The 8" International Supercritical CO2 Power Cycles Symposium
February 27 — 29, 2024, San Antonio, Texas

Paper #42
Comparative analysis of supercritical CO2 cycles
Krzysztof Badyda Arkadiusz Szczesniak
Full Professor PhD
Warsaw University of Technology Warsaw University of Technology
Warsaw, Poland Warsaw, Poland
Olaf Dybinski Piotr Lis
PhD Candidate PhD
Warsaw University of Technology Warsaw University of Technology
Warsaw, Poland Warsaw, Poland
Wiladyslaw Kryllowicz Jarostaw Milewski
Full Professor Full Professor
Warsaw University of Technology Warsaw University of Technology
Warsaw, Poland Warsaw, Poland

Prof. Jaroslaw Milewski works at the Warsaw University of Technology's Faculty of Power and Aeronautical
Engineering, specifically in the Institute of Heat Engineering.

He serves as the Head of the Power Division at the Institute of Heat Engineering, Editor-in-Chief of the
Journal of Power Technologies, and a Member of the Editorial Board of Applied Energy. Prof. Milewski also
holds the position of Director of the Hydrogen and Fuel Cells Center at the Institute of Applied Research.

His expertise includes fuel cell research (Molten Carbonate Fuel Cells—-MCFC and Solid Oxide Fuel Cells—
SOFC) as well as other power sources, hybrid systems, advanced power systems (hydrogen-based), and
steam/gas turbine power generation systems.

Prof. Milewski has considerable experience collaborating with the power engineering industry.
He has authored and co-authored over 300 publications and 5 or more patents, with a Hirsch index of 24

based on Google Scholar statistics. He teaches courses on turbomachinery, turbomachinery theory,
environmental protection, numerical tools in power plant simulations, hybrid systems, and more.

ABSTRACT

The presents a simulation of three different configurations of super critical CO2 cycles: pre—
compression, partial cooling, and recompression performed using commercially available
software (Ebsilon). The highest thermal efficiency is obtained for the recompression cycle (35%).



All three cycles operate at 700°C. In addition to enjoying the highest efficiency, the
recompression cycle involves a moderate number of elements - just one heat exchanger more
than the simplest cycle (Pre-compression).

INTRODUCTION

Renewable power sources, e.g., solar power [1], are highly variable in terms of output in many
parts of the world, hence their development should go hand-in-hand with measures to integrate
them with energy systems, e.g., integration of solar power with CCS system [2]. A very promising
approach for dealing with the variability of renewable resources is involvement of large-scale
energy storage. There are several areas that still have development potential in this case: liquid
or compressed air energy storage [3,4], heat storage [5] or power-to-gas-to-power [6]. The latter
technology uses hydrogen produced from renewable energy in various electrolysis plants [7—
13]. This hydrogen can then be co-fired by gas turbines [14,15] or used in fuel cells. Due to the
high efficiency and environmental friendliness, high-temperature fuel cells seem to be very
future-proof energy sources (in contrast to CHP systems based on internal combustion engines)
[16], hence fuel cells such as SOFC [17-30] H+SOFC [31-33] and MCFC [34—41] should be
considered as methods for energy recovery from hydrogen. Due to the fact that the MCFC
operating temperature (around 650°C) fits the needs of the Brayton super CO. cycle, these two
energy sources can be connected in series (S-CO2 as a bottoming cycle) to improve the
efficiency of energy conversion [42].

Work on the properties of various working media for the supercritical cycle dates back to the
1960s [43]. CO2 has proven to be the most appropriate operating medium for several reasons.
One is that CO- has a lower critical point pressure than water and therefore allows it to operate
at a lower pressure. Another argument is that the transport and thermodynamic properties are
very well known for this working medium. CO: is readily available, cheap, and non-toxic. The
thermodynamic cycle based on supercritical carbon dioxide has many advantageous features
such as: high power in relation to the flow of the working medium, high efficiency (even 55% in
ideal conditions), no cavitation and corrosion of the turbine blades. Almost 40 years later Dostal
started researching supercritical carbon dioxide [44]. He dealt with the analysis of supercritical
CO; systems for applications in nuclear power (for advanced nuclear reactors). He conducted
an analysis of individual elements of the system as well as entire systems for this type of
application. This was followed by a report that predicted the cost of supercritical CO, systems
operating on the Brayton cycle for use in fourth generation nuclear reactors [45]. The two
publications above gave rise to a series of other studies on supercritical carbon dioxide systems.
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Fig. 1 Various sCO; cycle layouts [42]

Different S-CO, cycles have been compared by Bae et al. (Fig. 1). As a result of this analysis, it
was found that all cycles using super CO- in the Brayton cycle had better performance than the
cycles using air as the working medium. The systems from Fig. 1 b, a and d contributed to the
increase in the net efficiency of the entire hybrid system (MCFC - S-CO, system) by more than
10% in relation to the MCFC system without waste heat recovery [42]. The aim our paper is to
develop models of the main elements of S-CO2 cycles as they are presented in Fig. 1. The
following elements can be found in each system:

