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Abstrakt

S rostoucim zajmem o solarni a geotermalni elektrarny a systémy vyuzivajici odpadniho tepla
z mnoha technologii se cely svét vice orientuje na vyuzivani plynnych cykla. Tepelné obéhy
s nadkritickym COg (S-COs) jsou velmi zajimavé tepelné obéhy pro tyto aplikace. S-COq
cykly maji mnoho vyhod, ale také i nevyhod v porovnani s dalsimi tepelnymi obéhy, jako
je parni nebo Heliovy obéh. Vyhodou S-CO, cyklu je, ze je kompaktni a velmi jednoduchy,
vykon kompresoru je nizsi nez pro cyklus vyuzivajici helium jako pracovni medium. Jednou
z nevyhod je vliv redlnych vlastnosti, které mohou byt vyznamné ovlivnény pritomnosti
necistot v pracovnim mediu. Je zfejmé, ze necistoty ovliviiuji tepelny obéh, konstrukeci
komponenti, celkovou tic¢innost a vykon, z duvodu zmén termodynamickych a transportnich
vlastnosti. Vyzkum byl zaméren na popis vlivu smési na S-CO, cykly. Vyzkum je rozdélen
do nékolika oblasti, které jsou vzajemné propojeny pro komplexni prehled a popis uc¢inku
smési na S-COy cykly. Vyzkum byl proveden pro binarni smési CO, s He, Ar, CO, Ng, O,
H,S, Hy, CHy, Xe, Kr a SO,. Vsechny zkoumané latky, s vyjimkou HyS, Xe a SO, maji
negativni vliv na cykly a jejich uc¢innost. VIliv smési na ptfikon kompresoru je nepfiznivy,
nicméné na vykon turbiny je nepatrné pozitivni. Vliv na vyméniky tepla je rozdilny pro
ruzné druhy vymeéniku tepla. Optimalni mnozstvi sekundéarni latky je do 1 %. Vliv smési
musi byt zohlednén pii navrhu S-COs cyklu. Optimalizace je velmi dulezitd pii ndvrhu S-
COy cyklu pro kazdou jeho aplikaci a rozvrzeni cyklu. Je mozné dosahnout minimalniho
vlivu smési na S-CO, cykly pti dobré optimalizaci a navrhu tepelného obéhu. Bez ohledu
na cistotu COy muze byt pouzito stejné rozlozeni tepelného obéhu, nicméné pro dosazeni
maximalniho vykonu S-CO, cyklu s necistotami musi byt provozni parametry a konstrukce

komponentu opakované optimalizovany.

Klicova slova

S-CO,, Tepelny obéh, Smési, Necistoty, Uéinnost, Tepelny Vykon, Technicko-Ekonomické

hodnoceni
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Abstract

With the increasing interest in solar and geothermal power plants as well as waste heat
recovery systems from many technologies, the whole world is more focused on the gas power
cycles. Especially, the supercritical carbon dioxide (S-COs) cycles are very interesting for
these applications. The S-CO, power cycles have a many advantages and disadvantages over
the other cycles such as a steam-water cycle or helium Brayton cycle. The advantages are the
cycles are compact systems, the compressor power is lower than for helium Brayton cycle, the
cycles are very simple. One of the disadvantages is the effect of real properties, which can be
significantly altered by the presence of impurities in the working fluid. Because, it is obvious
that impurities through the change of thermodynamic and transport properties affect the
cycle as they influence cycle component design and thus the overall efficiency of the power
cycle and the net power. The research was oriented on the description of the effect of the
mixtures on the S-CO, power cycle. The research has focused on the several areas, which are
connected to each other for the complex overview and description of the effect of the mixtures
on the S-CO4 power cycle. The research was conducted for the binary mixtures of COy with
He, Ar, CO, Ny, Oq, HyS, Hy, CHy, Xe, Kr and SO,. The all investigated substances, except
for HyS, Xe and SO, have a negative effect on the cycle and the cycle efficiency. The effect
of the mixtures on the compressor performance is negative. The effect of the mixtures on
the turbine performance is negligibly positive. The effect of mixtures on the heat exchangers
is different for different type of the heat exchangers. The optimum amount of the second
substance is up to 1 %. The effect of mixtures must be taken into account when designing the
S-CO, power cycle. The optimization for each application of the S-CO4y power cycle is very
important when designing of the S-CO, power cycle. With good optimization and design of
the cycle which uses mixtures, marginal negative effect on the cycle efficiency and the net
power output can be achieved. Regardless of the CO, purity, the same cycle layouts can be
used, however in order to achieve good performance with the impurities the cycle operating

conditions and components design most be re-optimized.

Keywords

S-CO,, Power Cycle, Mixtures, Impurities, Efficiency, Net Power, Techno-Economic

Evaluation
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Chapter 1
Introduction

With the increasing interest in solar and geothermal power plants as well as waste
heat recovery systems from many technologies, the whole world is more focused on the gas
power cycles. Especially, the supercritical carbon diozide (S-COs) cycles are very interesting
for these applications. This is due to many advantages of the S-COy power cycles over the
other cycles such as a steam-water cycle or helium Brayton cycle. The advantages are the
cycles are compact systems compared to steam-water or helium Brayton cycle, the compressor
power is lower than for helium Brayton cycle, the cycles are very simple. However, the S-CO,
power cycles are quite complex systems. As each power cycle, the S-COy power cycles have
also disadvantages. Mainly the compressor which operates near the critical point or the pres-
ence of the so called pinch point in the heat exchangers design. However, these issues can
be solved. Nevertheless, one of the disadvantages is the effect of real properties, which can
be significantly altered by the presence of impurities in the working fluid which can occur as
impurities or can be intentionally added to the pure COy. The main question is the effect of

these substances on each component in the S-COy power cycle.

1.1 Motivation

The effect of impurities on the S-CO4y power cycle performance is very important. It is
obvious that mixtures through the change of thermodynamic and transport properties affect
the cycle as they influence cycle component design and thus the overall efficiency of the power
cycle and the net power. The impact depends on the type of mixture and the number of
substances. An important unknown is the effect of mixtures. It may be positive or negative.
Research of this effect is necessary. Since, the design and calculation of the S-CO, power cycle
is generally performed for pure COy (100 % purity). These results thus may beinaccurate.
It is true that medium with 100 % purity can be used as working medium in the S-CO,

power cycle, but the purity of CO, can not be guaranteed throughout the whole operation.
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The decrease of purity is possible in various ways and the decrease of purity depends on
the impurities. The chemical reaction of CO, with the material of the components, from
the leakage into the systems (Ar, Oy or Ny), a special substance for leakage detection (He)
or from turbine and compressor lubricants. In some cases working medium from different
technologies such as carbon capture and storage (CCS) technologies or other may be used.

Several conclusions can be made based on the above remarks.

The basic reasons for investigation of mixtures in the S-COy power cycle are following;:
e Most likely 100 % pure CO, will not be used.

e Mixtures will appear as a result of impurities or as a specific medium from other

systems.
If the above is true, these mixtures will affect:
e Components - heat exchangers, compressors, turbines.
e Pinch point location.
e Cooling of the cycle.
e Techno-Economic Evaluation.

The mixtures clearly have an effect on the power cycle. However, this effect depends
on the effect on each of the component in the power cycle. Research of the effect on the
components is necessary in order to understand their effect on the power cycle. At the same
time, the description of the connection between a compressor and a cooler is necessary. This
is important part for the design of the compressor and cooling system. The pinch point is the
key issue in the recuperative heat exchanger design. The idea is that mixtures may eliminate
this problem. This means that, small amount of the second substance, in the case with
binary mixture, may shift the area with the pinch point. The techno-economic evaluation is
an important part for the power plant. If the mixtures have an effect on the cycle, this effect
will be observed also in the plant economics. A synergy to other technologies working with

not pure S-CO, is apparent.

1.2 Organization of Thesis

The research is focused on study of power cycle with supercritical CO, and the de-
scription of the effect of mixtures on the S-COs power cycle performance. The main point of

view is thermodynamic with focus on the thermal and physical evaluation and description
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for hypothetical substances or new impurities in CO,. The very important results from this
study is the description whether the substance effect on the systems is positive or negative.
The research is performed for binary mixtures with high purity of CO,. Consideration is
focused to the low amount of the second component, as potential impurities in the system.
The purity of COs is kept between 95% to 99%.

The research is divided into several parts with theoretical description of the effect on the
cycle. The parts are connected to each other and give the complex overview and description

of the effect of the mixtures on S-CO, power cycle.

The parts of the research are following:

e The first part focuses on the description of the effect of mixtures on the S-COy power

cycle performance. It evaluates the overall cycle efficiency and the net power.

e The second part is focused on the detail description of the effect on each component in

the cycle, especially on the turbine, the compressor and the heat exchangers.

e The third part of the research is focused on the optimization of the S-CO, power cycle,
mainly the compressor inlet temperature. The results for this part of research are

calculation and optimization for the specific cycle layouts for different binary mixtures.

e The fourth part is the techno-economic evaluation for the S-COy power cycle with

different binary mixtures for different applications.

Each parts have the theoretical part, where the theoretical background for understanding
of the S-CO4 power cycle and the components is described. The other part is oriented on the
description of the calculation, the boundary conditions and the input parameters which are
used in the research. The last part is focused on the analysis of the results and conclusions

drawn for each part of the research.

The thesis is divided into 9 chapters, where Chapters 2, 3 and 4 present an overall view
of current research. The Chapter 2 focuses on a detailed description current research of CO,
and applications with COs. The Chapter 3 focuses on a detailed description current research
mixtures with CO,. The Chapter 4 shows the S-CO, cycle layout. The summary of these
chapters defines the goals of this research.

The following chapters present my research of the effect of mixtures on the S-CO4y power
cycle. The Chapter 6 is focused on the effect of mixtures on the S-CO, power cycle perfor-
mance. The Chapter 7 shows the effect of mixtures on the cycle components, especially the
effect on the heat exchangers, the compressors and the turbines. The Chapter 8 is focused
on the optimization of the power cycles, where the effect of mixtures on the compressor inlet

temperature is presented. The Chapter 9 is focused on the techno-economic evaluation of
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the S-CO2 power cycle. The last chapters (Chapter 10) summarizes the main conclusions
of the research and evaluate the overall problem of the effect of the mixtures on the S-CO,

power cycle.

1.3 Hypothesis of Thesis

The hypothesis of this research is the detail description of the effect of mixtures on
the S-CO, power cycle. Other hypothesis is description of substances which have negative
or positive effect on the cycle and the components. The maximum amount of the second
substance in CO,, with still acceptable impact on the cycle is necessary to define. At the
same time, the techno-economic evaluation is important for future design of the S-CO4 power
cycle.

This work will give an overall insight on the issue of impurities on S-CO, power cycle.
It is an initial research of the effect of mixtures on the S-COy power cycle. The results
will be used as the input information for the future applications of the S-COy power cycle.
Especially, the S-CO5 power cycle with working medium from different application, which
produces CO; or from the direct-fired S-CO, power cycles.

Chapter 1 Section 1.3 4



Chapter 2

Overall View of Current Research of
CO- and Applications with CO»

Carbon dioxide (CO,) is very interesting substance, with many benefits compare to dif-
ferent working medium. These benefits maybe used for high efficiency energy systems due
to the operation of the power cycle in the critical region. The supercritical area of COy for
operation of the power cycle is very much considered for future applications. This is due to
the low temperature and pressure of the critical point. Many applications for the S-COs power
cycles exists and use the benefits of COy. Nevertheless, the S-CO, power cycles have also
disadvantages. This chapter provides the basic information on the COy and the applications
of pure COy, to the S-COy power cycles, advantages and disadvantages and presentation of

previous research.

2.1 Description of Properties

COq is a three atomic molecule. CO4 occurs in gas phase at ambient conditions. The
sublimation temperature is -78.5 °C. The melting point and boiling points are -78 °C, -56.6 °C
respectively. The critical point of CO, occurs at the temperature of 30.98 °C and pressure of
7.32 MPa. The critical point and phases of CO5 are shown in Figure 2.1.

The ideal area for operation of the S-CO, power cycle is in the supercritical region
entirely. However, in certain cases and applications, the S-COs cycles are operated under the
critical pressure or temperature. For example, the condensing S-CO, cycle [1] or the direct
fired S-COy cycle [2]. In such cases operating parameters of power cycle are in supecritical
region, but partly the cycle operates below the critical point. The operation near the critical
point is the main benefit of the S-CO5 power cycle, because work of compressor is significantly
reduced, see Figure 2.2. The reason for this decrease is caused by large property changes

of COy near the critical point. The variation of specific heat is shown in Figure 2.3. The
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enthalpy an density variation are shown in Figure 2.4 and Figure 2.5.
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Figure 2.1: The phase diagram of COy
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Figure 2.2: Reduction of P, for certain operating conditions.
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Figure 2.3: Specific heat capacity on temperature and pressure.
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Figure 2.5: Density of COs in the critical region.

According to these figures, it is obvious that properties of CO5 are changing significantly.
Property changes contribute to lower S-CO, compressor work. Especially, the density of CO,
is a very important property, which significantly affects compression. The properties of COq

correspond more to the ideal gas when moving further away from the critical point.

2.2 S-CO, Power Cycles

The S-CO, power cycle is an alternative to other power cycles such as the Rankine cycle
or the Ericsson-Brayton cycle. [3] The advantage of the S-COq power cycles is in high effi-
ciency at relatively low operating temperatures, which makes the power cycle a very attractive
system [4,5]. However, the S-CO, power cycles have also several disadvantages and technical

issues. The research of these issues and disadvantages is necessary.

2.2.1 Application of S-CO, Power Cycles

The use of CO4 cycles begun in the last century [4]. However, parameters of cycles were
under the critical point. With the advent of new technologies and materials, the use of cycles
with critical parameters began to be considered. Initially, the use of cycles for nuclear power

applications was considered [5]. The S-CO, power cycle is considered for new generation of
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nuclear reactors, due to previous experience with CO, in the field of nuclear power. The
development of the S-COs power cycle directed to applications other than nuclear energy
started to appear as well. Earlier, the basic cycle layouts were considered. However, with
growing interest in S-COs power cycle, the development of new cycle layouts for different
application begun.

The new applications of S-CO, power cycles includes, the waste heat recovery systems
[6], solar power plants [7, 8], geothermal power plants or application to fossil fuel power
plants [2]. The typical parameters of the S-COs power cycle applications are shown in
Table2.1.

Table 2.1: Applications of S-CO4 power cycles. [3]

L Power | Operation Temperature | Operation Pressure
Application

[MWe] [°C] [MPa]

Nuclear 10-300 350-700 20-35

Fossil fuel 300 -600 550 — 1500 15 -35
Geothermal 1-50 100 — 300 15
Solar 10 — 100 500 — 1000 35

Waste heat recovery? 1-10 200 - 650 1535

From Table 2.1, it is obvious that the range of application is quite large [3]. The S-COq
power cycle can be used for majority of heat sources, which are used in energy conversion
systems. The S-CO, power cycle is being developed for heat source with higher power, ap-
proximately 600 MWe, as well as for heat source with low power, approximately from 1 to
50 MWe. Recently, the area of the greatest interest in the S-COy power cycles is for waste
heat recovery applications. The S-CO, power cycles cycle layout flexibility benefits from
multiple heat source application, which is important for waste heat recovery systems. With
the development of new cycle layouts, this potential increases. [2,9,10)]

The new cycle layouts are developed for specific application such as waste heat recovery
systems or solar and geothermal power plants. The power range for this application is very
similar, approximately from 1 to 50 or 100 MWe (solar power plant), see Table 2.1.

The S-CO5 power cycle for waste heat recovery system can utilize heat from exhaust
(gas turbines) or waste heat from factories as well as from waste heat from existing fossil or
nuclear power plants.

Other potential applications are fossil fuel sources, which are considering the highest
power, see Table 2.1. [11,12] The direct S-CO, power cycles are a promising application
for this area. The syngas or natural gas is considered as a fuel for the direct S-CO, power
cycle. [A1]

!Syngas, natural gas, ...
2Gas turbine, waste heat from factories, ...
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Combination of the S-CO, power cycle with systems for accumulation of energy are
another very interesting topic. The principle is similar as for Compressed Air Energy Stor-
age (CAES) [13], but the working medium is CO,. Basically, the systems are developed for

renewable sources such as solar power plants, or for accumulation of energy from wind. [7]

2.2.2 Advantages and Disadvantages

The main advantage of the S-CO, power cycles is that they are more compact than
steam or helium Brayton cycles. [4] The compressor and the turbine are significantly smaller
due to the high operating pressure. [5] The size of heat exchangers can be optimized by
operating parameters and type selection. [A.2] The compression work for each cycle layouts
is lower than in the case of helium Brayton cycle. [5] The reduction of compressor work is
caused due to the operation near the critical point as shown in Figure 2.2.

