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ABSTRACT
ALIREZA JAVANSHIR. Development and analysis of a high-efficiency concentrating
solar power tower plant concept. (Under the direction of DR. NENAD SARUNAC)

Emissions of greenhouse gases (GHGs) are one of the main problems of using fossil
energy sources such as coal and natural gas. Thus, decarbonization of the energy sector,
i.e., the increased use of the lower carbon intensity and carbon-free energy sources and
technologies, such as solar and wind, is needed to meet increasing energy demand and
reduce emissions. Although the Sun’s energy falling on Earth has the capacity of being the
largest source of electricity by the mid-century, efficiency, intermittency, and cost are the
challenges for the solar and other renewable energy technologies.

Concentrating solar power tower (CSP-T) technology is one of the technologies for
converting solar energy to electric energy (electricity). In a CSP-T plant, the large number
of mirrors or lenses is used to concentrate incoming solar energy to a small area. Thus,
solar energy is first converted to the thermal energy in the solar receiver, and then to the
mechanical and electrical energy in a plant power block.

This study focuses on the CSP-T technology integrated with power cycles such as
Rankine and Brayton. Selection of the power cycles, working fluids, and heat rejection
systems was analyzed in this research study with the objective to improve conversion
(mirror-to-electric generator) efficiency and reduce the cost.

The selection of the best working fluid for a power cycle is traditionally performed
by conducting a large number of parametric calculations over a range of cycle operating

parameters for a number of candidate working fluids. A novel and systematic multi-step
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method was developed in this study for the selection of the best working fluid(s) for the
commonly considered power cycles and specified (selected) cycle operating conditions
(maximum temperature and pressure, and heat rejection temperature). The best working
fluid gives the highest thermal efficiency, or the highest net power output of the power
cycle. The power cycle modeling and design analysis were performed by employing
EBSILON Professional Version 11 (EPV-11) software.

Thermo-physical and environmental properties of the working fluids, and
construction and operating cost of the CSP-T plant were the main criteria considered in the
working fluid and power cycle selection procedure.

To alleviate the negative effects of dry cooling in arid areas, where most CSP-T
plans are (and will be) built, a direct air-cooled cooling tower (CT) with the “cold energy”
thermal storage system (CE-TES), and a closed-loop hybrid-cooled CT are proposed. The
effects of both cooling methods on cycle performance (net power output and electricity

generation) were analyzed and compared.
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CHAPTER 1: INTRODUCTION AND PROBLEM STATEMENT

1.1. Overview

This study focuses on the concentrating solar power tower (CSP-T) technology
using a Rankine, ORC, Brayton, or combined cycle as a power block integrated with the
solar power tower and heliostat field.
A detailed design, analysis, and optimization of thermodynamic power cycles: Rankine,
Organic Rankine cycle (ORC), Brayton, or combined cycles integrated with the solar
power tower technology is the main focus of this study. The results of the analysis were
used to develop a systematic method for selection of the optimal working fluid(s)
considering the cycle operating conditions and thermo-physical properties of the working
fluids.

Also, the methods for improved heat rejection were investigated and analyzed to
help achieve better thermal efficiency and lower system cost. The analyzed heat rejection
methods included the dry and closed-loop hybrid cooling systems. System modeling and

design analysis were performed by employing EBSILON Professional software [1].

1.2. Background and Motivation

According to the International Energy Agency (IEA) analysis [2], the solar energy
has the capacity to be the largest source of electricity by the mid-century. According to this
analysis, the two IEA roadmaps show solar energy could provide one-third of world’s
energy demand. This amount is larger than other kinds of primary energy sources such as
fossil fuels, nuclear and wind. The roadmaps show that by 2050 solar photovoltaic (PV)

and concentrated solar power (CSP) could produce 16% and 11% of world’s electricity,
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respectively. Additionally, solar energy can reduce the emission more than 6 billion tons
of carbon dioxide (COz2) per year by 2050.

Listed below are the most important advantages of solar energy.