1.  Compressor

2. Expander (turbine)

3. Heat Exchanger

4. Pump (in Rankine cycles)

Due to the relatively small sizes of the supercritical cycles, the turbomachinery used is also
relatively small and often based on radial constructions (Fig. 6 and Fig. 11). The modeling of
expanders and compressors is mainly based on energy balance equations, assuming constant
efficiency; see [46]. More advanced studies like [47] take into consideration models which
use mean-line flow analysis performance prediction for map of the off-design parameters. This
approach involves four-dimensional parameter tables (rotational speed of the shaft, pressure,
mass flow rate, and inlet temperature). To determine the output parameters (pressure and



temperature) the input parameters are interpolated. Generating four-dimensional maps takes a
lot of work but works reasonably well. In fact, maps taken from this source were used in the
present study.

For design purposes a detailed CFD can be used to model the CO- flow between turbomachinery
blades, as shown in [48-50]; or more simply the similarity concept can be used [51]. Commercial
software is available for estimating the main dimensions of the turbomachinery [52]. [53] shows
a new method of modeling performance maps for stages of centrifugal compressor. Four
dimensionless parameters were used to characterize the performance at the design point. Using
this new approach, the entire performance map is based on these four parameters using
algebraic equations that do not require exact knowledge of the geometry of the device.

A 1-d model for the design and evaluation of carbon dioxide compressor parameters is shown
in [54]. A centrifugal compressor operating at high rotational speeds and mounted on foil gas
bearings was modeled. The model was validated against data of Sandia Laboratories of a 50-
kW compressor total efficiency.

Heat exchangers in S-CO; cycles operate at relatively low temperatures and high pressures.
Serrano et al. [55] a methodology is presented which consists in designing heat exchangers in
appropriate sizes for use in the Brayton cycle for supercritical CO,. The working media on both
sides of the heat exchanger (which cannot be too large) in such a cycle are characterized by a
large pressure difference, therefore the use of PCHE (Printed Circuit Heat Exchangers) is
suggested. Various empirical relationships between the Nusselt number and pressure drop were
assessed there. The construction of a low-temperature regenerative heat exchanger and a pre-
cooler were also tested using CFD methods due to the fact that they operate at near critical point
of CO.. In [56] the forced convection in a semicircular, printed circuit heat exchanger was
modeled and experimentally validated for supercritical carbon dioxide as working medium and
similar work was presented by [57]. For heat transfer in supercritical CO, during forced
convection, a physically improved semi-empirical correlation with significantly improved
predictions was proposed in [58].

RESULTS AND DISCUSSION

The most basic and compact supercritical CO- cycle is a simple Brayton cycle. It is simple and
offers relatively good efficiency. However, there is still potential to improve its performance. The
biggest reduction in efficiency of the supercritical Brayton cycle comes from the large
irreversibility in the recuperator ([81]). Compound cycles have been introduced to overcome this
problem and as shown later in this paper, these cycles perform significantly better than the
regular supercritical Brayton cycle.

Pre-compression cycle

The pre-compression Brayton cycle is one of the ways to increase generation within the cycle
and reduce the pinch point problem. As shown in Figure 11 the cycle is similar to the normal
Brayton cycle with a small modification. First, the working fluid is compressed and then heated
in the high temperature recuperator (1) using exhaust heat from the turbine. The fluid passes to
a heat source (2), where heat is added, and then expands in the turbine (3). The remaining
exhaust heat is extracted from the fluid in the high temperature recuperator (1). The difference
from the normal Brayton cycle is that in the middle of the recuperation process, when the hot
fluid temperature approaches the heated fluid temperature, a compressor (5) is introduced that
compresses the fluid to a higher pressure. As the fluid pressure rises, so does its temperature



and specific heat. Thus, the regeneration process can continue, and more available heat is
returned to the heated fluid. This extra heat reduces the average temperature at which heat is
rejected from the cycle and increases the average temperature at which heat is added to the
cycle. This results in an efficiency improvement of 6% over a Brayton cycle that would otherwise
suffer from the pinch point problem ([84]).

Partial cooling cycle
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Figure 1 Layout of split-flow recompression Brayton cycle components ([81])

Another cycle layout that aims at reducing Brayton cycle drawbacks is the partial cooling cycle
presented in Figure 10. In general, its operation differs from the previously described cycle in
terms of two adjustments. The first is that only a fraction of the working fluid is compressed in
the low temperature compressor (pump). The rest is compressed in the recompression
compressor that is introduced before the pre-cooler and after the pre-compression compressor.
The second difference is the introduction of another pre-cooler before the pre-compression
compressor. This way, like the pre-compression cycle, more heat is available for the
regeneration process.

