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Abstract

The paper contains a comprehensive summary of potential sCO2
cycle applications being considered for power generation. The
authors give examples of different sCO2 based cycles used in
combination with conventional energy sources like fossil fuels or
nuclear as well as renewable energy sources like solar. The article
presents sCO2 recompression cycle simulation model results and —
using this example, cycle flexibility and parameters — discusses
potential application of the cycle.

Introduction

European Union countries are addressing climate
change concerns through introducing regulations in
the 2030 and 2050 time perspectives. One goal in the
2030 horizon is to boost energy efficiency to 27%.
These regulations will lend added impetus to the
development of low-carbon economy in individual
countries [1]. This positively impacts the development
of new technologies like fuel cells [2] which can
generate power with ultra high efficiency (60%+ [3])
and the search for improvements in classical heat cycle
based solutions [4]. Other issues which need to be
addressed regard energy storage, especially coupled
with unpredictable renewable energy sources [5].

In the 1960s, Feher [7] studied the properties of
various gases with a view to finding the optimal choice
for asupercritical thermodynamic cycle. Carbon
dioxide was proposed as a working fluid due to several
reasons. First, its physical properties e.g., critical
pressure, which is significantly lower than water,
enables lower operating pressures. Secondly, the
thermodynamic and transport properties of CO2 are
well known, hence cycle analysis is based on
reasonably firm data. Finally, carbon dioxide is
abundant, non-toxic and relatively low cost. The

analysis proved that the CO2 supercritical cycle offers
several desirable features such as high thermal
efficiency (the investigated cycle reached thermal
efficiency of 55% under ideal conditions), low volume-
to-power ratio and no blade corrosion and cavitation.
The paper suggests using it as electric power
generation (both terrestrial and space) or as shaft
power for marine propulsion.
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Figure 1: Recompression Brayton cycle layout [6]

Research on the supercritical CO2 power cycles was
resumed after four decades by Dostal. In 2004 [6] he
performed a systematic, detailed major component
and system design evaluation and multi-parameter
optimization of the family of supercritical CO2 Brayton
power cycles for application to advanced nuclear
reactors. His analysis showed that the recompression
cycle shown in Figure 1 was the best performing cycle
layout due to its simplicity, compactness, cost, and
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thermal efficiency. Three direct cycle designs of this
layout were selected for further investigation. They
achieved thermal efficiencies of 45.3%, 50% and 53%,
assuming turbine inlet temperatures of 550°C, 650°C
and 700°C respectively. According to the analysis the
turbomachinery is  highly compact—the 600
MWth/246 MWe power plant is fitted with a turbine
of 1.2 m in diameter and 0.55 m long, which translates
into power density of 395 MWe/m3.

These two papers have spawned several further

studies of the CO2 supercritical cycle in the field of
parameters and layout optimization, possible
applications, and modeling of critical cycle

components. Chen [8] evaluated transcritical CO2 as a
working fluid in low-grade waste heat recovery cycles
by comparing it to R123 Organic Rankine Cycle (ORC).
Figure 2 shows the basic ORC system layout and the
ORC schematic cycle in a T-S chart. The results of the
comparison showed that when utilizing the low-grade
heat source with equal thermodynamic mean rejection
temperature the CO2 transcritical cycle has slightly
higher power output than ORC and is more compact
too. On the other hand, further research provided by
Vidhi et al. in 2011 [11] showed that although CO2 has
the advantages of being available in abundance,
environmentally safe and economically favorable, its
performance in a transcritical power cycle is not as
efficient as R32 based organic Rankine cycle over the
range of source temperatures from 140°C to 200°C. A
comparative analysis of a recompression CO2 Brayton
cycle combined with ORC and a single recompression
cycle was also performed. It showed that the exergy
efficiency of a combined cycle could be higher than
that of a single recompression cycle by up to 11.7% and
total product unit cost lower by up to 5.7% [12].

Parametric optimization performed by Wang et al. [13]
using a genetic algorithm and artificial neural network
showed that key thermodynamic parameters, such as
turbine inlet pressure, turbine inlet temperature and
environment temperature, have a significant effect on
the performance of a supercritical CO2 power cycle
and exergy destruction in each component. Kulhanek
and Dostal [14] found that among the various cycle
layouts shown in Figure 3, a recompression Brayton
cycle achieves the highest efficiency in the range of
turbine inlet temperatures between 500 and 600°C,
whereas a partial cooling cycle is better at higher
temperatures. On the other hand, Bryant [15] proved
that, indeed, the recompression cycle will always be
more efficient than a simple cycle provided that the
two cycles have the same precooler inlet temperature,
but in order to satisfy this condition the recompression

cycle will always require more total recuperator area.
The paper demonstrated that when two cycles are
compared based on equal total recuperator area, the
efficiency advantage of the recompression cycle falls
substantially or even disappears altogether.