. Solar energy is free, but there is a cost for the equipment.
. Solar energy does not produce any pollution.
. Solar energy can provide the energy for many devices that require a small

amount of energy, such as calculators.

o In comparison with fossil fuels, the solar energy source is infinite.
However, solar energy has disadvantages, such as:

. Solar energy is available only when it is daytime and sunny. Thus, in many
areas, such as the UK, where the number of sunny days is smaller compared to the
number of cloudy days, or at geographical locations of higher latitude, building
solar energy stations might be difficult to justify. Figure 1.1 shows the global
resources of solar energy [2].

. The magnitude of the solar flux, reaching Earth’s surface is very much
dependent on atmospheric conditions and position of the sun in the sky. On a clear
sunny day and the Sun at the zenith, the solar flux is equal to 1,000 W/m?, i.e., 1
Sun. Figure 1.2 shows the effect of atmospheric conditions on solar flux.

o The equipment used to harness solar energy is expensive.

. Solar energy uses a significant amount of land.
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Figure 1.1. The global resources of solar energy [2].

Figure 1.2. The effect of atmospheric conditions on solar flux [2].
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One of the objectives of the U.S. Department of Energy (DOE) SunShot Initiative

[3] is to make the cost of solar energy comparable to the traditional energy sources by the
2020’s. The main goals of the Initiative are to make renewable and clean energy sources

more affordable, accessible, and efficient.

1.3. Solar Power Technologies

In last 10 to 20 years, a rapid increase in energy consumption fueled by the increase
in global energy demand and GDP has raised concerns concerning greenhouse gas (GHG)
and non-GHG emissions from the energy (and other sectors) and associated immediate and
future consequences. The issue of GHG emissions is the main concern related to the
traditional energy hydrocarbon sources such as coal and natural gas. Also, the non-GHG
pollution by sulfur dioxide (SO2), nitrous oxide (NOx), and particular matter (PMzs
especially) from the traditional energy sources such as coal and natural gas is causing
serious air pollution-related problems in some regions of the world.

The spent nuclear fission fuel is highly radioactive with a long half-life of some of
the fission fragments. The spent fuel can either be re-processed (closed fuel cycle) or
disposed into a permanent geological storage (open fuel cycle) after use. There is a strong
public opposition against the permanent geological storage. On the other hand, nuclear
nations view spent fuel processing (i.e., a closed fuel cycle) as a potential path to nuclear
weapon proliferation since Plutonium can be produced by this process. Finite fossil fuel
resources are also a matter of concern, however not a major concern for next several

centuries).
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If properly deployed, renewable energy could be one of the solutions for these
issues [2].

Hydroelectric energy, wind energy, solar energy, wave and tidal power, biomass
energy and geothermal energy are forms of renewable energy. However, solar energy is the
most important source of energy that can have a significant role in future [2]. There are two
energy conversion technologies for producing electricity from solar energy. The first
energy conversion technology is concentrating solar power (CSP), and the second one is
solar photovoltaic (PV).

In the CSP applications, the large number of mirrors or lenses are used to
concentrate incoming solar flux (solar energy) to a small area. This concentration of solar
influx to a small area allows for efficient conversion of solar energy to thermal energy
(heat), and results in a high temperature of the heat transfer and working fluids, and thus,
in a high thermal efficiency of the power block. The power block typically employs a heat
engine (Rankine, Brayton, or a combined cycle, or Stirling engine [4, 5]) to convert heat
into mechanical, and electrical energy. The CSP technology is also known as Solar
Thermal Electric (STE).

CSP can be divided into four groups:

1.3.1. Parabolic trough (PT)

Parabolic Trough systems use through-shaped mirrors to focus sunlight onto an
absorber tube (receiver) placed in the trough’s focal line. The troughs are designed to track
the sun along one axis, predominantly north-south. The receiver contains a heat transfer

fluid (e.g. synthetic thermal oil, molten salt) which is heated by the focused sunlight. The
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heat transfer fluid (HTF) is circulated through the tubes and pumped through the heat
exchangers to produce steam. The parabolic trough technology is currently the best proven
and most used technology, even though the live steam parameters are lower compared to
the solar power tower plants [3]. In this system, thermal oil, heated up to 390°C, is used
to produce steam to drive a steam turbine. Alternatively, water may be used as a heat
transfer and working fluid in a Direct Steam system configuration [6]. Figure 1.3 shows a

schematic of the parabolic trough system.
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Figure 1.3. Schematic of a concentrated solar thermal trough power plant with thermal
storage [7].