After compression in the main compressor (1), a fraction of the working fluid is heated in the low
temperature recuperator (2) and merged with the flow from the re-compressing compressors,
which is at the same conditions. The fluid is then heated in the high temperature recuperator (3)
and in the heat source (4) in turn and then enters the turbine (5). After the expansion process
the fluid returns its heat in the high and low temperature recuperator (2,3). Then it passes to the
pre-cooler (6) where it is cooled to the pre-compressor inlet temperature, and subsequently
compressed in the pre-compressor (7). A part of the pre-compressed fluid is sent to the pre-
cooler (8) and the main compressor. The rest is recompressed in the second recompressing
compressor (9) to the high temperature recuperator inlet conditions, and then is merged with the
stream from the main compressor. This move eliminates the pinch point problem, since due to
the lower mass flow rate on the high-pressure side of the low temperature recuperator, the mass
flow weighted heat capacity of the streams is about equal, and a pinch point does not occur.

The cycle improves its efficiency by reducing the average temperature of heat rejection so that
the efficiency improvement is bigger than that for the pre-compression cycle.

Recompression cycle

Although the partial cooling cycle looks attractive due to its efficiency benefits, the complication



of the cycle layout may prove detrimental to the economic outcome. Therefore, another cycle is
introduced, a recompression cycle, which is simpler than both the partial cooling and pre-
compression cycle. The general layout of the cycle is shown in Figure 13.

The advantage of this cycle is that it eliminates one precooler and pre-compressing compressor
from the cycle. After the regeneration process in the high temperature recuperator (3) the fluid
is heated in the heat source (1) and passes to the turbine (2). Then it enters successively the
high and low temperature recuperators (3,4) and returns its heat to the fluid on the high-pressure
side. The fluid flow is then split into two streams. The first is sent directly to the recompression
compressor, where it is compressed to the same pressure conditions as the CO; leaving the
main compressor and merged with it in the high pressure recuperator. The second flow is cooled
in the precooler (5), compressed in the main compressor (6) and heated in the recuperators.

Figure 2 Schematic diagram of the recompression Brayton cycle ([81])

Table 1: Results comparison of various algorithms.

Parameter Value

Turbine Inlet Temperature, 700
°C

Turbine Inlet Pressure, MPa 20.2

Turbine Isentropic 80
Efficiency, %

Compressor efficiency, % 85

Heat exchanger 0.6
effectiveness




The effect of recompression is sufficient to overcome the pinch point problem. Owing to the
decreased mass flow rate on the high-pressure side of the low temperature recuperator, the
mass flow weighted heat capacity of the streams is about equal on both sides and a pinch point
does not occur.

The recompression cycle is, along with the pre-compression cycle, the simplest among the
surveyed cycles. In addition, at the desired operating conditions of turbine inlet pressures and
temperatures (20 MPa and 550°C), it achieves the highest efficiency of all examined cycles
([81]). Therefore, the recompression cycle is usually selected as the best-suited cycle and
investigated with respect to various applications in literature.

The main CO; cycles layouts presented here are simulated in EBSILON®Professional software
to compare their performance based on the same mathematical model adopted in the simulation
software. The CO; properties were simulated by means of “universal fluid” defined in the Refprop
library, which is provided by EBSILON®Professional (version 12.01). The simulation of the most
popular CO: layouts using the same simulation software and assumptions means a
comprehensive comparison can be made of various CO: layouts, thereby eliminating the
inaccuracies which are inevitable when using different models created by various authors.

Table 1 summarizes the input variables and constants which were used for the comparison of
layouts.

The schematic diagram of the cycles implemented in EBSILON®Professional are shown in the
following Figures: pre-compression Brayton cycle—Figure 12, partial cooling Brayton cycle—
Figure 14, recompression Brayton cycle—Figure 16. The operating parameters for each layout
are shown in Figure 13 (pre-compression cycle layout), Figure 15 (partial cooling cycle layout),
Figure 17 (recompression cycle layout).

The simulation results revealed that the most efficient cycle layout is the recompression Brayton
cycle—see Table 2. The displayed values in Table 2 corresponds to cycles operating with the
assumptions given in Table 1.
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Figure 3 Schematic diagram of the pre-compression Brayton cycle implemented in Ebsilon
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Figure 4 Temperature-entropy diagram of the pre-compression Brayton cycle implemented in
Ebsilon software
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Figure 5 Schematic diagram of the partial cooling Brayton cycle implemented in Ebsilon software
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Figure 6 Temperature-entropy diagram of partial cooling Brayton cycle shown in T-s diagram
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Figure 8 Temperature-entropy diagram of recompression Brayton cycle shown in T-s diagram



Table 2: Comparison of simulation results

Brayton cycle layout Pre- Partial Recompression
compression cooling

Cycle efficiency, % 27.5 32.1 35.4
Number of heat exchangers 2 1 2
Number of compressors 1 3 2
Number of expanders 1 1 1

The next step will be a detailed analysis of the Recompression Brayton cycle to identify its
operational range in the off-design mode.
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