Kim and Favrat in 2012 [16] presented a novel
transcritical Rankine cycle using both low and high
temperature heat sources to maximize the power
output of the CO2 power cycle with a given high
temperature source for use in applications such as
nuclear power, concentrating solar power and
combustion. The analysis showed the large internal
irreversibility in the recuperator related to the higher
specific heat on the high-pressure side than on the
low-pressure side. Additional low temperature heat
provided to the recuperator in the proposed cycle
mitigates specific heat difference and delivers higher
recuperator CO2 outlet temperatures. This feature in
conjunction with reduced compression work and
exergy losses makes this low-high temperature
Rankine cycle even more effective than the
recompression Brayton cycle.

An application of a supercritical CO2 cycle in a
cogeneration power plant was considered by Moroz in
2014 [17]. Performance of several stand-alone
supercritical Cco2 cycles and combined
steam/supercritical CO2 cycles was compared with
typical steam cogeneration cycles. The cascaded
supercritical CO2 recompression Brayton cycle
achieved the best electrical efficiency: 39.44% at
turbine inlet temperature of 540°C, which beat the
ordinary steam CHP unit.

In 2009 Moisseytsev [19] examined alternative
supercritical CO2 Brayton cycle layouts, which were
presumed to perform better than the recompression
Brayton cycle when coupled with Sodium Fast
Reactors. This assumption was since SFRs operate at
lower temperatures (core outlet temperature of
510°C) than temperature for which a satisfactory
recompression cycle performance had been proved.
Even though a double recompression cycle,
intercooling between compressor stages and
reheating between high- and low-pressure turbine
were analyzed, the recompression cycle demonstrated
the highest efficiency. Later, Perez-Pichel [18]
conducted similar analysis in which he compared a
wide range of configurations, from the simplest one to
combined cycles (with organic Rankine cycles, ORC). As
a result, he discovered that the most basic layouts
(such as recompression cycle, and basic combine ORC
cycle) could reach thermal efficiencies as high as
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43.3%, which is comparable to efficiencies obtained
through supercritical steam Rankine cycles. The
simplest combined cycle, which achieved the highest
efficiency, is presented in Figure 4.
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Figure 2: CO2 transcritical system layout and cycle T-S chart [8]

Figure 3: Simple Brayton, Precompression, Recompression and Partial Cooling cycle [9]
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Figure 5: T-s diagram of the recompression cycle with
reheating [20]

Harvego and McKellar [21] performed a comparative
study of direct and indirect recompression Brayton
cycles coupled to a nuclear reactor. Both layouts were
examined in the same conditions i.e., operating
Brayton cycle pressure of 20 MPa and reactor outlet
temperature between 550°C and 850°C. The results of
the analysis showed that, for the direct supercritical
CO2 power plant cycle, thermal efficiencies in the
range of 40 to 50% could be achieved over the
assumed reactor coolant outlet temperature. For the
indirect supercritical power plant cycle, thermal
efficiencies were approximately 11-13% lower than
those obtained for the direct cycle over the same core
outlet temperature range. In 2012 Halimi [20]
conducted a computational analysis of the
supercritical CO2 Brayton cycle power conversion

system for fusion reactor application. The analysis
results showed that a thermal efficiency of 42.44% was
achievable by a recompression cycle. Additional 0.69%
benefits can be obtained by adopting the reheating
concept shown in Figure 5. Yoon et al. [22] suggested
coupling a supercritical CO2 cycle with small and
medium water cooled nuclear reactors (SMR).
According to the cycle evaluation, the maximum cycle
efficiency at temperature of 3100C and compressor
outlet pressure of 22 MPa is 30.05%, which is
comparable to the efficiency of current steam Rankine
cycles. Moreover, the total volume of turbomachinery
which can handle 330 MWth of SMRis less than 1.4 m3
without casing.
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Figure 6: Schematic diagram of the solar energy storage and

power generation system based on CO2 [23]

Besides the studies of the supercritical CO2 cycle as a
nuclear application, several analyses of these novel
cycles coupled with Concentration Solar Power have
been performed. Zhang and Yamaguchi conducted
three successive semi-experimental studies using a
real Rankine cycle with a relief valve as a counterpart
of a turbine. They accomplished maximum CO2
temperature of 165°C at the collector outlet [24],
which enabled the system to achieve theoretical
electric output efficiencies of 11.4% [24] and
11.6% [25] in the next study. These efficiencies were
slightly higher than those obtained by a solar cell used
in the experiment for the purpose of comparison.