Other advantage is the existence of thermodynamic properties data for pure CO,. The
CO; is non-toxic and cheap due to its abundance. The low molecular leak due to higher
molecular mass. The molecular mass is about 44 g/mol for COy. For the Ar is about
38 g/mol and for He is about 4 g/mol. Depending on the operating parameters and thermo-
physical properties, the components have low cost compared to the other working fluid for
Brayton cycle. There is more than twenty years of experience with CO, in nuclear power
engineering such as MAGNOX or AGR nuclear reactor.

The main disadvantage of the S-COy power cycles is that the S-COy power cycle is
not proven technology, many small technical issues may be apparent. One of this issues is
the so called ”pinch point”. The existence of pinch point in heat exchangers significantly
affects their design. [5], [A.2] The pinch point may be present for any type of medium, but
its influence on the components is especially high when CO is used as a working fluid. The
pinch point primarily occurs in the recuperative heat exchangers with identical working fluid
and mass flow on the both side (the hot and the cold side) of the heat exchanger.

2.2.3 Pinch Point

The pinch point is caused by change of properties depending on temperature and pres-
sure. The occurrence of the pinch point may be a significant issues in the design of efficient
heat exchanger. The pinch point is defined as, the minimum temperature difference in the
heat exchanger. [A.2, A.3] This point may be present in all systems and working fluids. The
highest impact for the S-CO45 power cycles is on the recuperative heat exchangers, because,
they operate near the critical point in the area where the properly changes are significant.

The pinch point is mainly caused by the variation of the heat capacity of CO, and
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occurs at the temperature when the heat capacity profiles of the hot and cold streams (each
at a different pressure level) intersect. [A.2,A.3] Due to the pinch point, the heat exchangers
may have a large size and low efficiency.

The heat capacity changes dramatically near the critical point of CO,. This large
changes, near to the critical point, have a high probability of causing intersection of heat
capacity profiles of the hot and cold streams.

The variation of the heat capacity is shown in Figure 2.3. According to Figure 2.3, it
is obvious that the peak of heat capacity depends on pressure. The peak is highest near the
critical point. The intersections have an effect on the temperature difference. The tempera-
ture difference can be theoretically negative, if the calculation is performed using the classical
approach based only on mass and energy balance and accounting only for the temperature
difference at heat exchanger inlet or outlet. The negative temperature difference is shown

in Figure2.6. This heat exchanger would never work, because the temperature difference is

negative.
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Figure 2.6: Temperature profiles and temperature difference of recuperative heat exchanger.

A.2]

The procedure of calculation has to be changed. One way is to use the temperature
of the pinch point. The temperature of the pinch point is the temperature of intersection of
the heat capacity. The intersection of the heat capacity can be found, if the thermal-physical
properties of COy are known. [A.2, A.3], The calculation of the temperature of the pinch
point can be done by Equation 2.1. [A.3]
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T(p,.,p.s) = (0.0008 P2 — 0.0297 P, + 0.0865) Py, + (0.0291P2 + 1.2782P,; — 3.9973) P

+ (0.1363P2 — 5.7125P, + 44.384)
(2.1)

where, P, [MPa] is pressure of the cold stream and P, [MPa] is pressure of the hot stream.
The results are accurate to within approx. £2 °C.

The Equation 2.1 was derived from the heat capacity profiles, see Figure 2.3. The
dependence of the intersection of the heat capacities has a quadratic profile for each pressure
level. The quadratic profiles are described with quadratic equation for each pressure level.
The coefficients in quadratic equation from each pressure level have also quadratic profiles.
The combination of the quadratic equations give the Equation 2.1. [A.3]

The Equation 2.1 shows the dependence of the intersections of the heat capacity on
temperature and pressure. As the heat capacity is already matched to a given temperature,
there is no need to determine the heat capacity in the equation, and the result of the Equation
2.1 gives the temperature of the intersection at which the pinch point occurs. The presented
function already contains this dependence. The Equation 2.1 enables to verify the occurrence
and location of the pinch point before the heat exchanger design is started. Thereby, it is

possible to reduce the number of iterations and accelerate the whole calculation process. [A.3]

2.3 Current State of Research

The research on the S-CO4 power cycles is intensive in the last 20 years. However, a com-
mercial S-CO4 power systems still does not exist. The research is largely theoretical, focusing
on cycle analysis and the design of new cycle layouts for applications from Table 2.1 [2,9,10].
However, the research moves to the practical verification of proper functioning of the compo-
nents in the operating conditions and detailed design of components, especially compressors
and heat exchangers.

The research is done for example in the Naval Nuclear Lab [14], Southwest Research
Institute [15], Argonne National Laboratory [16], Tokyo Institute of technology [19] or Korea
Institute of Energy Research [17] and University of Wisconsin, Madison [18]. The research of
a heat exchangers is focused on heat transfer and design of channels for the PCHEs (Printed
Circuit Heat Exchangers). [15,18-20] However, the research also focuses on the shell and
tube heat exchangers, plate fin heat exchangers or ceramic heat exchanger (application for
direct-fired S-COy cycle) [21] depending on the application and utilization. Because, the
gas cycle has at least three different types of heat exchangers, the cooler, the heater and

the recuperative heat exchanger, each type of the heat exchanger has a different operating
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parameters. Therefore, different types of the heat exchangers can be used.

The important part of the power cycle is the compressor. University of Wisconsin car-
ried out research and developed a compressor and other component of the S-CO, cycle. [22]
The Sandia National Laboratories (SNL) is conducting research of S-COq power cycle for
solar power plants, as well as testing components of the power cycle since 2007. The research
is focused on testing of compressor near the critical point of CO,. The radial compressor
with power of 50 kW was used. The compressor speed was 75 000 rpm and mass flow rate
was 3.51 kg/s. The compressor efficiency was found to be 66% [23]. The experimental loop
was used for testing of turbo compressors, dynamic behaviour of compressors, verification of
control elements and dynamic codes. The turbine for 10 kW was developed. The maximal
turbine temperature was 600 K. [24]

Other experimental loop is at the Tokyo Institute of Technology and Institute of Ap-
plied Energy in Japan. As already mentioned, research on heat exchangers is being carried
out there as well as turbine and compressor testing. [25] The power of the experimental loop
is 10 kWe, mass flow rate is 1.2 kg/s, the turbine inlet temperature is 550 K and pressure is
12 MPa. The compressor speed is 100000 rpm. The research is focused on the fast nuclear
reactors (SFR). The research in Delft University of Technology is focused on CFD simulation
of compressor, turbulent flow and study of CO, properties. [26] The research of the S-COq
power cycle is also carried out in the Czech republic. The Research Center Rez built an
experimental loop for testing of components of S-COy power cycle. [A.4]

At the same time, the research of the effect of mixtures on the S-CO, power cycle is in
progress but, only on a marginal scale [27-29], which is focused on the specific application
of the S-COy power cycle, for example direct-fired S-COy power cycle [2,11,12]. Another
research is being done for CCS. The research is focused on the impact of impurities on com-

pression, liquefaction and transportation [30-33].

2.4 Summary

Research of the S-CO, power cycle is done all over the world. As can be seen the re-
search is focused on the behaviour of the cycle layout and components testing. Development
of the S-CO4 power cycle is done from demonstrable benefits, which have been described in
this chapter. Research is focused on many application, different cycle layouts and for each
component is the system. However, the research is mostly done for pure CO;. The pure
CO4 will most likely not be used in the real cycle. It is much more likely that the working
medium will be a mixture with CO,. Therefore the research of the effect of mixtures on the

cycles and the components of the cycles is necessary.
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Chapter 3

Overall View of Current Research of
Mixtures with CO»

As previously described in Chapter 2, the research of the S-COs power cycle is done
around the world, but mostly for pure COy. However, it is evident that pure COy will most
likely not be used in the real cycle. It is much more likely that the working medium will be
a mizture of COy as main constitment with other minor gases. This chapter will describe
basic properties of potential mizture substances, basic investigated miztures and description
of properties calculations for miztures. At the same time, equations of state for calculation
will be described. The result of this chapter will be detailed description of mixtures that need

to be understood for subsequent work.

3.1 Research of Mixtures

The properties of COy are necessary, for the design and the calculation of the S-CO,
power cycle. The properties of COq are changing rapidly, especially near the critical point of
CO,, as previously described in Chapter 2. The properties of pure CO, are described quite
well. [34] The problem occurs when the working medium is not pure COs, but a mixture with
certain high fraction of CO,. The mixtures with CO, are an integral part of gas power cycles.
The mixture can occur as an impurity, due to leakage or as a specific working fluid. The
mixture can be used to detect leakages [27] or can be used as medium from other systems that
produce COa, such as carbon capture and storage (CCS) system. [A.5], [35] The mixture can
also be a product from combustion in the direct-fired S-CO4 power cycle. [2] For this reason,
the detailed description of thermo-physical properties of mixtures with CO, is necessary.

At the same time, the research of the effect of mixtures on the S-COs power cycle is
also necessary. This research is in progress but, only on a marginal scale [27-29], which

is focused on the specific application of the S-CO, power cycle. The most comprehensive
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research is being done for CCS, where the research is focused on the impact of impurities on
compression, liquefaction and transportation [30-33]. However, this research is focused on
the CCS. Although, the problem with compression in CCS is very similar to the problems
in S-COy power cycle. Both technologies use the compressor near the critical point or the
saturation line of CO,. The critical point and saturation line are moving when mixtures are
used. [A.6] That means, the problem of rapid change of properties of CO5 near the critical
point can be shifted to different temperatures and pressures. The critical point of some

substances is shown in Figure 3.1.
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Figure 3.1: The critical point for investigated substances.

The range of the critical temperatures is from -300 to 400 °C and the range of critical
pressures is up to 20 MPa, for these specific substances. The critical point for binary mixture
with 99 % pure COj is shown in Figure 3.2. The effect on the critical point can be clearly
seen. This has an effect on compression and heat transfer, especially for cooler and low
temperature recuperative heat exchanger.

The research of the effect of mixtures on the S-CO, power cycle is divided in two parts,
the research of the direct-fired S-CO5 power cycle and the in-direct S-CO5 cycle. For the
direct-fired S-CO, power cycle the mixture is a product of the combustion process. [11,12], [36]
However, the effect of mixtures is the same as for the in-direct S-CO cycles. The difference
is that hypothetically we have the same medium in the in-direct S-CO, power cycle, when
in general we have a different media due to leakages [27] or chemical processes and corrosion

that may occur during the cycle operation. [37]
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Figure 3.2: The critical point for the binary mixture - 99 % of COs.

3.2 Description of Mixtures

The previous research was focused on the effect of specific binary mixtures on the cycle
efficiency. One of the research focused on the effect of small amount of He and Air on the
cycle. [27] The He was considered as the hypothetical substance for the detection of leaks.
The second mixture was Air which is a hypothetical impurity from leaks. Another research
was focused on mixtures in SFR (Sodium cooled fast reactor). The substances that were
considered were, He, Ar, Ny and O,. [28] Other potential substances are Kr and Xe. H,S is
also considered as substance for mixtures. [29]

Other substances such as CO or CHy; may also be present in the mixtures for the
transport, see Table 3.1. The idea is, that this medium with CCS can be used as working
medium for the S-CO5 power cycles. [35], [A.5] For this reason, these substances were also
included in the research. There are another substances which has an effect on working
medium, for example water or SO,. Hypothetically propane, methane, butane and many

other substances may also occur. [38,39]
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Table 3.1: Recommended composition of the mixture for the transport. [35]

Component | H,O | H,S | CO |CH, | N, | Oy | Ar H, CO,
[ppm] [vol.%*] [vol.%*] (%]

Pipeline 500 | 200 | 2000 | <4 <4 - <4 <4 | >95.5

Ship/truck | 50 200 | 2000 | <0.3 | <0.3| - | <0.3]<0.3] >99.7

*all condensable gases

Basically, every mixture is a multicomponent mixture which has more different sub-
stances. Some multicomponent mixtures are shown in Table 3.2, but these are only a hypo-

thetical mixtures that may occur.

Table 3.2: Multicomponent mixtures. [A.7]

Air | M-I | M-11I | M-H | Air-H | M-IH
[mole %]

CO; [ 99.0 | 99.7 | 97.1 | 98.5 98,0 99.72
Ar | 0.01 | 0.03 | 0.66 - 0.01 0.03
Ny, [0.78 ] 0.03 | 0.66 - 0.78 0.03
0, | 021 - - i 0.21 i
H, - 0.03 | 0.66 - - 0.03

CH, - 0.04 | 0.65 - - 0.04

H,S - 0.02 | 0.02 1 1 -
CcO - 0.15 | 0.25 - - 0.15
He - - - 0.5 - -

The main issue is that it is impossible to predict the exact composition of mixtures,
even if the input working medium is known. For this reason, the research on mixtures is very
complicated. However, we know which substances may occur in the working medium. Each
substance has a different effect on components and the cycle. Therefore it is desirable to
describe the effect of the individual substances. The effect of hypothetical multicomponent
mixture is than the combination of effects of each substance which occur in the mixture.

For this reason, research in this thesis is focused on the basic binary mixtures with
CO,. The substances that were investigated are: [A.6,A.8]

e Helium
e Argon
e Oxygen

e Hydrogen
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e Nitrogen

e Carbon monoxide
e Hydrogen sulfide
e Methane

e Krypton

e Xenon

e Sulfur dioxide

3.3 Description of Substances

The S-CO, power cycle operates prartly in the area of critical properties. Especially,
the compressors operates very close to the critical point. [3,5] The supercritical region is
located above the critical pressure and temperature, see Figure 2.1. At the critical point, the
properties of liquid and gas are equal, and there is no difference between these states. Above
the critical temperature a substance may exist only in the gas phase, however, the properties
are close to the liquid phase. The critical temperature is defined as the highest temperature
at which substance may exist in the liquid state. At the same time at the critical point,
the molar volume of the liquid phase can not be greater than the critical volume and the

condensation heat at the critical point is zero, see equation 3.1. [40,41]
0 0?
N I (3.1)
Vi ) ov2 ).

The critical points of investigated substances are shown in Figure 3.1. The range of
the critical temperatures is from -300 to 400 °C and the range of the critical pressures is
up to 20 MPa. The critical point of mixtures differs. However, this change differs for each
substance and its fraction. It also important whether it is a binary or a multiple-component
mixture. The critical points for binary mixtures with 99 % CO, purity are shown in Fig-
ure 3.2. It can be seen, that the temperature and pressure of the critical point of the binary
mixtures are is similar, except for HoO and He. However, even such small change can affect

the compression process and therefore the entire power cycle.
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3.4 Properties of Mixtures

The most important information for calculation of power cycle are properties of working
fluid. There are many different table values of different properties. The data are then used to
built equations of state, that describe the behaviour of the substances. This applies to both
pure substance and mixtures. For proper application of data for calculation it is necessary to
understand each EOS and define which EOS is the best for the investigated mixtures [40-42].

3.4.1 Equation of State

The equation of state is necessary for calculation of substances behaviour. The equa-
tion of state describes the relationship between the pressure, temperature and volume of a
substance. The state behavior is primarily conditioned by interactions between molecules.
The equation of state must meet the conditions resulting from the theoretical concepts and
the experimental facts. The first condition is that for the low pressures, Equation 3.2 must
result from the equation of state. The second condition is that Equation 3.1 must apply at
the critical point. The third condition is that for subcritical temperatures there must be at
least three positive values of the molar volume for each pressure value. The EOS for pure

gas is defined as Equation 3.3. [40]

lim PV = lim PV = RT (3.2)
P—oo d—00
PV = NR,T (3.3)

where is R, universal gas constant (8315 J/mol K). The relationships between P, V and
T of the real gas pose a more complex problem and other equation of state must be used,

e.g. Equation 3.4.

PV = ZNR,T (3.4)

where Z is the compressibility factor. The compressibility factor can be determined from the
EOS. The most accurate expression of the compressibility factor is from the EOS used in

the form of an infinite series, according to Equation 3.5. Equation 3.5 is a virival equation
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of state. The B(T), C(T), D(T), etc. are function of temperature and are defined as the

virial coefficients. [40]

This applies to both pure substances and mixtures. In the case of mixtures, it is
necessary to define other parameters as well. The characterization of the components of the
mixture is performed via mole fraction of species i (x;) Equation 3.6 and mass fraction of
species i (Y;) Equation 3.7 [42].