The state-of-the-art commercial CSP technology consists of parabolic trough
collectors, and receivers using a synthetic oil as a heat transfer fluid (HTF) to deliver heat
at ~370°C, to a steam Rankine cycle, with a design thermal-to-electric conversion
efficiency of ~38% [3]. A thermal energy storage (TES) system employing molten salt may
be incorporated into the system to improve its capacity factor at times the incoming solar

flux is low and variable (cloudy days), or zero (night time).



1.3.2. Linear Fresnel technology

The linear Fresnel technology uses long, flat or slightly curved mirrors to focus
sunlight onto a linear receiver located at a common focal point of the reflectors. The
receiver runs parallel to and above the reflectors and collects (absorbs) the heat to boil
water in the tubes, generating high-pressure steam to power the steam turbine (water-direct
steam generation, no need for heat exchangers). The reflectors make use of the Fresnel lens
effect, which allows for a concentrating mirror with a large aperture and short focal length.
This reduces the plant costs since sagged-glass parabolic reflectors are typically much more

expensive [8]. Figure 1.4 shows schematic of a linear Fresnel system.
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Figure 1.4. The linear Fresnel system [7].

1.3.3. Dish system

Dish system consists of a stand-alone parabolic reflector that concentrates light
onto a receiver positioned at the reflector's focal point. The reflector tracks the Sun along
two axes. The working fluid in the receiver is heated to 200-700°C and is then used in

a Stirling engine to generate power and electricity [9]. A Stirling engine converts heat to
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mechanical energy, which is then converted to electricity. This engine compresses and
expands air or other gases by a cycle at different temperatures [10]. Figure 1.5 shows

schematic of a dish system.
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Figure 1.5. The dish system [7].

Electricity

1.3.4. Solar power tower (SPT)

The Solar Power Tower includes an array of sun-tracking reflectors (heliostats) that
focus sunlight on a central receiver located at the top of a centrally located tower. The solar
tower contains a heat exchanger where the concentrated solar energy is transferred to an
HTF [11]. The HTF transfers the absorbed heat to the working fluid (water) to generate
superheated steam. The advantage of the solar tower over the parabolic trough is that the
sunlight, reflected to the central receiver, is focused to a smaller area, resulting in much
higher HTF temperature (up to 1,000°C), and therefore, higher working fluid temperatures
(superheated steam), and thus higher thermal efficiency. Also, the HTF does not have to be
piped around the large solar field as is the case with parabolic troughs. For the central tower

technologies, the power block can be operated by employing all currently available heat
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transfer media such as air, water/ steam, molten salt, and liquid metals. Figure 1.6 shows a

schematic of the solar power tower system.
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Figure 1.6. The solar power tower system [7].

The current lowest-cost, the state-of-the-art commercial standard for Solar Power
Tower utilizes a molten salt HTF, coupled with 10 hours of thermal storage, to deliver heat
at ~550 °C to a steam Rankine power cycle, with a designed thermal-to-electric conversion
efficiency of ~41% [3].

1.3.5. Photovoltaics (PV)

In a PV system, light (photon) absorption leads to the photo-generation and
separation of the positive and negative charge carriers. Mass is exchanged across the
system /surroundings boundary in the form of electrons, along with the energy imparted
from the absorbed photons. Useful energy is delivered initially in the form of direct current

electrical power (W), or converted into alternating current power (W_) to supply power
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to the grid and /or our buildings [12]. Figure 1.7 shows the systems-surroundings diagram

for a photovoltaic (PV) energy conversion device.
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Figure 1.7. The systems-surroundings diagram for a photovoltaic (PV) energy conversion
device [7].

1.3.6. Concentrating Photovoltaics (CPV)

In the Concentrating Photovoltaics System, incoming sun light is focused by the
mirrors or lenses on the solar cell. Thus, the system uses smaller solar cell area compared
to the photovoltaic systems. Concentrating photovoltaics has advantages, such as requiring
less photovoltaic material and having higher efficiency than photovoltaic systems [13].
However, this system is expensive and it needs a direct rather than diffuse light. Figure 1.8

shows a schematic of the concentrating photovoltaic system.
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Concentrator
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Figure 1.8. The schematic of concentrating photovoltaic system [7].