Figure 6 shows a new type of solar energy-based
power generation using supercritical CO2 and heat
storage. Calculations showed that the supercritical
CO2 Rankine cycle not only achieves higher energy
conversion efficiency than conventional water-based
systems, but also overcomes the intermittent nature
of solar energy. The paper also proved that expander
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efficiency and heat storage/regenerator performance
have significant effects on the system’s overall
performance, while the pump is relatively
unimportant [23].

Another solution for utilization of solar energy for CO2
supercritical Brayton cycles are solar tower power
plants [26,27], which can be a good heating source
for sCO2 cycles. In this setup, a tower with a heat
exchanger on top is exposed to the sun, located in the
middle of afield surrounded by mirrors following the
sun path to supply the heat exchanger with solar
energy. As different kinds of cycles can be combined
with a solar tower it is possible to reach high efficiency
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of the system F. Al-Sulaiman and M. Atif [28] presented
analysis for several different STPP and Brayton cycle
configurations. The cycle with recompression reached
the highest thermal efficiency both with highest net
power output, reaching 52% of thermal efficiency and
40% of total integrated system efficiency (analyzed for
noon summertime). There are already many examples
in which STPP and sCO2 cycles are integrated into
commercial plants, for example for multi-effect
distillation and cogeneration [29] or simply for the
emission-free power generation sector [30].
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Figure 7: Layout of split-flow recompression Brayton cycle components [31]

Iverson and Cowboy in [31] supported the statement
above, emphasizing good cycle efficiency especially
over 6000C. They used an experimental loop installed
in Sandia National Laboratories, which was the split
flow supercritical CO2 Brayton cycle shown in Figure 7
. The experiment showed good cycle behavior as a
response to intermittent heat supply. Measurements
of the system indicated overall efficiency of
approximately 5% for the operating conditions used in
the experiment. However, the authors expected this
efficiency to increase to 15% at design conditions and
to approximately 24% with minor modifications to
improve insulation.

In 2015 Padilla et al. [32] analyzed the effect of turbine
inlet temperatures and cycle configuration on the
thermal performance and exergy destruction of a
supercritical CO2 cycle with a CSP central receiver
application. They found that the thermal efficiency of
the supercritical Brayton cycle increases in line with
the temperature of the cycle. The recompression cycle
with the main compressor intercooling achieved the
best thermal performance (55.2% at 8500C). However,
Cheang et al. [33] in their study of the same year
argued that although the supercritical CO2 cycle looks
attractive, it is still both less efficient and less cost
competitive than a superheated steam Rankine cycle.
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Figure 8: Various sCO2 cycle layouts studied evaluated as a bottoming cycle for the MCFC hybrid system [34]

The next area in which a research has been made is a
supercritical CO2 cycle application as a bottoming
cycle within fuel cells systems [35,36]. Sanchez et al. in
2009 [37] expected CO2 cycle to perform better for
intermediate temperature heat recovery applications
than an air cycle. Their paper showed that, even
though the new cycle is coupled with an atmospheric
fuel cell [38], it is still able to achieve the same overall
system efficiency and rated power as the best
conventional cycles currently being considered.
Furthermore, under certain operating conditions, the
performance of the new hybrid systems beats that of
existing pressurized fuel cell hybrid systems with
conventional gas turbines. Calculations made by
Munoz de Escalona [39] proved that an indirect

supercritical CO2 Brayton cycle coupled to a Molten
Carbonate Fuel Cell (MCFC) [40] can achieve thermal
efficiency of almost 40%, which enables the whole
system to approach overall efficiency of 60%. In
addition, the supercritical CO2 cycle performs better at
part load than existing hybrid systems.