NI he s
Xi = N1+N2+NZ - Ntot’ Xi = (36)

i

m; my

Y; = = , YV,=1
my + mo + ...Mm; Mot Z <3‘7>

where, N; is the number of molecules and m; is the mass of molecules.

The prediction of the relationship of P, V and T for the gas mixture is based on
two models. Dalton’s law of additive pressure and Amagat’s law of additive volumes [42].
Both laws are exact for ideal gas mixture, but only approximate for real gas mixtures. The
relationship for real gas mixture can be done with more complex equations of state or by the
use of the compressibility factor Z, according to Equation 3.4. The compressibility factor Z

for mixture is defined as follows. [40]
k
L = Z YiZi (3.8)
i=1

The Dalton’s law of additive pressure: the pressure of a gas mixture is equal to the
sum of the pressures each gas would exert if it existed alone at the mixture temperature and
volume. [42]

The Amagat’s law of additive volume: the volume of a gas mixture is equal to the sum
of the volumes each gas would occupy if it existed alone at the mixture temperature and
pressure. [42]

The ideal gas equation of state is very simple, but the range of applicability is limited.
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However, it is useful for prediction of behaviour of a substance accurately over a large range
of parameters. The equation of state will be naturally more complex for cases of mixtures.
There are currently dozens equations of states. The most commonly used equation is the

Van der Waals equation, see Equation 3.9. [40,42]

(P + %) (V —b) = RT (3.9)

This equation of state describes very well state behaviour, but a quantitative description
of state behaviour of gas is not very reliable. The compressibility factor for Van der Waals

equation of state is 0.375. The constants a and b are calculated according to Equation 3.10.

27 (RT,)* RT,
— 2l _ e 3.10
“T Teap, "=3h (3.10)

For calculation of CO, properties a different equations of state is more suitable. These
are the REDLICH - KWONGO, the REDLICH-KWONG-SOAVE, the PENG-ROBINSON,
the BENEDICT-WEBB-RUBIN-STARLING and the PATEL-TEJA, see below. [40,42]

The REDLICH - KWONGO (RK) equation of the state, see Equation 3.11, has the

constants a and b are calculated according to Equation 3.12. [40,42]

a

P+——" | (V—b)=RT 11

e (3:11)
275/2 T.

o — 042787 b= 0.0867RP (3.12)

Another equation of state is the REDLICH-KWONG-SOAVE equation (SRK), Equa-
tion 3.13. The constants a and b in the SRK equation are calculated according to Equation
3.14. [40,42]

a
Pi— % |(v_p=gRT 3.13
[ +V(V+b)}( ) (3.13)
—()4278RQTC2 b—()0867RTC (3 14)
a=0. p =0 2 :
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The next equation of stage is the PENG-ROBINSON equation of state, Equation 3.15.
The constants a and b in the PR equation are calculated according to Equation 3.16. The
commercial softwares also use other equations of state, for example the BENEDICT-WEBB-
RUBIN-STARLING (BWRS) or the PATEL-TEJA (PT) and others. The PR and the SRK
EOSs are more accurate predictions of properties than other similar equation for COy and

the respective mixtures. [3]

a
P —b)=RT 1
T P (3.15)
—04278R2T02 b—007780RTC (3.16)
a=0. p o b=0 P .

All of the above equations are equations of state which were developed for pure gas. In
the case of mixtures, we can use these EOSs, which have been described above. But, these
EOSs are not entirely correct to describe the behavior of the mixtures. Because, the state
behavior is primarily conditioned by interactions between molecules. However, in the case
of mixtures, consideration must be given to interactions between the same molecules and
the molecules of the different substances between them. The EOSs have to be modified for
the mixtures. The modification of the EOSs is done using constants a and b, for example,

according to Equation 3.17. [40]
n 2 n
- (z y/) =S 317)
i=1 i=1

Equation 3.17 defines constant a and b of the Van der Waals equation of state. The
same principle can be used for other EOSs, for example Equation 3.18. [40]

Ay = Z Zyiyj (aiaj>1/2 om = Z Yibi (3.18)
i=1

i=1 j=1

Equation 3.17 defines constants of the REDLICH - KWONGO equation of state.
Where, the constants y, a and b defines interactions between the same molecules and the

molecules of the different substances.
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3.5 Source of Data

The accurate thermo-physical properties of pure CO5 are known [34,43]. However, the
property database for mixtures is limited and not available for all the mixtures encountered
in the real scenario. [33] It is possible to use the existing equations of state, which were
written and verified on the real data. [44-47]

For the thermodynamic calculations of the power cycle and the heat exchangers this
work used the programming language Python. In the current investigation the properties
of gases and mixtures was estimated using the NIST Reference Fluid Thermodynamic and
Transport Properties database, Version 9.1. [48] and Open-Source Thermo-physical Property
Library CoolProp. [49] The equation TREND 2.0 [44] was applied at the same time. To

control the CO, mixtures with low concentrations of other substances.

3.6 Summary

The issues of the impurities and mixtures with CO, is great and very important for
correct understanding of the effect of mixtures on the S-CO, power cycle, as can be seen from
the foregoing description of the mixtures. The EOSs can be used for calculation, but the
molecular interaction for each substance and between the substances has to be considered.
For research in this thesis fluid thermodynamic and transport properties databases, which

have been developed for both pure substances and for mixtures was used.
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Chapter 4

Supercritical Carbon Dioxide Cycle

This chapter is focused on the detail description of the S-CO, power cycles. Basic cycle
layouts will be introduced. The detail description of the cycle layouts is necessary for future

understanding of calculation of the effect of mixtures on the S-COy power cycles in this thesis.

4.1 History of S-CO, Cycle

The first research on the use of CO4 cycles appears in the first half of the 20th cen-
tury. [4] During this research the interesting properties of CO5 were identified, but because of
the imperfections in construction and materials it has never been tested in practice, despite
the broad research on the cycles with supercritical CO5. With the advent of the modern
technology, new materials lead to reconsider the use the of the S-CO5 power cycles in the

new reactors and subsequently in solar and geothermal power plants as well.

4.2 Basic S-CO, Cycle Layouts

The S-CO, power cycle is a gas power cycle derived from the Ericsson-Brayton cycle,
which offers many different layouts for solar, geothermal, nuclear power plants or waste heat
recovery systems. Each layout tries to approach the Carnot cycle and its efficiency. The

basic layouts considering the use of S-CO, are following: [4, 5, 50]

e Simple Brayton cycle
e Re-compression cycle
e Pre-compression cycle
e Split Expansion cycle
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e Partial Cooling cycle

The Brayton cycle consists of a compressor (C) for isentropic compression, a turbine
(T) for isentropic expansion. It also consists of a cooler (CH) and a heat source (H). The
heat source can be a heater or a combustor or other hypothetical system for heating the
cycle, according to the application. Basically, the heater is a heat exchanger for indirect
S-CO4y power cycles and the combustor is a component for direct S-COy power cycle. To
improve the cycle efficiency the cycles use recuperative heat exchanger, which is used for
heat regeneration.

Every cycle has these basic components. However, the number of components is dif-
ferent, because every cycle layout was developed for a specific application or to eliminate
certain disadvantage of the other cycle layouts. The basic layout of the S-COs power cycle
is the simple Brayton cycle, see Figure 4.1. This cycle is very simple. However, the cycle
layout is very problematic due to the pinch point in the heat exchanger (RH). On the other

hand the thermal efficiency is improved by introducing the recuperator.
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Figure 4.1: T-s diagram and cycle layout of the Simple Brayton cycle

The Re-compression cycle is shown in Figure 4.2. The difference between the simple
Brayton cycle and the the Re-compression cycle is the additional compressor and the recu-
perative heat exchanger. The Re-compression cycle is more complex. The main difference
or benefit lies in dividing the flow before cooling into two streams. One stream goes through
the cooler to the main compressor and the second stream goes through the re-compressor.
This design has an effect on the recuperative heat exchangers (LTR) and (HTR) and the
problem with the pinch point in the (LTR) is eliminated, due to mass flow alteration on the
hot side. The flow split has to be properly selected.
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Figure 4.2: T-s diagram and cycle layout of the Re-compression cycle

The Pre-compression cycle is shown in Figure 4.3. The number of components is the
same as for the Re-compression cycle. However, the Pre-compression cycle has only one
stream. The main advantage of the Pre-compression cycle is in different inlet pressure to
main compressor and the turbine outlet pressure. The turbine outlet pressure is thus in the
Pre-compression independent on the compressor inlet pressure. At the same time pinch point

is avoided by pressure increase between the recuperative heat exchangers.
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Figure 4.3: T-s diagram and cycle layout of the Pre-compression cycle

The Split Expansion cycle is very similar to the Re-compression cycle. The Split Expan-
sion cycle has two turbines (T and T5). The Split Expansion cycle is shown in Figure 4.4. The
second turbine is used in order to decrease the pressure of the heat source. The stresses are
thus decreased. Other benefits are similar as for the Re-compression cycle. The pinch point
is avoided. On the other hand cycle efficiency is slightly lower than for the Re-compression

cycle.
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Figure 4.4: T-s diagram and cycle layout of the Split expansion cycle

The Partial Cooling cycle is the last basic cycle layout considered. This cycle has three
compressors (Cy, Cy and Cs) and two coolers (CH; and CH,), the other components are
the same as for the other cycle layout. The Partial cooling cycle is shown in Figure 4.5. This
cycle is very complicated. It is a hybrid between the Pre-compression and the Re-compression
cycles. The benefits of both cycle layouts are integrated in this cycle layout.
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Figure 4.5: T-s diagram and cycle layout of the Partial Cooling cycle

4.3 Advanced S-CO, Cycle Layouts

With growing interest in the use of S-CO, power cycle new cycle layouts were developed
for many applications around the world. These new cycle layouts are developed for special
applications.

One of them is a modification of the Partial cooling cycle. The modification improves
regeneration. The Partial cooling with improved regeneration is very similar cycle layout as

for the Partial cooling cycle. The main different is in the cooler, which is made up of three
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streams. This heat exchanger increases the heat removal from the cycle.

Each application needs different cycle layout, because the benefits are different for
different applications. With increasing interest in waste heat recovery systems, cycle layouts
with multiple heaters were developed. [51-53] These cycles have a better heat utilization,
which is important for this application. In addition, these cycle layouts can be used for other
application with multiple heat sources, for examples fusion power reactor [54-57]. It appears,
that S-COq power cycle is a very interesting cooling system for this application. [A.9]

Some of the advanced S-COs power cycles are following:

e Dual Heater cycle
e Cascade cycle

e Kimzey cycle

One of the advanced cycle layout is the Dual Heater cycle. [58] The Dual heater cycle
is shown in Figure 4.6. The Dual heater cycle is based on the Simple Brayton cycle, Fig-
ure4.1. Compared with the Simple Brayton cycle, the Dual heater cycle uses two heat sources.
The two heaters have the effect of higher utilization of the heat source. Simultaneously, for
this layout the disadvantages of the S-CO4 cycle are eliminated. Mainly the pinch point is
eliminated due to the divided mass flow to the RH and H;. It is obvious that this cycle is
very simple cycle with minimum numbers of components. However, due to the use of two

heat sources it achieves high performance.
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Figure 4.6: T-s diagram and cycle layout of the Dual Heater cycle

The Cascade cycle [58,59] shown in Figure 4.7 is a very interesting cycle. It consists
from two S-CO; cycles which are arranged in parallel. There can be many modifications of
this cycle layout. It can use different cycle layouts (for example the Simple Brayton cycle and
the Re-compression cycle or two Simple Brayton cycles). This depends on the application

and parameters of the heat source. Figure 4.7 shows cycle layout of a Cascade cycle for two
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heat sources H; and H,. One heater is used for one of the cycle and second heater is used
for the second one. The pinch point is eliminated due the division of mass flow for heaters

and turbines. There is also increased utilization of the heat source.
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Figure 4.7: T-s diagram and cycle layout of the Cascade cycle

The next cycle layout is the Kimzey cycle. [9] It is shown in Figure 4.8. The Kimzey
cycle consists from two compressors (C; and C,), two turbines (T; and T5), two recuperative
heat exchangers (LTR and HTR), two coolers (CH; and CH;) and two heaters (H; and
H,). This cycle layout is a combination of the other cycle layouts. It is obvious that this
cycle is very complicated, however this layout is one of the best cycles for multiple heat
sources. It achieves high utilization of heat source. Simultaneously, for this layout the pinch

point is eliminated due to the division of mass flow between the H; and Hs.
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Figure 4.8: T-s diagram and cycle layout of the Kimzey cycle
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4.4 Summary

It is evident that the basic cycle layouts for S-CO4 power cycles have many differences.
The differences are in number of the components, in divided stream and design of the compo-
nents. Furthermore, there are a plethora of other cycle layouts. The many of the new cycle
layouts were patented. [10,60,61] However, detail design and optimization for specific appli-
cation, parameters and cooling medium is necessary for all cycle layouts. The description of
all cycle layouts is impossible to show in this thesis. However, the effect of mixtures on the
power cycle can be shown on the basic cycle layouts, as will be seen in next chapters. For
this reason, the effect of mixtures on the power cycle will be shown on the Re-compression,

the Pre-compression and the Split Expansion cycle in this thesis.
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Chapter 5

Goals of Thesis

The Chapter 2, 3 and 4 showed the overall view of current research of COy, current
research of mixtures with CO45 and the cycles layout. Several goals can be defined according
to previous chapters. The goals of thesis are following.

The main goal of this research is the detail description of the effect of mixtures on the
S-CO, power cycle, to identify the substances with negative or positive effect on the cycle
and the components and to define the maximum amount of the second substance in COso,

with still acceptable impact on the cycle.

The other goals of the research are following;:

e The physical description of the effect of mixtures on the components - compressor and

turbine.
e The description of the effect of mixtures on the pinch point.

e The description of the effect on the heat exchanger type (cooler, heater and recuperative

heat exchanger).

e The description of the effect of the compressor inlet temperature on the cycle efficiency

and cooling of the cycle.

e The techno-economic evaluation for specific application.
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Chapter 6

Effect of Impurities on the S-CO»

Power Cycle Performance

This chapter is based on the previous chapters and describes of the calculation of the
S-COy power cycles. It focuses on the cycle layouts from Chapter 4, especially on the Re-
compression, the Pre-compression and the Split Fxpansion cycle layouts. It means, the cal-
culations of the S-COy power cycle were performed for the close Brayton S-CO, power cycle
(In-direct S-COy power cycle). This chapter is divided to two part. The first part is focused
on the description of calculation and description of calculation code. In the second part the
results from calculation of the S-COy power cycle for boundary condition will be presented.

The result of this chapter is the detailed description of the effect of mixtures on the cycle
efficiency.

6.1 Description of Calculation

The Carnot cycle has the highest thermal efficiency for heat engines which are operating
between the same temperature levels. The Carnot thermal efficiency is defined according to
Equation 6.1, where T, is the temperature of low temperature site and Ty the temperature

of high temperature site. [42]

NCar = 11— == (61>

The closed Brayton gas cycle consists of four internally reversible processes. [42,50] The
first process is the isentropic compression, the second is the isentropic expansion, the third
is the constant-pressure heat addition and the fourth is the constant-pressure heat rejection.

The processes are shown in Figure 6.1.
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Figure 6.1: T-s diagram and P-v diagram for ideal gas cycle

The Figure 6.1 represent the ideal Brayton cycle. The thermal efficiency is defined
according to Equation 6.2. [42]

_ Pnet _ Qout
Neh =1-

(6.2)

where Q;,, is total the heat input, Q,.; is total heat output and P,.; is the net power. The
net work P, is defined according to Equation 6.3. [42]

Pnet = Ptu - PC (63)

where Py, is turbine output power and P, is compressor input power. The Q;, and Q.
defined, according to Figure 6.1, as Equation 6.4. The total heat input and total heat output
is between point 2-3, respectively 4-1. [42]

Qin - mcp(Tg — Tg) = m(h3 — hg), Qout = me(T4 — Tl) = m(h4 — hl) (64)

where 1 is mass flow and C, is the heat capacity at constant pressure. The processes
between point 1-2 and 3-4 are isentropic compression or expansion respectively. Where & is
Poisson constant.
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The pressure ratio is defined according to Equation 6.6. Where P5 is the higher pressure
level (i.e. the turbine inlet pressure, if pressure drops are not considered) and Py is the lower

pressure level (i.e. the compressor inlet pressure).