1.4. Power Cycles

The simple (basic) and combined thermodynamic power (work) cycles of interest
are reviewed in this section. Their efficiency, output range, and advantages and
disadvantages are discussed. Also, the state-of-the-art of each cycle is presented.
1.4.1. Carnot cycle

The Carnot is an ideal power cycle where heat is added at a constant upper
temperature (Tmax) and rejected at a constant lower temperature (Tmin). This cycle includes
two isothermal processes and two isentropic processes (Figure 1.9a). The thermal

efficiency of the Carnot cycle may be expressed as:

r,=1_Tm_in (1.1)

Tm ax
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a) b) c)
Figure 1.9. a) The Carnot cycle. b) The Rankine cycle. c¢) The Rankine cycle with
superheat.

By increasing the difference between the upper (heat addition) and lower (heat
rejection) temperatures, the thermal efficiency of the cycle is increased. No real heat engine
that works between upper and lower temperatures can reach Carnot efficiency, in other
words, Carnot efficiency is the highest efficiency that could be achieved for the specified
upper and lower temperatures. The Carnot cycle is often used as a “measure” of the actual

power system’s thermal efficiency.

1.4.2. Rankine cycle

The Clausius-Rankine cycle (from now on referred to as the Rankine cycle),
includes four thermodynamic processes (Figure 1.9b): The working fluid is pumped from
the low to high pressure. Because the working fluid is in a liquid state at this stage, pumping
work is small. In the second process, the high-pressure liquid is heated in a boiler and
converted to a dry saturated or superheated vapor (steam). In the third process, the working
fluid is expanded in a turbine, generating mechanical work, which is converted to

electricity in an electric generator. The wet steam is condensed in a condenser at a constant
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pressure (condenser back pressure), where latent heat of condensation is rejected to the
ambient air or water.

The modern Rankine cycle operates with a superheated steam (Figure 1.9¢) and
employs steam reheat to improve thermal efficiency of the cycle. If the pressure and
temperature of the superheated steam are higher than critical conditions (21.8 MPa and
374.15°C), the cycle is referred to as a supercritical cycle. The efficiency of the Rankine
cycle may be increased by increasing the steam pressure and temperature, and reducing the
condenser back pressure.

Also, thermal efficiency of the Rankine cycle can be increased by employing
regeneration, i.e., increasing temperature of the feedwater into the boiler. The feedwater
temperature is increased by using a series of feedwater heaters (FWHs) and steam extracted
from the steam turbine at different pressures.

When a supercritical Rankine cycle is used in a solar plant such as Solar One and
Solar Energy Generating Systems (SEGS) in California, the reported efficiency is between
37-42% [14, 15]. Higher steam pressure and temperature, as mentioned above, improve
thermal efficiency of the Rankine cycle. With the currently available materials (austenitic
steels), the Rankine cycle efficiency can be increased up to 45% [16-18].

Rankine cycle is the most developed work cycle and it can operate at reduced (part)
load, although with reduced efficiency. However, a relatively high pressure and high
temperature are needed for efficient operation. Rankine cycle may operate between 100-

600°C (100°C for an ORC, and 600°C for an advanced supercritical steam Rankine Cycle).
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1.4.3. Organic Rankine cycle (ORC)

ORC is a Rankine cycle utilizing an organic working fluid with low-temperature
phase change instead of water-steam. The operating principles of the Organic Rankine
cycle (ORC) and Rankine cycle are the same. Organic Rankine cycle (ORC) has a potential
to play a significant role in energy conversion, especially in the low-temperature and
Combined Heat and Power (CHP) applications. In the U.S., approximately 60% of the heat
derived from the primary energy sources is rejected to the environment as a waste heat
[19]. An ORC offers power generation from the renewable, waste heat and low- and
medium-grade heat sources such as a geothermal, solar, biomass, and waste heat from the
industry, primary movers, and thermal power plants. Refrigerants and hydrocarbons are
considered as suitable working fluids for the ORC.

