In this cycle, part of the carbon dioxide
formed during burning is sent for deposition (34%), and most of it is mixed with hydrogen
obtained by electrolysis from water, compressed in a compressor and then sent to a Sabatier
reactor. During the Sabatier reaction, methane and water, as well as by-products hydrogen,
carbon monoxide and carbon dioxide, are formed in the presence of a nickel catalyst. A
cycle schematic diagram is shown in Figure 26.

The advantage of the described schematic diagram is the ability to deposit a lower
volume of carbon dioxide, which reduces the requirements for CO, storage, while the
system has a sufficiently high efficiency of 43% at a gas turbine inlet temperature of
1300 °C. The cycle disadvantages include the high energy costs for electrolysis and the
high cost of additional equipment, i.e., the electrolyzer and Sabatier reactor. Since the
cycle under consideration includes not only energy generation, but also production of
an additional product, it cannot be compared with other cycles in terms of technical and
economic parameters.

C0, multistage comp.

HPT

fuel comp.

0, PEMelectrolyzer
gaseous fuel

H,0

gaseous fuel Sabatier |reactor

H,0
fuel comp. CHy, Hs,
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Figure 26. Schematic diagram of MATIANT cycle with synthetic methane synthesis [42].
Comp.—compressor; CC—combustion chamber; LPT—low-pressure turbine; HPT—high-pressure
turbine; RH—regenerative heat exchanger; S—separator.

4. Efficiency and Environment

When determining an energy development strategy, it is important to classify promis-
ing technical solutions by application, efficiency and environmental safety using numerical
technical and economic characteristics as metrics of competitiveness. For power plants,
these are:
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Efficiency is a metric of energy conversion efficiency;
Specific capital costs—technology cost metric;
Power is a metric of the technology applicability for generating electric power at
different scales;
Temperature at the turbine input is a metric reflecting potential sources of thermal energy;
Specific carbon dioxide emission per unit of energy produced—a metric of the envi-
ronmental safety of the cycle;

o  Cost of generated energy in current and future conditions is a key metric reflecting
total economic efficiency for an electric power producer.

The thermodynamic cycles considered in this paper are presented in Table 2 with the
main efficiency metrics discussed above. Specific capital costs were calculated according to
the methodology set out in [43,44]. For all cycles for which estimates of specific capital costs
can be found within literature, values and ratios of capital costs for different cycles were
taken into account. Specific carbon dioxide emission was calculated based on stoichiometric
combustion reactions, taking into account efficiency, and natural gas was taken as fuel for
all the cycles under consideration. For oxygen—fuel cycles, carbon dioxide capture efficiency
was assumed to be 99%.

Table 2. Supercritical CO, power cycles.

Ne Cycle Nier, MW Tintets Trets °C n, % C,, $/kW Es, g/lkWh Links
1 Verkhivker and Gokhshtein cycle 1000 675, 675 445 1573 453 [11]
2 Regenerative Brayton cycle 1000 550-1200, 550 42.20 878 477 [12]
3 Brayton cycle with reheating 1000 550-1200, 550 43.70 901 461 [12]
4 Brayton cycle with cooling 1000 550-1200, 550 41.96 869 480 [12]
5 Brayton cycle with partial cooling 1000 550-1200, 550 44.80 946 450 [12]
6 Brayton cycle with recompression 1000 550-1200, 550 47.28 940 426 [12]
7 Brayton cascade cycle 14 500, 500 32.60 5000 618 [16]
8 Brayton cycle WHR 15 200-600, 400 19.00 4119 1060 [17]
9 Regenerative Brayton cycle WHR 15 200-600, 400 19.50 4077 1033 [17]
10 Cascade Brayton cycle WHR 15 200-600, 400 25.00 4469 806 [17]
11 Recompression Brayton cycle WHR 15 200-600, 400 32.00 4155 629 [17]
12 Brayton cycle WHR with Kalina cycle 0.242 268, 268 16.00 8660 1259 [18]
13 Brayton cycle with LNG 80 300-600, 550 52 1491 387 [20,21]
14 Brayton cycle with acetone absorption 1000 1400, 1400 56.00 960 360 [24]
15 Brayton cycle with trigeneration 0.1 400-1000, 1000 78.00 9000 258 [22]
16 Rankine cycle with recompression 1000 550, 550 43.00 950 5 [13]
17 Rankine cycle with regeneration 10 300-500, 400 19.90 2994 1012 [19]
18 Cascade Rankine cycle 10 300-500, 400 23.60 4870 853 [19]
19 Split Rankine cycle with regeneration 10 300-500, 400 26.00 3316 775 [19]
20 Rankine cycle with ejector 0.01 100, 100 7.00 15,000 2877 [23]
21 MATIANT 300 1100-1300, 1300 45.00 1400 4 [32]
22 E-MATIANT 300 1100-1700, 1300 46.00 1300 4 [34]
23 SCOC-CC 300 1000-1700, 1700 49.80 1722 4 [27]
24 Allam cycle 300 1100-1300, 11100 48.00 1452 4 [35]
25 SCOC-CC with WHR 300 1000-1700, 1700 54 1849 2 [39]
26 SCOC-CC with preliminary cooling 300 1100-1700, 1700 52.80 1764 4 [38]
27 SCOC-CC with water injection 300 1100-1700, 1700 51.80 1730 4 [38]
28 Allam cycle with WHR 300 1100-1300, 1100 49.10 1524.6 4 [40]
29 Allam cycle with LNG and ORC 300 1100-1300, 1100 53.00 1640.76 4 [41]
30 MATIANT with methane synthesis 100 1300, 1300 43.37 3800 5 [42]