Ra = —=
a 2

(6.6)

The real Brayton gas cycle differs from the ideal Brayton cycle. The important thing is
that the real compressor work will be higher, and the real turbine work will be lower because
of the irreversibilities, see Figure 6.2.
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Point 2id - 147.4 C R —— Real expansion
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Entropy [kJ/kgK] Entropy [k]/kgK]

Figure 6.2: Ideal and real compression and expansion

The real compression and expansion are defined according to Equation 6.7, where h;
is ideal state and h, is real state. The turbine and the compressor efficiency is used for the
calculation of work. [42]

hai — Iy _ hy — Dy,

=T — s T M 6.7
b= T hy—ha o7

To increase the cycle efficiency the recuperative heat exchanger is used. This is usually
a countercurrent-flow heat exchanger. The recuperator effectiveness mpe. is used for the
calculation of regeneration, and is defined according to Equation 6.8. [42]

hs — hq
hy — ho

Nrec =

(6.8)
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6.1.1 Description of the Calculation Code

The calculation is made using the calculation code. The code was writen for calculation
of the S-CO5 power cycle and for calculation of the components. The code was written in the
Python programming language. The Python is an open-source language for programming.

The code was written using equations defined in chapter 6.1. The equations were con-
verted to Python programming language. The code for calculation was written in version 2.7.
The part of the code is in the Appendix B. The code in appendix is the part for calculation
of the compressor and the turbine. Both codes have a similar syntax. The simillar parts were
written for each component in the cycle. The code uses individual parts using the equations
defined in the previous chapter for calculation. The code syntax optimizes the cycle with
using the input and the boundary conditions. The minimum AT and the equation for finding
the pinch point are also defined in the code [A.2,A.3]. The code calculates the possible cycles
according to the input and the boundary conditions and is looking for the most appropriate
result. It is possible to calculate the cycle and optimize each parameters or only some pa-
rameters, as the turbine pressure and the pressure ration or the cycle efficiency.

The most important part of the code is the source of gas and mixture properties, accord-
ing to Chapter 3. The source of gas and mixture properties used was NIST Reference Fluid
Thermodynamic and Transport Properties database, Version 9.1. [48] and CoolProp [49]. The
CoolProp is the open-Source Thermo-physical Property Library. The PropSI is a command
to call tables from NIST or CoolProp. The code used both databases for thermodynamic and
transport properties. Because, CoolProp can be used only for pure and pseudo-pure fluid. In
the case of calculating the cycle with mixtures, other tables have to be used. The equation
TREND 2.0 [44] was applied at the same time.

6.1.2 Boundary Conditions

The boundary conditions are very important information for the calculation. The main
input parameters are the compressor inlet temperature Ty, the efficiency of the turbine 7,
and the efficiency of the compressor n.. The calculation was carried out for parameters
from Table6.1. [A.8§]

The first part of research is the thermodynamic calculation of the basic cycle layouts.
The r was considered 1 kg/s, as specific conditions. The m. and 1, were selected as
realistic, which the real compressor and turbine for S-CO, application may achieve. However,
selection of the efficiencies have small or no effect on the general impact of mixtures on the

cycle thermodynamic.
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Table 6.1: Boundary conditions [A.7,A.§]

Compressor inlet temperature T, 34 [°C]
Turbine inlet temperature T, | 550
Turbine efficiency Mo | 0.79
Compressor efficiency ne | 0.68 -
Recuperator effectiveness MNreg | 0.9
Mass flow m | 1.0 | [kg/s]

The investigated variables are the turbine inlet pressure P, and the compressor pressure
ratio Ra. The pressure drops were not considered in this case. The Ra was examined within
the range from 1.5 to 3.0. The P, was examined in the range from 15 MPa to 30 MPa. The
best cycle conditions may hypothetically be located outside of these boundary conditions.
However, the effect of mixtures will still have the same trend. The reference case is the pure
COg3. The results of calculations were compared to the reference case with pure CO,. The

investigated parameter is the cycle efficiency nyy,.

6.2 Results of Calculation

The investigated mixtures are binary mixtures, with the fraction of the second substance
up to 5 %. The results ot the analysis show the effect on the cycle efficiency, i.e. whether the
cycle efficiency increases or decreases. The difference of cycle efficiency between pure COq

and mixture was calculated according to Equation 6.9. [A.8] The unit of An is %.

A?] = Nmizture — TlpureCO4 (69)

The total cycle efficiency for the re-compression and the pre-compression cycles are
shown in Figure 6.3 and Figure 6.4. [A.8] The maximum cycle efficiency for the re-compression
cycle for the boundary conditions, from Chapter 6.1.2, is 33.44 %. The parameters for the
maximum cycle efficiency are folowing: P, is 27 MPa and Ra is 3.0. However, the total
maximum cycle efficiency can be outside of the boundary conditions (chapter 6.1.2). The
pre-compression cycle has the maximum cycle efficiency 44.44 %. The parameters for the
maximum cycle efficiency are folowing: P is 30 MPa and Ra is 1.65. It is obvious that, the
pre-compression cycle has higher cycle efficiency for the same boundary conditions. However,

the parameters for the maximum cycle efficiency are different.
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Figure 6.3: The cycle efficiency of the Re-compression cycle.
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Figure 6.4: The cycle efficiency of the Pre-compression cycle.

The effect of mixtures is shown in Figure 6.5 and Figure 6.6. [A.8] The results are for
1% of impurities (Ar and He). The negative effect is observed for both substances, but He
has a higher negative effect, which is about -3.75%. The decrease of the cycle efficiency is
-2.63% for Ar. The area, where the biggest decrease of cycle efficiency is observed, is the

same for each substance being investigated.
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Figure 6.5: The An - the Re-compression cycle - 1% of Ar.
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Figure 6.6: The An - the Re-compression cycle - 1% of He.

A very similar result are obtained, if the amount of the second substance is increased.

The results for 5 % of impurities are shown in Figures 6.7 and 6.8. [A.8] The decrease

of cycle efficiency for each mixture increased approximately twofold. Apparently, there is

a dependence between the amount of the second substance and the decrease of the cycle

efficiency.
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Figure 6.7: The An - the Re-compression cycle - 5% of Ar.
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Figure 6.8: The An - the Re-compression cycle - 5% of He.
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The difference between the cycle efficiency is shown in Figure 6.9. The difference is
shown for Ar, He, Oy and H,S. It is evident, decrease/increase of cycle efficiency shows a
dependence on the concentration of CO,. The difference between the cycle efficiency appears
to be linear, for contrecation of COy from 100 % to 99 %, except HyS. The increase of cycle

efficiency for HyS appears to be linear for all contrecation of CO,. The decrease of the cycle
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efficiency can be approximated by exponential function. Conclusion can be drawn, which
describes the maximum amount of a secondary substance, which has a minimum effect on
the cyclic efficiency. The optimum amount of the second substance is up to 1 %. For this
amount the negative effect of binary mixture is small. [A.8] Also, decrease of the concentration
of CO, can have a negligible effect on decrease of the cycle efficiency for He and concentration
of CO5 under 90 %.

The results in Figure 6.9 are for the Re-compression cycle with the pressure ratio of 2.6,
the turbine inlet pressure 20 MPa, mass flow rate 200 kg/s and power of 38 MW. The power
is constant for all cases and all substances.

Cycle efficiency [%]

20 92 94 96 98 100
Concentration of CO, (mol %)

Figure 6.9: The cycle efficiency for the Re-compression cycle.

Most the investigated substances have always a negative effect on the cycle efficiency.
Three substances HyS, Xe and SO, have a positive effect on the cycle efficiency see Figure 6.10
and Figure 6.11. [A.8] The results are for HoS and Xe.

The cycle efficiency increased when these substances were added. The maximum in-
crease of the cycle efficiency was 0.47 % for HyS and 0.26 % for Xe. In addition, it is obvious
that the increase occurs in the same area, where the decrease occurs for other substances.
The same results can be observed for the case with higher fraction of the second substance,
as in Figure 6.7 and Figure 6.8. The results for 5 % of HyS and Xe in S-CO, are shown in

Figure 6.12 and Figure 6.13. The effect of HyS and Xe on the cycle efficiency is positive and
has linear dependence, see Figure 6.9
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Figure 6.10: The An - the Re-compression cycle - 1% of H,S.
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Figure 6.11: The An - the Re-compression cycle - 1% of Xe.
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Figure 6.12: The An - the Re-compression cycle - 5% of H,S.
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Figure 6.13: The An - the Re-compression cycle - 5% of Xe.

The Pre-compression cycle has a very similar results for each substance. The negative
effect on the cycle efficiency is for Ar and He it is shown in 6.14 and Figure 6.15. The positive
effect is for HyS and Xe it is shown in Figure 6.16 and Figure 6.17. [A.§]

The similar results can be observed. The maximum decrease/increase of the cycle

efficiency occurs in the same area as for the re-compression cycle. The area with maximum
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decrease/increase can be found for each cycle layout and for each binary mixtures. The He
has a higher negative effect, which is about -6.04%. The negative effect for Ar is -4.18%. The
HsS has the biggest positive effect on the cycle efficiency, for the investigated substances.
The positive effect for HyS is 0.71% and for Xe is 0.33%.
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Figure 6.14: The An - the Pre-compression cycle - 1% of Ar.
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Figure 6.15: The An - the Pre-compression cycle - 1% of He.
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Figure 6.16: The An - the Pre-compression cycle - 1% of HsS.
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Figure 6.17: The An - the Pre-compression cycle - 1% of Xe.

The last investigated cycle layout is the split expansion cycle. The cycle layout of
the spilt expansion cycle is very similar to the re-compression cycle. The results may be
essentially the same as for the re-compression cycle for this reason. The results for the split
expansion cycle are shown in Figure 6.18 and Figure 6.19. These results are for Ar and He,
i.e. substances with negative effect on the cycle efficiency. The positive effect of HoS and Xe

is shown in Figure 6.20 and Figure 6.21.
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Figure 6.18: The An - the Split expansion cycle - 1% of Ar.
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Figure 6.19: The An - the Split expansion cycle - 1% of He.

The negative effect for He is -3.39% and for Ar is -2.38%, see Figure 6.18 and Figure 6.19.
The negative effect is very simillar as for the re-compression cycle. The negative effect is
-3.75% for He and -2.63% for Ar. The H,S has again the biggest positive effect on the cycle
efficiency. The positive effect for HyS is 0.43% and for Xe it is 0.24%. The positive effect for
the re-compression cycle is 0.47% for HyS and 0.26% for.
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Figure 6.20: The An - the Split expansion cycle - 1% of H,S.
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Figure 6.21: The An - the Split expansion cycle - 1% of Xe.

The effect of the mixtures is quite small for the split expansion cycle. It is evident that
the results of the re-compression and the split expansion cycles are very similar. The reason
is lies in similar cycle layout. [A.7,A.8] The only difference is that the split expansion cycle

has the second turbine to reduce the pressure stress on the heater.
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The results of the effect of the mixtures on the cycle efficiency are similar for each cycle
layout from Chapter 4. The largest negative effect on the cycle efficiency is caused by He,
followed by Oy and CO, see Table 6.2. The largest positive effect on the cycle efficiency is
caused by SO, followed by H,S and Xe. The results in Table 6.2 were obtained for 1%
fraction of impurity. It was pointed out that the maximum effect on the cycle efficiency
occur in the area where the cycles achieve the highest efficiency for pure CO, (for boundary
conditions from Table 6.1 [A.7] ).

Table 6.2: The maximum effect on the cycle efficiency. [A.7]

NpureCO; Rec Pre Split
[%] 33.44 | | 44.44 | [ 29.83
An [%] [%%] [%]
He -0.9 -1.3 -1.0
H, -04 -0.9 -0.5
CO -0.5 -1.0 -0.52
O, -0.56 -1.1 -0.6
Ar -0.36 -0.8 -0.4
N, -0.39 0.9 -0.42

CH, -0.24 -0.6 -0.26
H-,S 0.04 0.14 0.06
Xe 0.036 0.08 0.04
Kr -0.23 -0.7 -0.25
SO, 0.16 0.25 0.2

The similar dependence as for binary mixtures can be observed for all mixtures, as well
as multi-component mixtures. [A.7, A.8] The effect of the multi-component mixtures will be
described in Chapter 8.

6.3 Conclusion on the Effect of Impurities on the S-CO,

Power Cycle Performance

The impurities have an effect on the S-COy power cycle performance as was shown in
this chapter. It is possible to derive the conclusion that all investigated substances, except for
H,S, Xe and SO, have a negative effect on the cycle and the cycle efficiency, as was shown in
Figure 6.9 and Table 6.2. This effect is different for each cycle layout. The decrease/increase

of cycle efficiency is appears to be linear (HyS, Xe and SO;) or approximately exponencial
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with depends the operating parameters, substances and cycle layouts [A.7, A.8].

The reason for the biggest decrease/increase of the cycle efficiency in the respective
areas can be explained by the properties of CO, and its mixtures, due to changes of prop-
erties near the critical point. The critical point, temperature and pressure is changed for
each mixture, as shown in Figure 3.1. With the shift of the critical point, the area near
the critical point also changes. This subsequently affects the cycle performance. According
to Equation 6.2 for calculating the cycle efficiency, it is obvious, that the most influencing
parameter is the compressor power. The required compression power will change depending
on the position to the critical point. The description of the compression power will be show
in next chapter.

The results of the effect of the mixtures on the S-COy power cycle performance are
published in papers: Effect of Multicomponent Miztures on Cycles with Supercritical Carbon
Diozide [A.7] and Effect of Gaseous Admiztures on Cycles with Supercritical Carbon Dioz-
ide. [A.8]
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Chapter 7

Effect of Mixtures on the Cycle

Components

As shown previously, the effect of impurities on the cycle efficiency is not negligible. It
should be considered when designing the S-COy cycle. The largest negative effect on the cycle
efficiency is caused by He, followed by Oy and CO, see Table 6.2 in Chapter 6. As shown
i the previous chapter, some substances have a positive effect on the cycle efficiency. The
largest positive effect on the cycle efficiency is caused by SO, followed by HyS and Xe. The
effect of each substance can be observed regardless of the cycle layout.

The mixtures have an effect on each component of the cycle. The cycle efficiency, defined
by to Fquation 6.2., is strongly effected by component performance, especially the compressor
and the turbine, which determine the net power of the cycle. The cooler and heater, which
determine Q;, and Q..:, are also important. For this reason, a detailed description of the
effect on individual cycle component is necessary.

This chapter shows the effect on each individual cycle component. The first part is
focused on the descritpion of the effect on the compressor performance and the turbine per-
formance. The second part shows the effect on the heat exchangers, esspecially on the recu-
perative heat exchanger, the cooler and the heater. The results are for the same boundary

conditions as in Chapter 6, see Table 6.1.

7.1 Effect of Mixtures on the Compressor Performance

Compressor is the most important component for the S-CO4 cycles. The reduction of
compressor work due to its operation near the critical point was shown in Figure 2.2. This
has a significant effect on the cycle efficiency and net power. However the compressor design
is quite complex. The problem for the compressor design is the large changes in CO, proper-

ties close to critical point. The power consumption needed for compression of CO, increases
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as the compressor operation range moves away from the critical point. For this reason, the
optimization and design of the compressor operation point is necessary.

Figure 7.1 and Figure 7.2 show compressor power for compressor number 1 and com-
pressor number 2 in the re-compression cycle, see Figure 4.2. The boundary conditions are
based on Table 6.1. From these figures the difference of compressor power is obvious. For
the case with the maximum cycle efficiency (the pressure P, is 27 MPa and the pressure
ratio Ra is 3.0) the compressor power of compressor number 1 is lower than the compressor
power of compressor number 2. The compressor number 1 (the main compressor) has lower
power because it operates closer to the critical point, while, the compressor number 2 op-
erates far away from the critical point. In the area where the properties are already not so
favorable. [A.10]
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60.046kW
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2.50 - 45.0
2.25 - 37.5
N - =
< 2.00 —+30.0 %
o — a’
1.75 —22.5
1.50 = 15.0
1.25 7.5
1.00 = 0.0

16 18 20 22 24 26 28 30
P, [MPa]

Figure 7.1: The P, no.1 - the Re-compression cycle.

For each investigate binary mixtures a very similar results can be observed as for the
cycle efficiency. Figure 7.3 and Figure 7.4 show the difference between compressor power for
mixtures and compressor power for pure COs, the results are for 1 % of Ar. It is obvious that,
the difference for the compressor number 1 has very similar profile as the cycle efficiency. On
the other hand, the difference for the compressor number 2 is very different. [A.10] This is

due to changes of CO, properties near the critical point of COy and mixtures.
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Figure 7.2: The P, no.2 - the Re-compression cycle.
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Figure 7.3: The AP, no.1 - the Re-compression cycle.
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Figure 7.4: The AP, no.2 - the Re-compression cycle.