Many papers and studies are dedicated to a solar-powered ORC and working fluid
selection [20-24]. Also, many researchers are working on the ORC using geothermal heat
source [25-29]. Chen et al. [30] considered pure working fluids for the subcritical and
supercritical ORC. Shengjun et al. [31] performed parametric optimization and comparison
of different working fluids for the subcritical and transcritical ORC using geothermal heat
source. He also studied selection criteria for evaluation of different working fluids. Saleh
et al. [29] evaluated 31 different working fluids suitable for a geothermal ORC, studied
different work cycle configurations, and compared different working fluids in terms of
thermal efficiency. Lakew and Bolland [32] analyzed the effect different working fluids on
thermal efficiency of a simple subcritical ORC operating in the 80-160°C temperature

range.



15

Numerous criteria are considered during the working fluid selection procedure.
Also, international protocols and agreements stipulate the use of working fluids that are
not harmful to the environment. Thus, the criteria such as ozone depletion potential,
flammability, toxicity and global warming potential (GWP) need to be considered during
the working fluid selection process. Papadopoulos et al. [33] used 15 criteria for the fluid
selection; with environmental, safety, physical, chemical and economical properties being
the five main groups. The best working fluid is selected based on the cycle thermal
efficiency. Details are provided in [34].

There is no working fluid that satisfies all selection criteria [35], thus the fluid
selection method balancing the environmental, safety, physical, and chemical properties of
a working fluid, capital investment (system cost), manufacturing, maintenance
requirements, and cost should be used. The selection processes may be divided into two
groups: elimination and ranking [36]. In the first step, elimination is used to reject
unsuitable working fluids before the ranking process is applied. Roedder et al. [37]
considered 22 criteria divided into six main groups, and then used a combination of the
elimination and ranking methods for selection of the working fluid. Different weights were
considered for each property of a working fluid. The approach was applied to a two-stage
ORC, and Iso-butane was identified as the best working fluid.

A number of scholars have recently conducted research concerning performance
optimization of the ORC. Roy et al. [38] presented a parametric optimization process for a
regenerative ORC, while He et al. [39] presented a theoretical analysis for determining the
optimum evaporation temperature. Wang et al. [40] developed a theoretical model for

thermal efficiency in terms of the Jacob number. Also, Kuo et al. [41] proposed a Figure
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of Merit (FOM) and showed that efficiency of a subcritical ORC decreases with an increase
in FOM. However, the relationship between thermal efficiency and FOM was not
presented, and Kuo’s definition of FOM is applicable to the subcritical ORC cycle only.

The improvement of a regenerative ORC (ORC with a recuperator) in conjunction
with the simple ORC (ORC without a recuperator) to improve its performance has been a
focus of the recent research work [42].

Algieri et al. [43]studied sub-, trans- and supercritical ORC using dry working
fluids and the effect of internal heat recovery. A study by Mago et al. [44] based on
combined first and second law of thermodynamics analysis shows that using a dry working
fluid for the regenerative ORC would not only reduce the required amount of waste heat
needed to generate specified power output, but would also lower the irreversibility by
increasing cycle efficiency, compared to the simple ORC. The energy and exergy analysis
for the reheat-regenerative Rankine cycle was performed by Acar [45] indicating that,
although energy and exergy efficiencies of the closed cycle are the same, a better
understanding of the losses in the system is gained by the exergy analysis. Ying et al. [46]
proposed a new approach of utilizing solar heat as a heat source to heat the feedwater in
the regenerative ORC. Wang et al. [47] evaluated characteristics of five different types of
ORC. Their analysis proves that the regenerative ORC has the lowest rate of exergy
destruction, since a portion of the heat from the turbine exhaust is recovered in the
recuperator and beneficially used, instead of being rejected in the condenser.

Hung et al. [48] reported that implementing a regenerator does not result in a

significant thermal efficiency improvement (up to 2-% points) for the ORCs using wet and
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isentropic working fluids. However, for dry working fluids, the thermal efficiency
improvement can be higher than 9%-points.