Specific capital cost was calculated for different power levels depending on the maxi-
mum reference power level described within literature:
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e  For high-power cycles with a reference power of over 20 MW, the power for calculating
specific capital costs was 300 MW;

e  For cycles with a low reference power from 0.2 MW to 20 MW, the power for calculating
specific capital costs was 10 MW;

e  For cycles with a reference power less than 0.2 MW, the power for calculating specific
capital costs was assumed to be equal to 0.1 MW.

Taking into account the different reference powers of the considered cycles, as well
as the turbine inlet temperatures, it is necessary to classify the cycles depending on their
characteristics by application and generation scale. In Figure 27, a diagram showing the
power levels and temperature at the turbine input for the considered cycles is given. The
diagram presented in Figure 27 allows the division of CO, power cycles into categories by
power level and heat source depending on reference temperatures.
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Figure 27. Classification of supercritical CO, cycles by power level and temperature at the turbine input.

The implementation of projects using CO, power cycles is advisable only in the
case of availability of high-capacity energy technologies comparable to the current level;
therefore, in order to determine the most promising CO, power cycle technologies for
high-capacity energy, it is necessary to compare reference points reflecting the current
level of industrial electric power generation efficiency. The following technologies were
considered as reference points for comparison with the current level of high-capacity
energy technologies:

e NGCC plants;
e NGCC plants with carbon dioxide capturing;
e NGCC plants with a gas turbine and a Brayton CO, power cycle.
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The characteristics used to determine the reference points are presented in Table 3.

Table 3. Reference data for modern high-capacity thermal power plants.

Cycle N;et, MW 1, % C., $/kW Es, g/kWh Links
Reference NGCC 300 60 1050 336 [45]
NGCC with CCS 300 47 1029 315 [46]

NGCC with CO, cycle 300 64 1449 40 [47]

Figure 28 shows a diagram of the dependence between the efficiency and specific
capital costs of CO, power cycles and modern NGCC plants. The following values were
established as critical values determining the technology competitiveness:

e  Efficiency of at least 45%, which is the average level of steam turbine plant efficiency
in the USA;

e  Specific capital construction costs of not more than 1500 $/kW, reflecting the average
capital intensity of traditional steam turbine power units.
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Figure 28. High-capacity energy CO, power cycles technologies in comparison with the current
average level and level of the best available technologies.

As can be seen from the data given in Figure 28, the following high-power CO; cycles
fully meet the stated requirements for efficiency and capital intensity:

MATIANT;

E-MATIANT;

Brayton cycle using LNG;

Brayton cycle with acetone absorption;
Basic Allam cycle.

The only cycle which does not correspond to any cutting criteria is the Verkhivker and
Gokhshtein cycle. All other cycles meet at least one of the requirements.

For CO, power cycles, considered as solutions for small and distributed generation due
to the absence of explicit reference points, the most effective cycles were determined based
on comparison of the cycles among themselves (Figure 29). Average cycle characteristics
were taken as indicative performance requirements:
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e  [Efficiency not less than 22%;
e  Specific capital costs not more than 4000 $/kW.
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Figure 29. Technologies of CO, power cycles for small-capacity power engineering.