Basically, if we consider ideal isentropic compression, this isentropic compression is
defined according to Equation 6.5. A very important variable in this equation is the Poisson

constant k, which is defined according to Equation 7.1.

C, ¢
_Zr _ P Nl
Iﬁ}—CU (7.1)

Cy

Therefore, Equation 7.1 depends on the heat capacity at constant pressure (C,) and the
heat capacity at constant volume (C,). C, and C, also change near the critical point as
other properties of CO,. This changes are shown in Figure 7.5 and Figure 7.6. Based on
the figures, it is obvious that the Poisson constant x will change with the change of C, and
C, This affects the compressor outlet temperature. The real compression has similar results.

The Poisson constant & is shown in Figure 7.7.
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Figure 7.7: The k pure COs.

The P, total for the Re-compression cycle is shown in Figure 7.8. The change of P, is

shown in Figure 7.9. It has a very similar results as for the P. of the compressor number 1.

This again proves the importance and effect of the compressor number 1. Approximately the

same results can be found for other mixtures. The He has the highest negative effect and

H,S, Xe and SO, have the positive effect. [A.10]
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Figure 7.8: The P, total - the Re-compression cycle.

- 40 o

Chapter 7 Section 7.1

54



Study of Power Cycle with Supercritical CO, Ing. Ladislav Vesely

7.2
- 6.4
- 5.6
-4.8
- 4.0 =
- 3.2 %U
-r2.4
- 1.6
- 0.8

- 0.0
16 18 20 22 24 26 28 30

P, [MPa]

Figure 7.9: The AP. total - the Re-compression cycle.

The results for the Pre-compression cycle are similar as for the re-compression cycle,
except for the compressor number 2. The increase of compressor number 2 power has a
similar profile as for the compressor number 1, see Figures 7.10 and 7.11. It results from the

pre-compression cycle layout, according to Figure 4.3.

3.00
77.764kW 75
2.75 o
2.50 56
2.25 — a8
:,; 2.00 40 S
320
1.75
24
1.50
16
1.25 8
1.00 0

16 18 20 22 24 26 28 30
P, [MPa]

Figure 7.10: The P. no.1 - the Pre-compression cycle.
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Figure 7.13: The AP, no.2 - the Pre-compression cycle.

The compressors are arranged in series in this cycle layout. For this reason, the com-
pressor number 2 operates close to the critical conditions, especially close to the critical
temperature. Also, the compressor number 2 operates in the area affected by the critical
pressure, for boundary parameters. Thus, the compressor number 2 operates with similar
parameters as the compressor number 1. Hence, the results are similar for both compressors.
The change of the P, is shown in Figures 7.12 (the compressor number 1) and 7.13 (the

compressor number 2).

7.2 Effect of Mixtures on the Turbine Performance

The turbine is another component, which affects on the cycle efficiency and the net
power. Unlike the compressor a positive effect of mixtures was observed for the turbine
power. However, the increase of the turbine power for all investigated mixtures is negligible.
Nevertheless, it can greatly affect the resulting cycle efficiency and net power. The turbine
power for the re-compression cycle is shown in Figure 7.14. The difference of the turbine
power is shown in Figure 7.15. According to these figures, this positive effect of mixtures is
visible. The results are for 1 % of Ar.
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Figure 7.14: The Py, - the Re-compression cycle.
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Figure 7.15: The APy, - the Re-compression cycle.

The reason why turbine power increase, is again due to the properties of COy. If we
consider the ideal isentropic expansion, it is defined according to Equation 6.5. It can be
observed, that the very important variable in this equation is once again the Poisson constant
K, which is defined according to Equation 7.1. This leads to C, and C,, which have effect
on the Poisson constant k. According to Figure 7.16 and Figure 7.17, it is obvious that
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the change of C, and C, is significantly smaller when compared to the change near the
critical point. However even such a this small change affects the exponent of Equation 6.5,
thereby affecting the outlet temperature of the turbine. The turbine outlet temperature is
smaller. Therefore, more work is done and thus the turbine power increase. In the case of a

compressor, it is the opposite. The Poisson constant « is shown in Figure 7.18.
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Figure 7.16: The C,, of pure COs,.
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Figure 7.17: The C, pure CO..
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Figure 7.18: The x pure COs.

The similar results can be observed for other cycle layouts. Figure 7.19 and Figure 7.20
shows the results for the pre-compression cycle. The increase of the turbine power is sightly
positive. The biggest increase is in the area close to the area of maximum cycle efficiency for

the operation conditions from Table 6.1.

3.00 225
225.357kW
2.75 200
2.50 175
150
2.25
— 125 2
5 2.00 - =
3
4 100 2
1.75 - =
75
1.50 - 50
1.00 0
16 18 20 22 24 26 28 30

P, [MPa]

Figure 7.19: The P, - the Pre-compression cycle.
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Figure 7.20: The APy, - the Pre-compression cycle.
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Figure 7.21: The Py, no.2 - Sthe Split expansion cycle.
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Figure 7.22: The APy, no.2 - the Split expansion cycle.
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Figure 7.23: The Py, no.1 - the Split expansion cycle.
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Figure 7.24: The APy, no.1 - the Split expansion cycle.

Figure 7.21 and Figure 7.22 shows the results for the Split expansion cycle. The results
are for turbine number 2. The result are similar to the Re-compression cycle. This turbine
has the same operating parameters, like the turbine in the Re-compression cycle, except the
turbine inlet pressure. The turbine inlet pressure is lower than that of the Re-compression
cycle. The results for the turbine number 1 are different, but the resulting effect is the same.
The largest increase is in the different area than for the turbine number 2., see Figure 7.23
and Figure 7.24. The results for other mixtures are similar. All investigated mixtures have
the positive effect. He has the larges effect.

7.3 Effect of Mixtures on the Heat Exchangers Design

Other important components of the S-CO4 power cycle are heat exchangers. The S-CO,
power cycle has three different types of heat exchangers, see Chapter 4. The first type of the
heat exchanger is the recuperative heat exchanger (RH, LTR and HTR). The second type
of the heat exchanger is the cooler. The last type of the heat exchanger is the heater, (only
for indirect S-CO5 power cycle). The direct S-CO, power cycle is without heater. The heat
source for this type of S-CO; cycle is a combustion chamber or other direct heat source.

To explain the effect of mixtures on heat exchangers let us use the Re-compression cy-
cle layout. The Re-compression cycle was optimized for the best cycle efficiency in this case
42.1 % and the net power of 16.06 MW. If the working medium for the same parameters and
cycle layout consists of 99 % CO, and 1 % Ar, the cycle efficiency is reduced to 41.76 % and
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the net power to 15.7 MW. The T-s diagram of the re-compression cycle is show in Figure 7.25.
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Figure 7.25: T-s diagram of the Re-compression cycle. [A.10]

The re-compression cycle consists from two recuperative heat exchangers (LTR and
HTR), a cooler and a heater. [5] The most important and problematic heat exchanger is the
recuperative heat exchanger, especially LTR, due to the pinch point issue. The pinch point
is very undesirable in the heat exchanger.

The design of heat exchanger is different for each type. However, all heat exchangers
in the investigated cases are the countercurrent the arrangement. The recuperative heat
exchanger is of PCHE (Printed Circuit Heat Exchanger) type. [19] It is a heat exchanger
with zigzag and semi-circular channels. The prime manufacturer is Heatric (Heatric Divi-
sion of Meggitt UK Ltd). Other heat exchangers are shell and tube. Except for the air
cooler [62] [63], manufactured by ALFA laval, and the heater for exhaust gas for gas turbine

(waste heat recovery systems).

7.3.1 Recuperative Heat Exchangers

As has been previously described, one of the reasons for this research is the possibility
of eliminating the effect of the pinch point in the heat exchangers. Therefore first results are
shown for the recuperative heat exchanger, since they have a major problem with the pinch

point. However, removing the pinch point may affect the cycle efficiency, by reduction of the
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net power. The effect is shown on three different types of heat exchangers (different operation
parameters), where the pinch point occurs. The results are shown on the low temperature
recuperative heat exchangers (LTR), where the pinch point usually occurs.

The first heat exchanger is a recuperative heat exchanger from Figure 2.6. This recu-
perative heat exchanger has the negative AT. The results for this heat exchanger are shown
in Figure 7.26 and Figure 7.27. The AT is the temperature difference between the hot and
the cold side. [A.3] The theoretical negative temperature difference can be removed using
mixtures. [A.2] Each substance has a different effect on the temperature difference. The
effect of the mixtures on the pinch point is opposite compare to the effect on the cycle effi-
ciency and the net power. The highest positive effect on AT has He, the highest negative
effect have HyS, Xe and SOq, i.e. substances that have a positive effect on the cycle. [A.2]
In Figure 7.26 and Figure 7.27, it is possible to observe the effect on the minimum AT, for

recuperative heat exchangers where negative AT theoretically occurs.
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Figure 7.26: The AT for the binary mixture with the pinch point (negative AT).

Figure 7.28 and Figure 7.29 show two recuperative heat exchangers, with different
minimum AT and different pressure 7.6 MPa (Figure 7.28) and 10 MPa (Figure 7.29). These
heat exchangers have the same design as the recuperative heat exchanger from Figure 2.6.
The results for recuperative heat exhcangers with different minimum AT (Figure 7.28 and
Figure 7.29) are slightly different result.
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Figure 7.27: The AT for the binary mixture with the pinch point (negative AT).
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Figure 7.28: The temperature profiles and AT with the pinch point (minimum AT).
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Figure 7.29: The temperature profiles and AT with minimum AT.

The effect of mixtures of the recuperative heat exchanger from 7.28 is shown in Fig-
ure 7.30 and Figure 7.31. The results are for 95 % pure CO,. The results are very similar to
the previous case. He still has the maximum positive effect on increasing the minimum AT
and Xe, HsS and SO, have the effect of decreasing the heat exchanger AT.

The effect of mixtures on heat exchanger AT is different for the third case, see Fig-
ure 7.29. The results are for 95 % pure CO,. The result are shown Figure 7.32 and Figure
7.33. In this case He and other substances with generally positive effect on AT do not have

this effect in the whole range, because there is no the pinch point.
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Figure 7.30: The AT for the binary mixture with minimum AT.
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Figure 7.31: The AT for the binary mixture with minimum AT.
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Figure 7.32: The AT for the binary mixture with minimum AT.
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Figure 7.33: The AT for the binary mixture with minimum AT.
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The above described results are for the recuperative heat exchanger with small AT or
with the pinch point. However, it was a case study to describe the effect of mixtures on
the pinch point in a hypothetical heat exchanger. In the real life it is necessary to focus on
the recuperative heat exchangers in a real power cycle, such as for example the cycle from
Figure 7.25. In this cycle there are two recuperative heat exchangers with the same working
pressures, pressure losses are neglected, but with different temperatures. The first recuper-
ativeheat exchanger is LTR (low temperature recuperative heat exchanger), the second is
HTR (high temperature recuperative heat exchanger). The effects of mixtures on these heat

exchangers are shown in Figure 7.34, Figure 7.35 and Figure 7.36, Figure 7.37.
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Figure 7.34: The AT for recuperative heat exchanger LTR.
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Figure 7.35: The AT for recuperative heat exchanger LTR.
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Figure 7.36: The AT for recuperative heat exchanger HTR.
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Figure 7.37: The AT for recuperative heat exchanger HTR.

It is apparent that the effect of mixtures on AT and heat transfer has the opposite
trend when compared to the recuperative heat exchanger with the pinch point. These results
can be observed for both cases (LTR and HTR). The effect is very small, in the case of
HTR it is almost neglible. The results are for 99 % CO; purity. When the purity is further
reduced, the difference increases but the trend remains the same. The main conclusion for
the recuperative heat exchanger LTR and HTR) is the substance with positive effect on the
cycle efficiency has the positive effect on the AT (increase of AT) and the substance which
has the negative effect on the cycle efficiency has the negative effect on the AT (decrease
of AT). This means that, using the CO2 with substance which have positive effect on cycle
efficiency, the AT in recuperative heat exchanger increase. The AT decrease with substance

which have negative effect on cycle efficiency.

7.3.2 Coolers and Heaters

This chapter investigates coolers and heaters. For coolers the focus is on water and
air cooling. Each cooler has a different design. For water the design is the PCHE heat
exchanger. [19] This is the same type of the heat exchanger as for the recuperative heat
exchanger. However, the PCHE heat exchanger using the different material compared to the

recuperative heat exchanger due to the operation parameters (pressure and temperature).
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Figure 7.38: The AT for water cooler. [A.10]
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Figure 7.39: The AT for water cooler.
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Figure 7.40: The AT for air cooler. [A.10]
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Figure 7.41: The AT for air cooler.

The results for 99 % pure CO, are shown in Figure 7.38 and Figure 7.39, as can be seen
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the results are very similar to the results for the recuperative heat exchanger with the pinch
point. This means that, the substance with the positive effect on the cycle has the negative
effect on the AT (decrease of AT) and the substance which has the negative effect on the
cycle has the positive effect on the AT (increase of AT) [A.2,A.10].

The results for air cooler are very similar. The same trends as for water cooler can be
observed. The results are shown in Figure 7.40 and Figure 7.41 [A.10].

The last type of the heat exchanger is the heater. Two cases of heaters were investigated.
The first case is the heater with He as working medium. The result is shown in Figure 7.42
and Figure 7.43. The results are also for 99 % pure CO5 and the results are the same as for
cooler. This means that the substance with the positive effect on the cycle has the negative
effect on the AT (decrease of AT) and the negative effect on the AT (increase of AT) has

the substance with negative effect on the cycle.
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Figure 7.42: The AT for He heater.
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Figure 7.43: The AT for He heater.

The same results are for heater with exhaust gas from gas turbine (waste heat recovery
systems). The results are shown in Figure 7.44. Again, the substance with positive effect
on the cycle has the negative effect on the AT (decrease of AT) and the substance with
the negative effect on the cycle has the positive effect on the AT (increase of AT). For
this reason, it can be stated that working medium of heat source has a small effect on heat
transfer to mixtures in the S-CO, cycle. However, this conclusion applies only to indirect
S-COy power cycle. In the case of a direct cycle, it will be a completely different effect
because, the heater is not considered due to the different arrangement and direct connection
to the heat source.
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Figure 7.44: The AT for heater (WHR).
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Figure 7.45: The AT for heater (WHR).
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7.3.3 Physical Description of the Effect on the Heat Exchangers

In the previous text different effects of mixtures on the heat exchanger, the compressors
and the turbines performance were observed. The effect is connected to the thermo-physical
properties of COy and mixtures with CO,. However, the results were described only for AT.
The AT is defined from temperature on the hot and cold side. The temperature is connected
to enthalpy and pressure. The AT is one of the parameters, which have an effect on the heat
transfer and the final design of the heat exchanger. The properties of CO5 such as enthalpy,
have an effect on the calculation, especially on heat flux, overall heat transfer coefficient
and other parameters, which are necessary for the design of the heat exchanger. The heat
exchanger and heat transfer are calculated according to the following equations. [64] The

main parameter is the thermal power, Equation 7.2.

q = UAAT, (7.2)

where U is the overall heat transfer coefficient, AT is the temperature difference and A is
the surface area for each fluid side. The thermal power is also calculated from the balance

equation of the heat exchanger. The balance equation is defined byo Equation 7.3, [64]

qg = mp (hh,i - hh,o) q =M (hh,o - hh,z’) (7-3>

where m is the mass flow on the hot and the cold side and h is the enthalpy of the hot
and the cold side on inlet and outlet of the heat exchanger. The calculation is done such
that the heat exchanger is divided to elementary volumes. Each elementary volume has the
same thermal power. The description of the calculation of the elementary volume is shown in
Figure 7.46. The heat exchangers for this study were divided into 2000 elements. The heat
exchanger is divided in order to control the minimum AT. For this reason, the difference
between the temperature of the hot side and the temperature of the cold side can be used.

The same procedure was applied to each element.
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Figure 7.46: The temperature distributions for a counterflow heat exchanger.