Solar energy driven regenerative ORC has been studied during the past few years.
Wang et al. [49] evaluated the effect of thermodynamic characteristics of working fluids
on performance of a low temperature solar regenerative ORC power generation system
using a flat plate collector for four organic working fluids: R245fa, R123, isobutene, and
R134a. A numerical simulation of the heat transfer and power conversion for a low
temperature solar thermal electric generation systems was carried out by Gang et al. [50].
Thermal efficiency of about 8.6% and 4.9% for irradiance 750 W/m? was reported for the
ORC systems with and without regeneration, respectively. However, not many
investigations have been conducted on the effect of parameters such as intermediate
pressure on performance of the regenerative ORC system. In addition, only a few operating
points have been taken into account while investigating an engine waste heat recovery
system performance.

1.4.4. Brayton cycle

Brayton cycle is similar to the Rankine cycle. However, in the Brayton cycle the
working fluid remains in a gas phase or a supercritical state at all state points. Thus, Brayton
cycle is classified as a gas cycle.

An ideal Brayton cycle, presented in Figure 1.10a, consists of four processes:
isentropic compression of the working fluid, isobaric heat addition (heat addition at
constant pressure), isentropic expansion, and, for a closed cycle, isobaric heat rejection.
For the open cycle, temperature of the working fluid at the turbine exhaust is in the 400 to

600°C range — high enough to be used in the bottoming cycle, such a steam Rankine cycle.
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al b) c)
Figure 1.10. a) Bryton cycle, b) reheating, ¢) intercooling.

The efficiency of the Brayton cycle may be improved by modifications such as
reheating and intercooling. The expansion work can be increased by reheating
(Figure 1.10b), while the compression work can be reduced by intercooling (Figure 1.10c).

The real Brayton cycle approximates the ideal one, however, compression and
expansion are not isentropic due to the losses associated with fluid friction, secondary
flows, and heat transfer. Also, there is a pressure loss during heat addition and heat
rejection. Thus, thermodynamic efficiency of the real Brayton cycle is lower, compared to
the efficiency of the ideal cycle.

Since modern receivers in solar towers may achieve temperature of the HTF higher
than 1,000°C [51, 52], the Brayton is a suitable cycle for the solar tower CSP plants.
Efficiencies of the order of 50% are reported for high-power, advanced helium Brayton
cycles [17]. In these cycles, the turbine inlet temperature (TIT) is between 750 to 850°C.

A literature review concerning the use of the supercritical CO2 (sCOz2) as a working
fluid in the Brayton cycle was performed. According to the reported results [53], a sCO2

Brayton cycle has higher efficiency, compared to other working fluids. Also, due to its high
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molecular weight, the volumetric flow rate of sCOz is smaller compared to helium and
other working fluids, resulting in a much smaller turbomachinery size.

According to [54-56], the sCO2 Brayton cycle has the following advantages,
compared to the other working fluids: (a) higher cycle efficiency at the same turbine inlet
temperature since the compressor work is reduced around the critical point (i.e., in the
“liquid-like” region), (b) smaller turbomachinery and heat transfer equipment, (c) higher
heat transport capacity (at constant pressure), and (d) lower and more constant cycle
exhaust temperature compared to conventional Brayton cycles. In the “liquid-like” region,
supercritical fluids behave like liquids in terms of compressibility and heat transfer
characteristics. This reduces compressor work and also leads to the more efficient
regenerative heat exchange [10].

Thermodynamic analysis of different configurations of the sCO2 Brayton power
cycle shows that the sSCO2 power cycle is a good candidate for the CSP applications [57-
61]. Chacartegui et al. [62] proposed three different configurations for the use of
supercritical and trans-critical CO2 cycles. Their results, based on the First Law of
Thermodynamics analysis, show these cycles are promising technologies for the solar
power tower plants. The use of recompression COz Brayton cycle for the solar thermal
power plants was investigated by Iverson et al. [63] showing the efficiency benefits of the
system at maximum operating temperatures above 600°C. Studies by Angelino [56] show
that single-heated sCO2 cycles operating at maximum temperature above 650°C have
higher thermodynamic efficiency compared to the reheat steam Rankine cycles. Studies by
Dostal et al. [54] report thermal efficiency of 46.07% of the sCO2 Brayton cycle with the

turbine inlet temperature (TIT) of 550°C, and 49.25% for the Helium Brayton cycle with
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the TIT of 880°C. Garg et al. [64] showed that to achieve specified value of thermal
efficiency with a lower maximum temperature and, therefore, lower operating costs, power
cycle needs to operate in the supercritical regime. Turchi et al. [65] developed benchmark
results for different configurations of the sCOz cycle in nuclear applications.