As can be seen from Figure 29, the only cycle which meets all the requirements is the
split Rankine cycle with regeneration. The cycles that do not meet any of the efficiency
criteria are the basic Brayton cycle WHR and the regenerative Brayton cycle WHR. All
other cycles meet at least one of the criteria.

For CO, power cycles selected as microgeneration technologies (Figure 30), due to
low number of cycles, it does not seem feasible to determine the critical values for energy
efficiency criteria. Nevertheless, two of the most efficient cycles in terms of efficiency and
specific capital costs can be distinguished—the Brayton cycle with trigeneration and the
cascade Brayton cycle.
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Figure 30. Technologies for carbon dioxide microgeneration cycles.
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5. Economics

Specific capital costs and efficiency are important indicators of the energy and eco-
nomic efficiency of electric power generation technologies, but the key parameter in deter-
mining the most promising technologies is the cost of 1 kWh of electric power generation.
The electric power cost includes both capital costs and operating costs, the main part of
which is expenditure for fuel purchasing. Currently, in addition to the fuel costs, the cost of
purchasing CO, emission quotas is also becoming an important and significant component
of the cost price.

CO, emission quoting is a market mechanism for rationing greenhouse gas emissions
into the atmosphere using market mechanisms for trading dioxide emission quotas similar
to financial credit documents. Currently, the average cost of a quota for emissions of 1 ton
of carbon dioxide is USD 50, while, by 2030, market prices for quotas are expected to rise to
USD 100 per ton of CO, equivalent.

It is expected that the increase in the market value of CO, emission quotas will lead
to an increase in selling prices for electric power and thermal energy for all producers;
however, in such conditions, generating companies with the lowest cost of generating
energy due to the lowest greenhouse gas emissions will receive the greatest net profit. Thus,
the increase in the market value of CO, emission quotas in the future should become a
mechanism to stimulate the transition of generating companies to technologies, which
ensures minimal greenhouse gas emissions into the atmosphere.

To determine the effect of increasing carbon dioxide emissions quota prices, it is
necessary to estimate the cost of electric power at different market values of quotas and
constant other input data. The electric power cost for the main expenditure categories was
calculated by the ratio in Equation (1):

100 E;-C,

(LK) (55 + SwSi), 0

N;—net costs of energy, $/kWh;
n—cycle efficiency, %;

q f—speciﬁc heat of combustion, kWh/kg;
C f—fuel costs, $/kg;

Es—specific CO, emissions, g/kWh;
C.——cost of CO, allowances, $/ton;
k,—additional costs coefficient;
C.—specific capital costs, $/kW;
To—term of operating, hour;
Sy—specific staffing, people/kW;
Sp—staff hourly rate, $/hour.

The initial data for the calculation are given in Table 4.

Table 4. The initial data for the net costs calculation.

q5, kWh/kg 13.8
C Y for natural gas, $/kg 0.4
Cs for LNG, $/kg 0.8
Ce, $/ton 50;100
ka 0.1
T,, year 23
Sn, people/kW 0.0002

S., $/hour 12.2
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Net costs, ¢/kWh
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Figure 31 shows a diagram of the cost of electric power for high-capacity carbon
dioxide and traditional high-power energy cycles at a carbon dioxide emission quota price
of 50 $/ton. At this level of quota cost, the most attractive cycle from an economic point of
view is a NGCC with a gas turbine and a CO, power cycle due to its high efficiency and
low capital costs. It is important to note that, even at this level of quota costs, traditional
vapor-gas cycles and vapor-gas cycles with carbon dioxide capturing lose out in cost to
Allam cycles and modified SCOC-CC cycles.
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Figure 31. Cost of electric power generated with regeneration CO, power cycles in comparison with
NGCC plants at the cost of CO, emission quotas of 50 $/ton for large-capacity power cycles.

Figure 32 shows a diagram of the cost of various high-capacity CO, power cycles
in comparison with traditional cycles at a quota cost of 100 $/ton. As can be seen from
Figure 32, under these conditions, quotas for CO, emissions begin to make up a share of the
cost of electric power comparable to fuel costs for cycles without carbon dioxide capturing,
while the most attractive from an economic point of view is the SCOC cycle with WHR.
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Figure 32. Cost of electric power generated with regeneration CO, power cycles in comparison
with NGCC.
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Figures 33 and 34 show diagrams reflecting the value and structure of the electric
power cost for low-power CO, cycles. Since all low-power CO; cycles have low efficiency
and, accordingly, high specific greenhouse gas emissions, the overall cost picture does not
change with changes in the quota cost; the Brayton cycle with recompression remains the
most promising.
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Figure 33. Cost of electric power generated with regeneration CO, power cycles at the cost of CO,
emission quotas of 50 $/ton for small-capacity distributed power.
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Figure 34. Cost of electric power generated with regeneration CO, power cycles at the cost of CO,
emission quotas of 100 $/ton for small-capacity distributed power.