The overall heat transfer coefficient is defined as, [64]

1
U=
<L+%+L> (7.4)
Qp, t O

where a is the heat transfer coefficient for the hot and the cold side, w; is the wall thickness
and A; is the thermal conductivity. Equation 7.4 is writen for the specific case of PCHE heat
exchanger. [19] The « is calculated from the Nusselt number, by Equation 7.5. [64]

. )\COQNU

: (7.5)

where A is the conductivity of CO,, d is the characteristic dimension and Nu is the Nusselt
number. The same procedure was applied to each element. The Nusselt number is further
calculated according to the criterion equations. Equation 7.6 is the criterion equations for

the Nusselt number and for the PCHE design with zigzag and semi-circular channels. [19]

Nu = 0.1696 * Re6% pro-317 (7.6)

where Re is the Reynolds number and Pr is the Prandl number. The large number of
correlations for calculation of the Nu exists. However, only limited number of correlations are
applicable to S-CO,. [65] Examples include the Dittus-Boelter correlation [65], the Gnielinski
correlation [66] [67] or other modification of correlations for laminar or turbulent flow and
different design of channels and heat exchanger. The effect of mixtures can be observed for

each correlation, the effect of the correlation on calculation is always the same, but the Nu
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is different for each substance. The Nusselt number is affected by the Re and the Pr. The
Re is calculated based on Equation 7.7. [64]

Re = — (7.7)

where c is the velocity, d is the characteristic dimension, g is the dynamic viscosity and p is
the density of COs. The Re is the ratio of the inertia and viscous forces. The Pr is defined

as the ratio of the momentum and thermal diffusivities. [64]

Pr=— (7.8)

where v is the kinematic viscosity and o is the thermal diffusivity. The Pr is the last param-
eter which has an effect on the calculation of a heat exchanger. The calculated parameter of
the heat exchanger is the length of channel. The length of channels for LTR heat exchanger
is shown in Figure 7.47 and Figure 7.48. The effect of mixtures is similar for each design and

operating parameters of the heat exchanger.
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044 — N,
— H,
Eo3f — " M5
5 — CH4
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3 0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Transferred Heat Fraction [-]

Figure 7.47: The length of channel for LTR heat exchanger.

Chapter 7 Section 7.3 80



Study of Power Cycle with Supercritical CO, Ing. Ladislav Vesely

054 — Pure CO,
—— H5S
— Xe

044 — SOz
—— He

Length [m]

0.0 0.2 0.4 0.6 0.8 1.0
Transferred Heat Fraction [-]

Figure 7.48: The length of channel for LTR heat exchanger.
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Figure 7.49: The U for LTR heat exchanger.
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Figure 7.50: The U for LTR heat exchanger.

According to Figure 7.47 and Figure 7.48, it is obvious, that the effect on length is
negligible for this case. The length is calculated from Equation 7.2, therefore the length
is affected by AT and U. The thermal power is the same for each element. The effect on
the AT was described before. The effect on the overall heat transfer coefficient is shown in
Figure 7.49 and Figure 7.50.

It is clear, that the effect on U is much more pronounced. The largest positive effect has
CO and H,. This corresponds to the final length as shown in Figure 7.47 and Figure 7.48. Xe
has a negative effect. Other substances which have positive effect on the cycle have negligible
effect. The U is defined according to Equation 7.4. The effect is the same for both side.
The effect on the Re is very small, but the effect on the Nu and the Pr is not negligible.
The effect on Nu is shown in Figure 7.51. The Pr is shown in Figure 7.52. The results for
the heat transfer coefficient for hot and cold side calculated from Equation 7.5, are shown
in Figure 7.53 and Figure 7.54 respectively. It follows that the properties that have the
greatest influence on the heat transfer are the following: viscosity (dynamic and kinematic),

conductivity and density. This properties have the largest effect on heat transfer.
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Figure 7.51: The Nu for cold side of LTR.
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Figure 7.52: The Pr for cold side of LTR.
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Figure 7.53: The a for hot side.
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Figure 7.54: The « for cold side.

However, it can not be said generally, that the effect will be the same for each heat
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exchanger. The effect on the coolers, which operates with similar operating conditions has
similar results. This also applies to other heat exchangers, but it is not possible to explicitly
determine the effect of a mixture on the heat exchanger. The detail calculation and design

of heat exchanger is necessary for each case and working medium.

7.4 Conclusion of the Effect of Mixtures on the Cycle

Components

This chapter showed the effect of mixtures on the components of the S-CO5 power cycle.
The chapter was focused on the compressor, the turbine and three heat exchangers. Several
conclusions can be determined from the results.

The first conclusion is for the compressor performace. We can observe very similar
results as for the cycle efficiency for each investigated binary mixture. It can be seem, that
the effect of the mixtures on the compressor performance for the compressor operation near
the critical point has very similar profile as for the cycle efficiency. The effect of the mixtures
on the turbine performance is negligibly positive.

The design of the compressor is very important for the S-COy power cycle. Designing
the compressor with regard to the effect of mixtures on the compressor performance is nec-
essary. Focusing on the effect of the mixtures on the components, especially with different
compressor input temperature is very important for the design of the compressor. The de-
tailed description of the effect of the mixture on the compressor performance with regard to
the compressor input temperature will be discussed in the next chapter.

The effect of mixtures on the heat exchangers is different for different type of the heat
exchangers. Conclusion for the recuperative heat exchanger is the following. The substance
with positive effect on the cycle efficiency has the positive effect on the AT (increase of AT)
and the substance which has the negative effect on the cycle efficiency has the negative effect
on the AT (decrease of AT) [A.2,A.6].

The results for the cooler and heater have the opposite trend. The substance with
positive effect on the cycle has the negative effect on the AT (decrease of AT) and the
substance with the negative effect on the cycle has the positive effect on the AT (increase of
AT) [A.2,A.10].

The main conclusion for this chapter is that the effect of mixtures on the components
is noticeable [A.2,A.7,A.8,A.10]. The effect of mixtures must be taken into account when
designing the S-CO, power cycle. The optimization for each application of the S-CO, power
cycle depending on the previous results is very important when designing of the S-CO4 power

cycle. The optimization of the S-COy power cycle will described in next chapter.
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The results of the effect of the mixtures on the compressor performance are published
in paper: Effect of Mixtures on Compressor and Cooler in Supercritical Carbon Dioxide Cy-
cles. [A.10] The results for recuperative heat exchangers are published in papers: Pinch Point
Analysis of Heat Exchangers for Supercritical Carbon Dioxide with Gaseous Admiztures in
C'CS Systems and Research on the Effect of the Pinch Point Shift in Cycles with Supercritical
Carbon Diozide. [A.2,A.6] The results for coolers are published in papers: Pinch Point Anal-
ysis of Heat Exchangers for Supercritical Carbon Dioxide with Gaseous Admixtures in CCS

Systems and Effect of Mixtures on Compressor and Cooler in Supercritical Carbon Dioxide

Cycles. [A.2,A.10]
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Chapter 8

Optimization of the Power Cycles

The optimization of a power cycle is the most important part in the design of any new
system. According to Chapter 7, the effect of miztures on the components is noticeable and
the effect of mixtures must be taken into account when designing the S-COy power cycle.

The important parameter of the S-COy power cycle is the cycle efficiency and the
P, 1.e. the power which will be generated from the system. The cycle efficiency and net
power are connected by the Equation 6.2. The decrease or increase of the cycle efficiency and
the P,.; depends on the P. and the Py,, since, the P,.; is defined as the difference between
the P. and the Py,. The P. increases for each investigated substances (negative effect on
cycle) and the Py, also increases (positive effect on cycle).

The optimization have to be done for each cycle layout and application. That means,
for boundary conditions such as heat source, place of construction (cooling systems), oper-
ation parameters and intended use. All of the above conditions affect the resulting system
performance and output power. The problem occurs when the optimization is performed for
pure COy and the potential effect of impurities is not taken into account.

This chapter shows the optimization of the power cycle and the effect of mixtures on
the optimized cycle layout. The first part is focused on the descritpion of the effect on the
S-COs power cycle and the components, i.e. the P,, the Py, and the P,.;. FEspecially, the
effect on the compressor inlet temperature will be examined. The second part shows the effect
of the mixtures on the optimized cycle layout. The effect of the mixtures will be shown for

the binary miztures and for hypothetical multicomponent mixtures.

8.1 Description of the Effect of Mixtures

The effect of the binary mixtures on the compressor and the turbine is shown in Fig-
ure 8.1 and Figure 8.2. [A.10] The figures are for the Re-compression cycle. In Figure 8.1 and

Figure 8.2, the horizontal axis represents the percentage of CO, in the binary mixture.
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Figure 8.1: The power for the Re-compression cycle. [A.10]
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Figure 8.2: The cycle efficiency for the Re-compression cycle. [A.10]
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The connection between the P, and the P. and the Py, is clearly visible. With a
decreasing purity of COs, the effect increases. The increase is linear for each substance with
a decreasing purity of CO,. He has a large positive effect on the Py,, however the Py, increase
cannot offset the negative effect of the P, increase, so the P, drops.

The boundary conditions for calculation are from Table 6.1 [A.7, A.8]. The optimized
parameters are mass flow and Ra. The Py is 27 MPa. The mass flow rate is 200 kg/s and

the pressure ratio is 3.0.

8.2 Description of Cycle Optimization

Cycle optimization is performed to get the best possible cycle performance for the given
possible boundary conditions. The parameters that are commonly optimized include mass
flow rate, the heat source inlet and outlet temperatures, Py, Ra and P.. Taking into account
the largest effect of mixtures on components of the power cycle, it is obvious that, the most
important parameter for optimization is the T; and the Ra. These parameters define the
operating point of compressor and the effect on the P.. The effect of mixtures the P, for
different the Ra is shown in Figure 8.3 [A.8§].
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Figure 8.3: The P, for the compressor no.1. [A.§]

The results are for the Re-compression cycle. The optimum Ra for these operating

conditions is 2.8 (case with pure COs). However, it is obvious that for the same parameters

Chapter 8 Section 8.2

89



Study of Power Cycle with Supercritical CO, Ing. Ladislav Vesely

but with 1 % Ar, there is an increase of the P.. This increase is more pronounced with the
addition of the second substance. In the case with 5% Ar, this increase can be twice as high
than for the pure CO,. However, it is possible to change the Ra and eliminate this effect.
The higher the Ra, the higher the effect of mixtures on the P.. At the same time, the change
of the Ra affects the P, and the P,,;.

The effect on the P, is shown in Figure 8.4. The P,.; decreases for each case, but for
higher P5 the decrease is lower than for the lower Py. [A.8] The P, affects the P, therefore
during the optimization the change of the Ra has an effect on both parameters. However, the
Ra is not the only parameter which has an effect on the P.. Another important parameter

is the compressor inlet temperature T}.
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Figure 8.4: The P, of the Re-compression cycle. [A.§]

8.2.1 Effect of Compressor Inlet Temperature

Compressor inlet temperature T is very important parameter for optimization. The
T, depends on the efficiency of heat transfer in a cooler and the temperature of cooling
medium. The detailed description of this behavior is necessary. It is known that, the best
combination of the operating conditions, equipment, working fluid and cycle layout determine
the maximum achievable efficiency of a cycle. The parameters of cooling medium depends
on the type of cooling systems and the ambient conditions. The usual cooling medium is
water or air. [A.10] The temperature of water or air will be different for different seasons and

locations. The results are very similar for both cooling media.
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Figure 8.6: The P, depends on compressor inlet temperature (compressor no.2). [A.10]

The results for the P, for compressor number 1 is shown in Figure 8.5. [A.10] The
results are the same as in Figure8.3. It is possible to observe the effect of the mixtures on
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the compressor operation near the critical point. This gives us the possibility to understand
the influence of the change of the T}.

With the shift from the critical point to the supercritical region occurs, the COy prop-
erties begin to stabilize. Compressors operating far from the critical point have less issues
with the property change. The results for the compressor number 2 in the Re-compression
cycle layout are shown in Figure 8.6. For the compressor number 2 the effect is very small.
However, the P, still increases for each substance. This is true for all cycle layouts and each
investigated substance. [A.10]

The effect of compressor inlet temperature on cycle efficiency, Py, and P,,., is explained
on the Re-compression cycle layout and on the Pre-compression cycle layout. The reference
cycles have constant boundary conditions. The mass flow rate is 200 kg/s, the Py is 20 MPa,
Ra is 2.6 and the turbine inlet temperature is 550 °C. The Pre-compression cycle layout has
different mass flow rate which is 130 kg/s. The mass flow rate was optimized for power from
the heat source, 38 MW. [A.10] The power of the heat source is constant for each case and
both cycle layouts. The compressor inlet temperature/cooler outlet temperature is in the
range from 30 to 38 °C. Both cycles were optimized for the compressor inlet temperature
of 34 °C. The optimization was performed for pure CO,. The cycle efficiency for the Re-
compression cycle is 42.19 % and P, is 16.03 MW for pure CO,. The P, is 9.8 MW [A.10].
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Figure 8.7: The effect on the cycle efficiency for the Re-compression cycle.

Changing the compressor inlet temperature has an effect on the cycle efficiency. This
effect is shown in Figure 8.7. According to Figure 8.7, the cycle efficiency decreases with the
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increase of the compressor inlet temperature. The cycle efficiency is higher for compressor
inlet temperature near the critical point. This is due to change of COy properties, which
have an effect on compression and the P, as previously described.

Figure 8.8 shown the effect on the P. and the net power. [A.10] The P, is the sum
of all cycle compressors. The dependence between the P, and the P, is clearly visible.
The simple dependence which can define the expected cycle power for different seasons and
different mixtures, respectively impurities, which may occur during cycle operation, because,
the effect of mixtures and the different compressor inlet temperature on the Py, for this case
is negligible. [A.10]
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Figure 8.8: The P, and P, for the Re-compression cycle. [A.10]

The effect of mixtures on the turbine is shown in Table 8.1. [A.10] The effect on Py, is
not investigated, because input conditions for the turbine are constants. However, increase
of the Py, for different mixtures is clearly visible in Figure 8.9. [A.10]

The detailed results of the calculation are shown in Table 8.1. The results from Table 8.1
corresponds with the results shown in figures. It is clearly visible, that with increasing of
the compressor inlet temperature the P, increases. The P, decreases concurrently with
decreasing of the compressor inlet temperature T}.

According to Figure 8.8, it is seen that P. decreases close to the critical point for all
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cases (pure CO5 and mixture with 99 % of COy), with the exception of HyS which causes P,
to increase. Close to the critical point, the P, may increase by up to 2 or 2.5 MW. This is a

very important information for design of power cycles. [A.10]
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Figure 8.9: The effect on the Py, for the Re-compression cycle. [A.10]

As can be seen from the data, the Py, increases for all species. However, it is important
to consider the net work output as those species which increase P, also increase compressor
work input. Given this consideration, as the effects of power requirements are more detri-
mental to the P, the inclusion of such species should only be considered as a means of
expanding the permissible temperature limits of the S-CO, power cycle or as an undesirable
effect of species impurity.

The same results are observed for other cycle layouts. The results for the Pre-compression
cycle are shown are Figure 8.10, 8.11 and Figure 8.12. The detailed results from calculation
are shown in Table 8.2. The cycle efficiency for the pre-compression is 41.67 % and P, is
15.835 MW for pure CO;. The P, is 14.895 MW and the Py, is 30.73 MW. [A.10]
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Figure 8.10: The effect on the cycle efficiency for the Pre-compression cycle.
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Figure 8.11: The effect on the Py, for the Pre-compression cycle. [A.10]
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Figure 8.12: The P, and P, for the Pre-compression cycle. [A.10]

From Figure 8.12, it can be seen that between 30 °C and 33 °C there is a critical
increase in the power requirements of the compressor, for temperature increases above 33 °C,
this requirement becomes nearly linear. It can be argued for the Re-compression cycle that
the drop in P, is directly proportional to the increase in P..

Each cycle layout has a different decrease of the P,. depending on the boundary
conditions. The results for the Split expansion cycle are very similar as for the Re-compression
cycle. Because, the cycle layout for both cycles is the same, only the Split expansion cycle has
another turbine. Nevertheless, the effect on Py, is very small. The design and optimization

of cycle layout is important for each cycle layout, and must be done [A.7,A.8,A.10].

8.2.2 Description of the Boundary Conditions for Optimization

Optimization is a very important and necessary step in achieving acceptable operating
parameters. For this reason, two cases were fully optimized for different cycle parameters.
The optimized parameter is the P, of the cycle. The cases differ in input parameters of
cycle. The case no. 1 has the turbine inlet temperature 550 °C. The heat source is considered
with minimum inlet temperature into heater about 600 °C. The case no. 2 has the turbine

inlet temperature 400 °C and the heat source has the minimum temperature about 450 °C. It
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is considered lower temperature source for example for waste heat recovery. The parameters
for case no. 1 are shown in Table 8.3 [A.8].