Nitrogen, Helium and Nitrous Oxide are other choices of the working fluids for the
Brayton cycle [60].

The Brayton cycle using Nitrogen has been developed in France under the ASTRID
(Advanced Sodium Technological Reactor for Industrial Demonstration) project [66]. Alpy
et al. [66] provide a comparison of the thermodynamic performance of Nitrogen and sCO2
cycle for the ASTRID. The sCO:z cycle achieves higher thermal efficiency (about 44%),
compared to the Nitrogen cycle (about 38%).

Current high-concentration solar tower technology makes it possible for the Helium
Brayton cycles to operate with a turbine inlet temperature ranging from 750 to
850°C which is significantly higher than that of the subcritical steam Rankine cycles.
Operating at such conditions, multiple-reheat Helium Brayton cycles are predicted to
achieve thermal efficiencies of the order of 50% [17]. Angelino and Invernizzi [67]
concluded that, with Helium having favorable heat transfer characteristics, it is beneficial
to add a closed Brayton cycle with high-temperature rejected heat for the cogeneration
applications.

Jeong et al. [68] have performed performance analysis of the Brayton cycle for
different working fluids including sCOz2, and sCO2 mixtures with N2, Oz, He and Ar. The
results indicated that the CO2—He binary mixture has the highest cycle efficiency of all

analyzed mixtures.
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Sarkar [69] performed thermodynamic analysis of the recompression Brayton cycle
using N20 as a working fluid for the next generation (Gen V) of advanced nuclear reactors.
The optimization of pressure ratio and mass split flow fraction was performed over a range
of operating conditions.

Brayton cycle with a regenerator placed ahead of the cooler to recover heat and
thus, improve the cycle efficiency is referred to as a regenerative Brayton cycle. Memon et
al. [70] performed optimization of the high temperature simple and regenerative gas turbine
cycle power plants and concluded that the regenerative cycle has smaller exergy
destruction compared to the simple cycle.

1.4.5. Combined cycles

Ina combined power cycle, two simple (basic) thermodynamic cycles are combined
to achieve higher efficiency and power output. Based on the temperature range, the cycles
are divided into the topping and bottoming cycles. The basic characteristics and efficiency
of combined cycles, suitable for the CSP are presented. Because of the working
temperature range (100-600°C) of the Rankine cycle, it can be used as a topping and a
bottoming cycle. The Brayton cycle is mostly used as a topping cycle because the high
turbine inlet temperature (TIT) is needed to achieve high thermal efficiency, which makes
it compatible with high-temperature solar tower CSP plant. Although the capital cost of
combined cycles is higher than for simple cycles, thermal efficiency is considerably higher,
which justifies higher cost [71, 72]. Figure 1.11 shows the T-s diagram of the

Brayton/Rankine cycle.
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Figure 1.11. T-S Diagram Of combined Brayton/Rankine cycle.

With a low exhaust temperature of the topping cycle, ORC could be a more suitable
choice for the bottoming cycle over the steam Rankine cycle [73]. Despite the numerous
research studies in incorporating ORC as a bottoming cycle, such as [74, 75], a combination
of the regenerative Brayton cycle as a topping cycle and ORC as a bottoming cycle at large
scale power plants has not been evaluated to the sufficient level of detail, and the combined
regenerative Brayton/simple ORC cycle (from now on referred to as the combined
Brayton/ORC cycle) needs more investigation.

Another suitable choice for CSP applications where the exit temperature from the
topping cycle is in the 80 to 150°C range, is the Rankine/ORC combined cycle, where a
steam Rankine cycle is used as the topping cycle and an ORC as the bottoming cycle. The
exit temperature from the topping cycle depends on the choice of the working fluid in the
bottoming ORC.