Figures 35 and 36 show diagrams of the structure of the cost of electric power produced
using CO, power cycles for microgeneration. As can be seen from Figures 35 and 36,
the most promising cycle is the Brayton cycle with trigeneration. This cycle has a high
attractiveness for microgeneration because of its high efficiency due to the generation of
electric power, thermal energy and cold. The combined generation of thermal, electrical
and cold energy also allows it to achieve energy savings for heating and cooling.
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Figure 35. Cost of electric power generated with regeneration CO, power cycles at the cost of CO,
emission quotas of 50 $/ton for microgeneration.
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Figure 36. Cost of electric power generated with regeneration CO, power cycles at the cost of CO,
emission quotas of 100 $/ton for microgeneration.

6. Summary

In the framework of this paper, closed and semi-closed energy cycles based on super-
critical carbon dioxide were considered and analyzed. Based on efficiency and reference
power levels, the studied cycles were divided by power level into high-capacity energy
sources (over 20 MW), low-power, distributed power plants (0.2-20 MW) and microgenera-
tion plants (less than 0.2 MW). According to the inlet temperature levels, the cycles were
divided into the following categories depending on the potential sources of thermal energy:

e  Less than 300 °C: WHR sources, including solar energy collectors and geothermal sources;
300-900 °C: traditional burning of solid, liquid and gaseous fuels in boilers, as well as
nuclear reactors;
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More than 900 °C: burning of gaseous fuel, including hydrogen, in pure oxygen.

The analysis of technical and economic features of CO, power cycles demonstrated

the following:

1.

For large-capacity energy production, with an increase in the cost of CO, emission
quotas, oxygen—fuel cycles with carbon dioxide capturing become significantly more
attractive from an economic point of view. In particular, at a quota cost of 50 $/ton,
the NGCC with a gas turbine and supercritical Brayton cycle has the lowest cost of
generating electric power, but, if the cost of quota is equal to 100 $/ton, the SCOC-CC
cycle with WHR has the lowest cost of generating electric power;

Among the closed CO, power cycles for large-capacity power generation, the Brayton
cycle with acetone absorption is the most attractive in terms of the entire set of
technical and economic parameters, and, among semi-closed oxygen—fuel cycles, the
SCOC-CC cycles with high efficiency and relatively low specific capital costs are the
most effective;

For CO, power cycles used in small, distributed generation, the Brayton cycle with
WHR and recompression is the most effective, which is achieved due to high efficiency
and low specific capital costs;

For microgeneration cycles, the most effective among those considered is the Brayton
cycle with trigeneration, which has the lowest cost of energy generation for all the
considered values of CO, emission quota.
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Nomenclature

Symbol Description Unit
Nyef net cycle power MW
Tinlet turbine inlet temperature °C

Ty reference turbine inlet temperature °C

7 cycle efficiency %

Ce specific capital costs $/kW

Es specific CO, emissions g/kWh
Nc net costs of energy $/kWh
q5 specific heat of combustion kWh/kg
o fuel costs $/kg

Ce cost of CO, allowances $/ton

ka additional costs coefficient

T term of operating hour

Sn specific staffing people/kW
Sy, staff hourly rate $/hour
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Abbreviations

WHR Waste Heat Recovery

HFC Hydrofluorocarbon

GWP Global Warming Potential

ORC Organic Rankine Cycle

TPP Thermal Power Plant

AGR Advanced Gas-Cooled Reactor

SCO;, Supercritical Carbon Dioxide

LNG Liquefied Natural Gas

SCOC-CC Semiclosed Oxy-Fuel Combustion Combined Cycle
SCOC Semiclosed Oxy-Fuel Combustion

CES Clean-Energy Systems

AZEP Advanced Zero-Emissions Plant

ZEITMOP Zero-Emission Ion Transport Membrane Oxygen Power
GT Gas Turbine

CC Combustion Chamber

ST Steam Turbine

NGCC Natural Gas Combined Cycle
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