Table 8.3: Input parameters for optimization and for turbine inlet temperature 550 °C. [A.§]

Pressure Ratio Ra | 2.8 -]
Pressure P, | 24 | [MPa]
Compressor inlet temperature | T, 34 °C
Turbine inlet temperature T, 550
Turbine efficiency N | 0.79
Compressor efficiency ne | 0.68 -]
Recuperator effectiveness Nreg | 0.9
Mass flow m | 200 | [kg/s]

The parameters for the case no. 2 are shown in Table 8.4. [A.8] The compressor pressure

ratio and the turbine inlet pressure were selected, for both cases independently.

Table 8.4: Input parameters for optimization and for turbine inlet temperature 400 °C. [A.§]

Pressure Ratio Ra | 26 -]
Pressure P, 24 MPa
Compressor inlet temperature | T, 34 °C
Turbine inlet temperature T, | 400
Turbine efficiency Niw | 0.79
Compressor efficiency . | 0.68 -]
Recuperator effectiveness Mreg | 0.9
Mass flow m | 200 | [kg/s]

8.3 Results of Optimization

The calculation was performed for three cycle layouts, the Re-compression cycle, the
Pre-compression cycle and the Split expansion cycle. The comparison of results from calcu-

lation are shown for binary mixtures (Chapter 3.2) and for multicomponent mixtures (Ta-

ble 3.2).
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8.3.1 Binary Mixtures

The results for case no.1 and for the Re-compression cycle are shown in Table 8.5. The
results are for 95 % pure CO,. The dramatic decrease of net power and the cycle efficiency
is obvious. This corresponds to the previous results. However, the results are for very low
purity of COs. The 5 % fraction of the second substance has a dramatic effect on the cycle,
because each reduction of purity by 1 %, has approximately the same effect. This means
that the effect on the cycle is directly proportional to the reduction of CO5 purity. For this
reason, it is possible to observe very small effect on the S-CO5 power cycle for 99 % pure
CO;. The results for case no.1 and 99 % pure CO, are shown in Table 8.7. The results for
case 10.2 and 99 % pure CO, are shown in Table 8.6.

Table 8.5: The results for the case no. 1 and 0.05 mole fraction of second substance. [A.§]

Pure CO, | He Ar | H,S
n [%] 32.45 25.25 | 27.69 | 32.65
P, 23.56 24.67 | 23.65 | 23.8
P. no.1 3.94 87 1 6.71 | 3.99
P.no.2 | [MW] 7.1 7.31 | 748 7.0
P. total 11.05 16.02 | 14.2 | 11.0
P 12.5 8.65 | 945 | 128

Table 8.6: The results for the case no. 2 and 0.01 mole fraction of second substance. [A.§]

Pure CO, | He Ar H-,S

n [%0] 25.76 24.84 | 25.27 | 25.8
P, 17.31 17.49 | 17.34 | 17.35
P. no.1 3.74 3.923 | 3.81 | 3.76
P.no.2 | [MW] 5.38 591 | 5.67 | 5.35
P. total 9.12 9.83 | 948 | 9.11
P 8.18 7.65 | 7.86 | 8.23

The results are for the binary mixtures. It is obvious, that He has the negative effect
and the positive effect have HyS, Xe and SO,. The decrease of the cycle efficiency is in the
range of about 1 % and P, is in the range about 1 MW for both cases. The Py, is quite
similar for both mixtures as for pure CO,. The P, increases, which can be especially seen
on the compressor no. 1. Each cycles layout show the same dependence of the effect of the

binary mixtures as the cycles in Table 8.7. [A.§]
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8.3.2 Multicomponent Mixtures

The results from the previously section are for the binary mixtures. Effect of the binary
mixture is very interesting, but the real cycle will never use binary mixture. It will have
multicomponent mixtures. Hence, the effect of multicomponent mixtures is more important
for calculation of the power cycle. Due to the large amount of multicomponent mixtures, the
research is focused on some typical mixtures, which may exist in the industrial applications.
The considered multicompnet mixtures are shown in Table 3.2. [A.7]

The first multicomponent mixture is Air. The mixture is considered due to the possible
occurrence in the system as an impurity. The second (M-I) and third (M-II) multicomponent
mixture is a mixture which is derived from the recommended composition of mixtures for
the transport of COs. [35] This composition corresponds to the composition which is usually
used for transport in liquid phase (M-I) and in gas phase (M-II). Because purity of COs for
transport in gas phase is lower than for transport in liquid phase, mixture M-II is suitable for
description of how much the effect of a mixture will be increased with increasing the amount
of substances. [A.7]

The last multicomponent mixtures are mixtures which are modification of the previous
mixtures. The first mixture consists of He and HyS. He has the biggest negative effect on
the cycle efficiency and H,S has the biggest positive effect. The idea is, that H,S may
eliminate the negative effect of He. Another mixture with HyS is mixture of Air-H and the
last mixture is M-IH. [A.7] The mixture Air-H used HsS for elimination of the negative effect
of the substances. The mixture H-IM show the effect without HsS compared with mixture
H-I. Table 8.8 shows the results for the multicomponent mixtures.

The optimization was performed for multicomponent mixture and for input parameters
from Table 8.3. The Re-compression, the Split expansion and the Pre-compression cycles
were considered for the comparison [A.7].

The highest decrease of the P, and the cycle efficiency is for mixture M-II. In the case
with mixtures M-I a minimum effect on the S-CO4 power cycle is observed. These results are
similar for each investigated S-COgy power cycle. It is evident that the effect on the S-COq
power cycle will be insignificant if the purity of CO5 is about 99 %. The mixture with lower
than 99 % of CO, has a higher effect on the S-CO, power cycle as can be seen in the case of
M-II. With the increase of the amount of each substance the effect of the substance increases.
The minimum effect is observed in the case with CO, purity above 99.5 % [A.7].

The mixture M-TH has slightly negative effect, which is similar to M-I without HyS. The
effect of each substance is insignificant. The decrease of the P,,.; and the cycle efficiency for
mixture Air is about 0.5 % and 0.5 MW. However, if other substance which has the positive
effect as HyS would be used, the decrease would be smaller. This effect is shown for Mixture
Air and Air-H. The mixture Air with HsS has smaller negative effect than the mixture Air.

The mixture M-H has similar result. From the previous results (Chapter 8.3.1), it is obvious
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that P,,.; for the binary mixture COo-He is 11.72 MW for the re-compression cycle. However,
the P,,.; for mixture M-H is 12.245 MW. The difference in the P, is 0.525 MW. When H,S

is added to the mixtures in a proper fraction it can observed the possible positive effect on

the cycle efficiency.

Table 8.8: The results for multicomponent mixture. [A.7]

Re-compression c. | Pure CO, | Air M-1 | M-II | M-H | Air-H | M-TH
n [%0] 32.45 31.84 | 32.31 | 29.74 | 32.09 | 31.91 | 32.31
P, 23.56 23.65 | 23.59 | 23.96 | 23.72 | 23.7 23.59
P, no.1 3.94 4.25 4.01 5.51 4.15 4.24 4.02
P.no.2 [(MW] 7.11 7.38 7.19 7.68 7.32 7.36 7.19
P, 11.06 11.62 | 11.2 13.19 | 1147 | 11.6 11.2
P 12.5 12.02 | 12.389 | 10.74 | 12.25 | 12.1 | 12.388
Pre-compression c. | Pure CO, | Air M-1 | M-II | M-H | Air-H | M-IH
n [%] 29.45 28.71 | 29.29 | 25.83 29 28.77 | 29.28
P, 42.73 42.87 | 42,78 | 43.343 | 42.99 | 42.95 | 42.78
P, no.1 6.33 6.77 | 6.43 8.42 6.62 6.75 6.43
P. no.2 [MW] 19.8 20.37 | 19.94 | 22.08 | 20.26 | 20.37 | 19.94
P. 26.13 27.13 | 26.37 | 30.51 | 26.88 | 27.13 | 26.37
P 16.6 15.74 | 16.409 | 12.84 | 16.11 | 15.82 | 16.408
Split expansion c. | Pure CO, | Air M-1 | M-II | M-H | Air-H | M-TH
n [%0] 29.03 28.5 | 28.91 | 26.62 | 28.72 | 28.55 | 28.91
P, no.1 7.46 7.49 7.47 7.57 7.51 7.5 7.47
P, no.2 14.99 15.12 | 15.03 | 15.48 | 15.14 | 15.14 | 15.03
P, 22.44 22.61 | 22.49 | 23.06 | 22.64 | 22.65 | 22.49
P.no.1 (MW] 3.98 4.28 | 4.05 5.55 4.19 4.28 4.05
P. no.2 7.28 7.52 7.35 7.79 7.48 7.51 7.35
P. 11.25 11.81 | 11.39 | 13.34 | 11.66 | 11.79 | 11.39
P 11.19 10.79 | 11.096 | 9.71 | 10.98 | 10.86 | 11.095

The effects of multicomponent mixtures on the compressor and the turbine are similar

as for the binary mixture. The Py, is quite similar for both mixtures as for pure COs. The

P, increases, which can be especially seen for the compressor no. 1.
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8.4 Conclusion of the Optimization of the Power Cycles

This chapter showed the effect of mixtures on the optimized cycle layout. The first
part was focused on the descritpion of the effect of the mixtures on the S-CO5 power cycle
and its components, with special attention to the compressor inlet temperature. The second
part showed the effect of mixtures on the optimized cycle layout. Several conclusions can be
determined from the results in the chapter.

The first conclusion is for the compressor. The effect of the mixtures on the compressor
has the biggest effect on the cycle design. [A.7, A.8] The pressure ratio, the compressor inlet
pressure and the compressor inlet temperature have a great impact on the P. and thus on the
P, see Table 8.7. This may affect the already designed cycle when changing the condition
of the cooling medium. For this reason, the design of the cooling systems is very important
and must be taken into account when designing the S-CO5 power cycles [A.10]. The optimum
amount of the second substance is up to 1 %. [A.8] For this amount the negative effect of
binary mixture is small.

Other conclusions are similarly as in previous chapters. He has the biggest negative
effect of mixtures on the cycle and the positive effect have HyS, Xe and SO,. [A.8] This
applies to binary mixtures. In case of the multicomponent mixtures, the effect depending on
the composition of the mixtures. [A.7] The optimization of the cycle for the multicomponent
mixtures is necessary and the detailed research is important.

The results are published in papers: Effect of Gaseous Admixtures on Cycles with Super-
critical Carbon Diozide, [A.7] Effect of Multicomponent Miztures on Cycles with Supercritical
Carbon Diozide [A.8] and Effect of Miztures on Compressor and Cooler in Supercritical Car-
bon Diozxide Cycles. [A.10]
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Chapter 9

Techno-Economic Evaluation

The last part of the research is the techno-economic evaluation. The information and
conclusions of this chapter are important for the global understanding of the effect of mixtures
on the S-COy power cycle. This chapter focuses on the techno-economic evaluation of a hypo-
thetical power plant with S-C'Oy power cycle. Two cases are considered for techno-economic
evaluation. The difference between these cases is in the heat source and the associated heat
exchanger (PCHE and shell and tube heat exchanger). The results of this chapter will de-

scribe the effect of mixtures from the techno-economic point of view.

9.1 Description of Calculation of the Techno-Economic

Evaluation

The cost estimation is performed for three indicators, which are important for the
economic viability and the rate of return of the project: the levelized cost of electricity
(LCOE) for the energy to be generated, the internal rate of return (IRR) to be offered by
the project and the net present value (NPV) expected to be realized by investors. [3, 68]

The Levelized cost of electricity is calculated according to Equation 9.1. Where, PC
is project cost, PV, is PV depreciation tax shield, PV,,, is PV lifetime operating costs,
PV, is PV salvage costs and LEP is lifetime electric production. [3]

PC—Pths‘FP‘/loc_P‘/;c)
LEP

LCOE = ( 9.1)

The net present value is calculated according to Equation 9.2, where r is the discount
rate. The FCF is free cash flow and the FCF| is the initial project cost. This value must
be deducted, because money is spent for building the system. Other FCF,, is the free cash
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flow for the relevant year. The internal rate of return is calculated with a similar equation,
but it has to equal to zero. The IRR is calculated according to Equation 9.3. The difference
between Equation 9.2 and 9.3 is that IRR is used instead of r. [3]

oo [(E] (298] o [£25] s

9.1.1 Boundary Parameters for Evaluation

The techno-economic evaluation of a hypothetical power plant with the S-CO5, power
cycle is focused on two cases. Both cases are the in-direct S-CO, power cycle. The first
case is the re-compression cycle with He/COy PCHE heat exchanger as the heater. This is a
hypothetical system with helium as a working medium, for example a GFR. The second case
is the same cycle layout, but the heat source is a gas turbine. This is a hypothetical system
for waste heat recovery systems. The design of heater is a shell and tube heat exchanger.
The T-s diagram of the re-compression cycle for case no.l is shown in Figure 9.1, for case
no.2 in Figure 9.2.

The T-s diagrams, in Figure 9.1 and Figure 9.2 are for pure CO,. The techno-economic
evaluation is focused on three different substances: He, Ar and H,S. From the previous
chapters it is know that He has the largest negative effect of the investigated substances,
while HsS, SO, and Xe have a positive effect. Ar is considered as the impurities which will

occur every time in the working medium. [A.7,A.8, A.10]
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Figure 9.1: T-s diagram of the re-compression cycle with helium heater.
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Figure 9.2: T-s diagram of the re-compression cycle with heater for WHR.
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The techno-economic evaluation is calculated according to the equations defined in
chapter 9.1. The important information for the analysis are the boundary conditions. The
boundary conditions are shown in Table 9.1 and their values were taken from available liter-
ature. [3,58,69] The discount rate is 2 %, the plant utilization factor is 85 % per year and

the plant lifetime is considered 20 years. The price of electricity was taken from the tariff.

Table 9.1: Boundary conditions - assumptions for cost model.

Discount Rate 2 [%/year]
Tax Rate 35 [%]
Deprecition Period 10 [years]
Plant Lifetime 20 [years]
Plant Utilization Factor | 85 [%]
. . 1.52 | [Ke/KWHh]
Price of Electircity
0.07 | [$/kWh]

Another information for analysis are the components cost, which are used to define
the project capital cost. The prices are taken from the previous research, due to the small
number of component manufacturers for the S-CO, power cycle [3,58]. The price of the

components is shown in Table 9.2.

Table 9.2: The component costs - estimate. [3]

Recuperative heat exchanger (PCHE) | 2500
Heater (PCHE) 3000
$/(kWth/K
Cooler (PCHE) 1700 1$/( /K)]
Heater (Shell and Tube) 5000
Turbomachinery 1000 [$/kWe]

The design of each heat exchanger is PCHE, except for the heater for waste heat re-
covery system. The different price of PCHE is determined by the choice of materials for
the particular type. Different materials are considered for heater, recuperative heat ex-
changer and cooler. The price of shell and tube heat exchanger used for WHR systems is
5000 $/(kWth/K). The price of turbomachinery is 1000 $/kWe. Other necessary components
are included in the price of turbomachinery. These components include, the generator, the
gearbox, piping for connections, [&C and other components which are necessary for the tur-

bomachinery.
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9.2 Project Capital Cost

The first part of the techno-economic evaluation defines the capital cost of the system.
The price of the individual components is required to determine the total cost. According to
Figure 9.1 and Figure 9.2, it is obvious that the re-compression cycle has four heat exchangers
and a turbomachinery (turbine and compressor) [A.7,A.8].

The calculation of the project capital cost was performed for parameters from Table
9.1 and for parameters from optimization of the re-compression cycle. The cycle efficiency,
the turbine and the compressor power are shown in Table 9.3. The total price of components
and the total capital cost are also shown in Table 9.3. The price of construction is set to
25 % of the total cost of all components. The data obtained from oral consultation with EGP
(Energoprojekt Praha).

According to the results from Table 9.3, it is evident, that the total capital cost for the
case with pure CO, is 21.65 M$. The capital cost for mixture with 1 % of H,S is 21.71 M$
which is higher than the total capital cost for pure CO,. The cost increase is 58,000 $. The
total capital cost for the case with 1 % of He is 20.64 M$, which is a decrease of 1.01 M$.
This is a very interesting result, since the mixture which has the negative effect on the
cycle, reduces its cost. However, it is necessary to look on the specific cost as well. For this
parameter a different results are observed. The cost of pure CO, is 1823 $/kWe, for 1 % of
H,S the cost is 1820 $/kWe (0,15 % saving) and for 1 % of He the cost is 1853 $/kWe.