Bae et al. compared various cycle layouts presented in
Figure 8 in terms of application as a MCFC bottoming
cycle. The results showed that all of the analyzed sCO2
Brayton cycle layouts perform better than the air
Brayton cycle, in particular recompression Brayton,
and cascading Brayton and Rankine cycles can increase
net hybrid system efficiency by more than 10% over
the single MCFC system. [34]
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Figure 9: Supercritical Brayton CO2 power cycle adapted for a coal-fired boiler with carbon capture [41]

Another part of the research concerns the use of
supercritical CO2 in coal applications. Moullec [41]
adopted a supercritical CO2 Brayton cycle to the coal-
fired boiler thermal output as shown in Figure 9. An
energy evaluation of the overall power plant indicated
net power plant efficiency of 41.3% with carbon
capture, and CO2 compression to 110 bar. Moreover,
a technical-economic analysis of the designed power
plant showed a levelized cost of electricity (LCOE)
reduction of 15% compared to a reference
supercritical coal-fired power plant equipped with
standard carbon capture process. Further study
showed that the oxy-combustion cycle seems the best
fitted for the supercritical CO2 Brayton cycle due to the
simpler thermal integration and the CO2 purification
devices already integrated in the CO2 processing unit.
However, the main technological challenges were also
identified, namely, the very large exchanger needed in
the cycle in order to achieve high power cycle
efficiency, and the development of a supercritical CO2
turbine, which is significantly different to a steam or
gas turbine especially due to the very large effort on
the wheel and the small size of the equipment [41].

compressor 4 g M
cooler
-
solvent reboiler
Although some supercritical CO2 cycles, such as

recompression cycle, exhibit high efficiency they utilize
a high degree of recuperation leading to a narrow
change across the thermal input device. This narrow
window may be acceptable for waste heat and nuclear
applications, but it is not suitable for a traditional coal
or natural gas fired system. McClung [42] proposed
two cycles: Cryogenic Pressurized Oxy-Combustion
(CPOC) and Advanced Supercritical Oxy-Combustion
(ASOC). Calculations showed that, for both direct
cycles, turbine inlet temperature of 1,2200C helps
deliver power unit thermal efficiencies approaching
64% and overall power plant efficiency exceeding 52%.
However, the CPOC cycle seems to be more attractive
due to the wider thermal input window, which leads to
simpler combustor designs and more efficient use of
fossil based thermal input.

The results of the most significant studies referenced
above are plotted in a coordinate system presented in
Figure 10, where x- and y-axis correspond to turbine
inlet temperature and cycle efficiency respectively. A
positive correlation between these two parameters
can be seen in the chart. More detailed information
about the studies is presented in Table 2.
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Figure 10: General correlation between cycle efficiency and turbine inlet temperature throughout different studies

Recompression Brayton super cOo2 Table 1: Off design reference operating point

cycle—discusion

Variable Name Unit Value
Based on available measurement data [43] an off -
design supercritical Brayton cycle simulation model Turbine Inlet K 750
was prepared. The model represents the Temperature
recompression Brayton cycle as shown on Figure 11. Rotational Speed RPM 70 000
The system consists of two turbine-compressor-
generator units. The first unit powers the main Main Compressor Bypass Propen 0
compressor, the second unit powers the
recompressor. Total system power output is the sum Output Power kW 185.1

of power outputs from each unit.

The goal of the simulation was to study the power
flexibility of the supercritical CO2 system. The nominal
operating point stated in Table 1 was used as a
reference for further studies. Simulation was prepared
based on previous study, all modeling relevant data
can be found in previous works.

The design of experiment (DOE) study was performed
using the following assumptions:

e Constant rotational speed - grid mode

e  System power control by Main Compressor
Bypass Valve and Turbine Inlet Temperature
(TIT)
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Table 2: Brief review of supercritical CO2 cycles performance

Year Author Efficiency, % TIT, °C Max P, MPa Application

2006 Chen 9.2 140 16 waste heat
2007 Zhang 16.5 180 - solar
2008 Cayer 8.6 95 13.6 waste heat
2009 Sarkar 45.27 550 20 general
2010 Wang 4.75 80 10.75 waste heat
2011 Munoz 40 377 21.6 MCFC
2011 Vidhi 16.5 200 - waste heat
2011 Kulhanek 46.48 550 - general
2011 Harvego 49.2 750 20 nuclear
2012 Yoon 30.05 310 22 nuclear
2012 Kim 52.6 600 - general
2012 Moullec 413 620 30 coal with CCS
2012 Moullec 44.5 700 - coal with CCS
2012 Halimi 42.44 400 20 nuclear
2013 Moullec 415 620 - coal with CCS
2013 Moullec 44.5 700 - coal with CCS
2014 Moroz 39.44 540 21 CHP
2014 McClung 64 1220 29 coal with CCS
2014 Bae 45 - - MCFC
2014 Bae 46 - - MCFC