The same results can be observed for the second case (WHR). The results are shown
in Table 9.4. The results are for 1 % of the second substance. The total capital cost for
the second case with pure CO, is 18.94 M$. The capital cost for mixture with 1 % of H,S
is 19.15 M$. The capital cost for 1 % of HyS is higher than the total capital cost for pure
CO,. The cost increase is 206,000 $. The total capital cost for the case with 1 % of He
is 18.38 M$, which is a decrease of 0.56 M$. The specific cost for this parameter is for of
pure CO4y 1943 $/kWe, for 1 % of HyS the cost is 1954 §/kWe and for 1 % of He the cost is
1985 $/kWe.
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Table 9.3: The re-compression cycle with helium heater. (99 % purity of COs)

Cycle parameters
Working medium | Pure CO, | 1 % Ar 1 % H,S 1 % He
n 32.45 31.98 32.49 31.39 [%]
P, 23.56 23.58 23.61 23.776
P, no.1 3.949 4.165 3.961 4.497
P, no.2 7.109 7.342 7.089 7.555 MW]
P, 11.058 11.507 11.05 12.052
P 12.502 12.073 12.56 11.723
Ra 2.8 -]
P, 24.0 [MPa]
P, 8.571
Mass flow 200 [kg/s]
Heat exchangers
Recuperator no.1 519 504 522 504
Recuperator no.2 616 623 615 642
[kW/K]
Cooler 934 886 933 817
Heater 340 358 336 374
Cost of HEX
Recuperator no.1 1,298 1,26 1,305 1,26
Recuperator no.2 1,54 1,558 1,538 1,605
Cooler 1,588 1,506 1,586 1,389 [T$]
Heater 1,02 1,074 1,008 1,122
Total Cost of HEX 5,445 5,398 5,437 5,374
Net electric power 11877 11469 11932 11138 [kWe]
Turbomachinery 11,877 11,469 11,932 11,138 T$]
Construction 4,331 4,216 4,342 4,128
Total capital cost 21,653 21,084 21,711 20,642 [T$]
$/kWe Net 1823 1838 1820 1853 [$/kWe]

Table 9.5 show the results for the second case with 99 % purity of CO, and for 95 %
purity of COs. The results show the effect on the capital cost of decreasing the purity of
COs,. The effect is significantly higher [A.7, A.10]. For example, the cycle with 5 % of He
has the total capital cost about 15 M$, it is about 3 M$ lower than case with 1 % of He and
about 4 M$ lower than the case with pure COs. If converted to $/kWe the specific cost for
5 % of He fraction is about 2282 $/kWe and for pure COy it is about 1943 $/kWe.

The results for other mixtures are very similar. For example HyS, has a negative impact
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on the capital cost. The cycle with 5 % of HyS has the total capital cost about 19.5 M$, it
is about 0.33 M$ higher than case with 1 % of HyS and about 0.51 M$ higher than the case
with pure COs. If converted to $§/kWe the specific cost for 5 % of HsS fraction is about
1947$/kWe and for pure COs it is about 1943 $/kWe.

The dependence between reducing the purity of CO, and increase/decrease of capital

costs is evident [A.10].

Table 9.4: The re-compression cycle with heater for WHR. (99 % purity of COs)

Cycle parameters

Working medium | Pure CO, | 1 % Ar 1 % H,S 1 % He
n 29.39 29.01 29.43 28.67 [%]
P, 19.56 19.582 19.6 19.746
P. no.1 3.751 3.826 3.772 3.943
P.no.2 5.543 5.821 5.514 6.054 MW]
P. 9.295 9.647 9.286 9.997
P, 10.266 9.934 10.314 9.75
Ra 2.6 -]
P, 24.0 [MPa]
P, 9.231
Mass flow 200 [kg/s]
Heat exchangers
Recuperator no.1 680 647 690 629
Recuperator no.2 534 582 o974 593 KW /K]
Cooler 808 793 807 87
Heater 199 205 198 210
Cost of HEX
Recuperator no.1 1,7 1,618 1,725 1,573
Recuperator no.2 1,335 1,455 1,435 1,483
Cooler 1,374 1,348 1,372 1,338 [T$]
Heater 995 1,025 990 1,05
Total Cost of HEX 5,404 5,446 5,522 5,443
Net electric power | 9751.75 | 9438.25 9798.3 9261.55 [kWe]
Turbomachinery 9,752 9,438 9,798 9,262 TS|
Construction 3,789 3,721 3,83 3,676
Total capital cost 18,944 18,605 19,15 18,381 [T$]
$/kWe Net 1943 1971 1954 1985 [$/kWe]
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9.3 Internal Rate of Return and Net Present Value

The second part of the techno-economic evaluation is the calculation of IRR (Internal
rate of return). This value defines, if the project is economically viable. This metric is very
important for the potential investor. The project have a positive rate of return if the interest
rate is below the IRR. For both cases, the interest rate was selected at 2 % [3, 58, 69].

Another important indicator for techno-economic evaluation is the net present value.
The NPV indicates how much a project will earn during its lifetime. If the NPV is positive,
that project will generate more than is invest, which is necessary for construction and com-
missioning. If the NPV is negative, the project does not generated profit.

The results for the case with He heater are shown in Table 9.6. The IRR is about 8 %
for each case. However, the IRR is smaller for He and AR and higher for HyS. Each case is
economically viable, but the benefit will be higher for the cases with substances which have
the positive effect on the S-CO2, power cycle performance. According to Table 9.3, the total
capital cost is lower for He and Ar. The NPV for pure CO, is about 22.75 M$, for the case
with He it is only 21.1 M$ and for the case with H,S it is about 22.88 M$. The NPV for
case with Ar is 21.85 M$ All cases generate profit. The cases with substances with positive
effect on the S-CO, power cycle, generate higher profit. However, the profit is quite similar
for all cases, so the negative impact on the profit is negligible in the long term operation.

The similar results can be observed also for the second case (WHR). The results are
shown in Table 9.7. For pure CO,, the IRR is about 11 %. The H,S has the positive impact
on the IRR. The He has the negative effect, the IRR for 1 % of He is 10.72, but for 5 % of
He it is only 8.9 %. The NPV for pure CO; is 18 M$, the NPV for 5 % of He is only 10 M$.
This is a very dramatic reduction. The negative impact on the profit is negligible in the long

term operation for working medium with 99 % purity of CO,. [A.8, A.10]

9.4 Levelized Cost of Electricity

The LCOE defines the minimum cost at which electric power can be produced. There-
fore, the price of electricity produced must be higher than LCOE, for profit. The results for
the first case with He heater are shown in Table 9.8. The price is about 0.028 $§/kWhe. It
means, that the price of electricity produced can be the same for each case. However, this
result is valid only for the case with 99 % purity of COs. In the event of the reduction of
CO, purity, the LCOE will increase or decrease depending on the substance and the amount,
as shown in Table 9.9. Nevertheless, the effect is still negligible for all cases. The negative
effect of mixtures on the LCOE is for He and Ar. The substances with the positive effect of
mixtures on the cycle efficiency have a positive effect on the LCOE.

The similar results are obtained for the second case, the WHR. The results are shown

in Table 9.9. The price for 99 % purity of CO is very similar for each case. In the case
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with 95 % COs purity, the cost increases. However, this increase is negligible. [A.7, A.10]
The negative effect on the cost is significantly smaller. The price is about 0.03 $/kWhe for
99 % purity of CO,. For 95 % purity of COs, the price is higher, it is 0.035 $/kWhe for He
are 0.032 $/kWhe for Ar. The price for HyS decreases. It is 0.3036 $/kWhe for 99 % CO,
purity and 0.3025 $/kWhe for 95 % COy purity.

9.5 Conclusion of Techno-Economic Evaluation

As can be see, the techno-economic evaluation is important part in the development
and design of the new power systems. The cost estimation was performed for three indica-
tors, which are important for economic viability and the rate of return of the project. The
indicatores are following: the levelized cost of electricity (LCOE), the internal rate of re-
turn (IRR) and the net present value (NPV). Each indicator show different results for the
realization of the project and for potential investors.

The main conclusions of the effect of mixtures on the techno-economic evaluation from
this chapter are following. The substances with the positive effect of mixtures on the cycle
efficiency have the negative effect on the total capital cost. The substances with the positive
effect of mixtures on the cycle efficiency have the negative effect on the IRR and the NPV.
However, the substances with the positive effect of mixtures on the cycle efficiency have a
positive effect on the LCOE. The overall cost estimation must be taken into account when
designing the S-CO, power cycle. [A.7,A.8 A.10]

The information about technical-economic evaluation are presented in papers: Effect of
Gaseous Admiztures on Cycles with Supercritical Carbon Dioxide, [A.7] Effect of Multicom-
ponent Miztures on Cycles with Supercritical Carbon Dioxide [A.8] and Effect of Miztures on
Compressor and Cooler in Supercritical Carbon Dioxide Cycles. [A.10]
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Chapter 10
Summary and Conclusion

The research in this thesis was oriented on the description of the effect of the mixtures
on the S-CO, power cycle. Namely, the binary mixtures of CO, with He, Ar, CO, Ny, Og,
H,S, Hy, CHy, Xe, Kr and SO,. The research focused on the several areas which interconnects
and give a complex overview complex overview and description of the effect of mixtures on

S-CO, power cycle. The areas are following:

e The effect of binary mixture on the S-CO, power cycle, especially on the cycle efficiency

and the net power.
e The effect on the components, especially on the turbine, compressor and heat exchanger.
e The optimization of the S-CO, power cycle, effect of the compressor inlet temperature.

e The techno-economical evaluation of the S-CO5 power cycle for specific application and

parameters.

Several conclusions can be made based on the above results. The main conclusion is
that each mixture has an effect on the power cycle and the components. The mixtures have
generally negative effect which increases with the amount of impurities in CO,. Although,
this is not true for all investigated substance. The research showed that at lease three

substance have the opposite effect.

e The negative effect is caused by:
- He, AI‘7 CO, N27 02, Hg, KI‘, CH4
e The positive effect is caused by:

- HQS, Xe, SOQ
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H5S has the highest positive effect and He has the highest negative effect among inves-
tigated substances. However, for mixtures with CO, purity over 99 % the effect is negligible.
This is effect of the mixtures on the cycle efficiency, respectively on the net power.

The cycle efficiency and the net power depends on the compressor and the turbine
power and input and output heat. For this reason, the definition of the effect of mixtures
on the components is necessary. The conclusions for the turbine and the compressor are

following:
e The compressor performance:

- The P. dramatically increases with the increase of amount of the investigate sub-

stance in CO,.

- All the investigated mixtures have the negative effect on the P., expect HyS, SO,
and Xe.

- The effect of HyS, SO, and Xe is only marginally positive.
e The turbine performance:

- All the investigated mixtures have the slightly increases the Py,.
- He has the biggest effect.

These results are very important for the design of the compressor, the turbine and
selection of operating parameters. However, it should be noted that decreasing the compres-
sor inlet temperature could reduce the effect of mixtures on the compressor power. This is
an important information for the design of the cooling system and selection of the cooling
medium. Also, this may affect the already designed cycle when the condition of the cooling
medium changes.

The compressor power increase is the most important negative effect on the cycle effi-
ciency and the net power. The same problem can be observed in other systems with COs,
for example the compression stage for transport of CO, to the storage or heat pumps with
CO3. The decrease of the cycle efficiency appears to be linear, for concentration of CO,
from 100 % to 99 %. The decrease of the cycle efficiency from 99 % to lower mol % can be
approximated by exponential function. The increase of cycle efficiency is observed for HsS,
SO, and Xe and appears to be linear for all concentration of CO,. Conclusion is that the
optimum amount of the second substance is up to 1 %. For this amount the negative effect

of binary mixture is small.

The heat exchangers are important components in the S-CO, power cycle. The S-CO,
power cycle has three different type of heat exchanger. The mixtures have different effect on

each HEX type. The conclusions for the heat exchangers are following:
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e The recuperative heat exchanger:

- The pinch point can be completely removed by the use of mixtures.

- The substances with a positive effect on the cycle has a positive effect on the AT
(increase of AT) and the substances which has a negative effect on the cycle has
a negative effect on the AT (decrease of AT).

e The cooler:

- The substances with a positive effect on the cycle has a negative effect on the AT
(decrease of AT) and the substances which has a negative effect on the cycle has

a positive effect on the AT (increase of AT).

The effect on heater is similar as for cooler. However, the effect may vary depending
on the composition of the working medium and it is not possible to clearly say what will be
the effect of the mixture on the heater.

From the techno-economic evaluation of a hypothetical power plant with S-CO, power
cycle several conclusions can be made based on the presented results. The conclusions for

the techno-economic evaluation are following:

e The mixtures with negative effect on the cycle, reduces effectively the project capital

cost.

e The mixtures with negative effect have a negative effect on the specific cost as they

lower the net power which leads to a higher specific cost.

e The mixtures with negative effect have a negative effect on the IRR and NPV. However,
the negative effect on the profit is negligible in the long term operation for working
medium with 99 % pure COs,.

e The mixtures with negative effect have a negative effect on the LCOE. However, the

effect is negligible.

From the results, it is obvious, that mixtures have a very important effect the S-CO,
power cycle, operating parameters and components. However, with good optimization and
design of the cycle which uses mixtures, marginal negative effect on the cycle efficiency and
the net power output can be achieved. This is an important information for the design of the
cycle layout and components. Regardless of the COy purity, the same cycle layouts can be
used, however in order to achieve good performance with the impurities the cycle operating

conditions and components design must be re-optimized.
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Future research will be focused on the detail description of effect of another poten-
tial mixtures on the S-COs cycle, for the close S-CO, power cycle and the Direct-Fired
S-CO, power cycle or other application S-COy power cycle for fossil fuel power plant, for
specific application. Because, these system is currently very popular, for increase of total
efficiency of power plant, as waste heat recovery systems. But, the effect of the mixtures will
be higher. The mixture will be product of combustion or impurities from the primary loop.

At the same time, research about impact on materials of components and chemical
effect is necessary. The each substance has some effect on the materials, for example HyS, is
very interesting substance for increase the cycle efficiency and the net power. On the other
hand, effect on materials of the turbine and the compressor is enormous, especially on blades.

Research of the new materials is therefore necessary.
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Appendix B

Code

The code for calculation of the compressor is following.

def (T.in, P_out, Ra, Eta, m, medium):

P_in — Inlet pressure [Pa]
S_in — Inlet entropy [J/kg/K]
d_H_ideal — Ideal enthalpy increase [J/kg]

5 d_H — Real enthalpy increase [J/kg]
Wk — Compressor power W]

7 T_out — Outlet temperature K]
S_out — Outlet entropy [J/kg/K]

9 H_out — Real output enthalpy [J/kg]
T_in — Inlet temperature K]

11 P_out — Outlet pressure [Pa]
Eta — Compressor efficiency [—]

13 m — Mass flow [kg/s]
medium — Working medium [—]

P_in = P_out/Ra

- H.in = PropsSI('H’, 'T’, T.in, 'P’, P.in, medium)

S_in = PropsSI(’S’, 'T’, T.in, ’P’, P.in, medium)

19 H_out_ideal = PropsSI(’H’, ’S’, S.in, ’P’, P_out, medium)
d_H_ideal = (H_out_ideal — H_in)/Eta

21 H_out = H_.in + self.d_H_ideal

d-H = (H_out — self.H_in)

23 Wk =m x d_H

T_out = PropsSI(’T’, 'P’, P_out, 'H’, H_out, medium)
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25 S_out = PropsSI(’S’, "H’, H_out, 'P’, P_out, medium)

The code for calculation of the turbine is following.

def (T.in, P_out, Ra, Eta, m, medium):

d_H_ideal — Ideal enthalpy drop [J/kg]
3 d_-H — Real enthalpy drop [J/kg]
W_tu — Turbine power W]
5 Eta — Turbine efficiency [—]

7 H_in = PropsSI(’H’, 'T’, T.in, 'P’, P_.in, medium)
S_in = PropsSI(’S’, 'T’, T.in, ’'P’, P_.in, medium)

d_H_ideal = (H_.in — H_out_ideal) x Eta
11 H_oout = self.H_in — d_H_ideal

dH = (H.in — H_out)

13 Witu =m x d_H

9 H_out-ideal = PropsSI(’H’, ’'S’, S.in, 'P’, P_out, medium)

T_out = PropsSI(’T’, ’P’, P_out, 'H’, H_out, medium)
7S )

S_out = PropsSI( , '"H>, Hout, 'P’, P_out, medium)
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