2014 Nassar 42.35 550 - general

The main compressor bypass valve forms part of the Table 3: Off design DOE study parameters range
system power control strategy. TIT directly impacts
output power and can be changed by changing heat

Lower Upper

source parameters. The design of experiment study Variable Name Unit Limit  Limit
was performed for those two parameters according Turbine Inl
to Table 3. urbine Infet K 500 1200

Temperature
Based on simulation results a supercritical system
performance map was generated using the reduced
mass flow, pressure ratio and output power range
given in Table 4.

Compressor Bypass

Propen 0O 100
Valve

The map on Figure 12 represents supercritical CO2
Brayton recompression cycle performance. The X axis
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corresponds to reduced mass flow rate, the Y axis
represents cycle pressure ratio. The horizontal lines
tagged with % values represent different main
compressor bypass valve opening: 0% - fully closed,
100% - fully open. The vertical lines tagged with K
values represent different TIT. The lines inside the map
indicate system power output in kW.

The relative power performance map is presented on
Figure 13. The map also shows the reference operating
point corresponding to relative power equal to 1. The
power output of the system can by controlled by TIT or
Main Compressor Bypass Valve position. The study
shows the power can be easily reduced by changing

Low Temperature
Recuperator

the valve position. At the same time the change in TIT
is proportional to system power output

Table 4: Off design study performance map range

Lower Upper

Variable Name Unit

Limit  Limit
Reduced Mass Flow i 0.7x 1.3x
Rate 10° 10°
Pressure Ratio - 13 1.7
Output Power kW 0 300

High Temperature
Recuperator

A

<<
% .

Main Compressar
Bypass Valve

—

A

-
Heat Sink

MC T

Heat Source
A n A
VA
s

S —
Of
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Figure 11: Off design supercritical Brayton cycle
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Table 5: Potential applications for sCO2 for power conversion

Application Cycle type Motivation Size, MW Temperature, °C Pressure, MPa
Nuclear Indirect sCO2 Efficiency, size, 10..300 350..700 20..35
water reduction
Fossil fuel (PC, CFB) Indirect sCO2 Efficiency, 300.. 600 550..900 15..35
water reduction
Concentrating solar  Indirect sCO2 Efficiency, size, 10..100 500 .. 1000 35
power water reduction
Shipboard propulsion Indirect sCO2 Efficiency, size 10..10 200 .. 300 15..35
Shipboard house Indirect sCO2 Efficiency, size 1..10 230..650 15..35
power
Waste heat recovery Indirect sCO2 Efficiency, size, 1..10 230..650 15..35
simple cycles
Geothermal Indirect sCO2 Efficiency 1..50 100 .. 300 15
Fossil fuel (syngas, Direct sCO2  Efficiency, 300..600 1100 ..1500 35
natural gas) water

reduction, CO
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Applications

A study performed by Southwest Reaserch Institute
[44] states that there are three main parameters
considered when selecting application for sCO2 cycle:
power output, turbine inlet temperature and cycle
pressure. Power output is determined by the size of
the system. Turbine inlet temperature in most cases is
determined by the available heat source. Cycle
pressure is limited by system components mechanical
strength and materials properties.

Based on the off design simulation model results and

The main factor for selecting these applications was
system output power, which does not exceed 0.4 MW.
The original application of the considered system was
as a laboratory test cell. This explains the limited real
life applications. Next generation pilot systems are
being designed for much higher power outputs.

Discussion and conclusions

The article discusses potential and existing applications
of the supercritical CO2 cycle. Commercial applications
and pilot units are still under development. As there is
no field operation data available to date, the authors
investigate examplary sCO2 cycle power flexibility
based on a simulation model of the laboratory

reccomendations from Table 4 the considered off
design system appears suitable for the following
applications:

supercritical CO2 unit developed by Sandia National
Laboratories. The study shows that small scale sCO2
units like this can be used for waste heat, geothermal
. Waste Heat or ship propulsion applications.
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