1.5. Research Objectives

The performance improvement of the concentrating solar power tower plant (CSP-

T) is the focus of this thesis. As presented in Figure 1.12, the CSP-T plant components may

be divided into four groups: a) Collectors, b) Receiver, ¢) Thermal Energy Storage and
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Heat Transfer Fluid (HTF), and d) Power Block. This work is primarily concerned with the
Power Block and the Thermal Storage System (TES), and its integration with the receiver.
The solar field, i.e., the collectors and its operating conditions, such as concentration ratio
are not part of this study. The required information for that part of the system was obtained

from the published literature.
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Figure 1.12. Schematic illustration of a CSP-T plant [3].

As mentioned above, CSPs have two main issues. The first one is the efficiency,
and the second one is the cost. Thus, in order to improve the efficiency and lower the cost,
the three main objectives of this work include the following:

1. Determine thermal efficiency of a single or combined power cycle

employing different working fluids and operating conditions.
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2. Develop a methodology for selecting working fluid or a combination of

working fluids resulting in the highest thermal efficiency of a power cycle for the

selected (prescribed or given) operating conditions (such as maximum and
minimum temperature and pressure of the topping and bottoming cycles).

3. Investigate options for improving heat rejection from the power block

assuming dry cooling. Investigate and analyze the methods for improving the

efficiency of a dry cooling system and determine the effect on thermal efficiency
and cost.

Higher thermal efficiency and a systematic procedure (methodology) for the
selection of working fluids and operating conditions of the simple and combined cycles are
expected outcomes of this research work.

1.5.1. Selection of working fluid(s)

Selection of the working fluid(s) and operating parameters, such as temperature and
pressure of the working and heat transfer fluids (HTF) for a CSP-T has a dramatic effect
on the plant efficiency and environment. For example, exotic fluids are used in the CSP-T
plants to store heat at a low pressure. However, these fluids could be hazardous in case of
the leaks. Also, global climate change, emission of CO2 and ozone depletion are of main
concern for power plants and selection of working and heat transfer and storage fluids [76].

The selection of working fluids (for simple cycles), and combination of working
fluids (for combined cycles) has been traditionally performed based on thermodynamic
efficiency calculated for the candidate working fluids or combinations of fluids over a
range of operating conditions. That is, cycle analysis was performed by employing a

number of working fluids and a range of operating conditions to determine cycle
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performance parameters, such as thermal efficiency, specific net work output, and mass
flow rate of the working fluid.

A methodology for selection of working fluids best suitable for the CSP-T plant
over a range of maximum temperatures achievable by the current, state-of-the-art, and
future receiver technologies and choices of HTFs (water, molten salt, liquid metals, or air)
was developed in this work. Thermal efficiency and size of the power generation
equipment were selected as the main evaluation criteria, followed by the equipment cost
and development status.

Performance maps were developed as guidance for selection of the best working
fluid for specific operating conditions for selected candidate power cycles. The maps of
the power cycle thermal efficiency and power output, i.e., the performance maps were
developed to enable selection of best working fluids for the number of power cycles. For
the selected power cycle, these performance maps show which working fluid results in
highest efficiency or power output for a given set of operating conditions.

1.5.2. Selection of power cycles

Based on the characteristics and performance of the work cycles described in the

previous section, several cycles were selected for analysis.

Cycle selection was based on the following criteria:

. Thermal efficiency
o Suitability for integration with the solar power CSP
. Complexity of the equipment

. Construction and operating cost
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. Development status

The selected cycles are divided into the two main categories:

Category A: One simple cycle. It can either be an advanced high-temperature
Brayton or an advanced Rankine cycle. Although combined cycles have higher efficiency
compared to the simple cycles, simple Rankine, ORC, and Brayton cycles are less complex,
and, thus, less expensive to construct and operate. Also, these cycles are well developed
(except for non-conventional working fluids) and more suitable for cycling.

Category B: A combined Brayton/Rankine cycle. High thermal efficiency is the
main advantage of a combined cycle.

The combined Brayton/ORC cycle is especially suitable for the solar power CSP-
T plant since: (a) heat rejection from the bottoming Rankine cycle only is needed (the
bottoming Rankine typically delivers one third of the power output), (b) Brayton cycle is
more suitable for a complete turndown over the night hours compared to the Rankine cycle.
However, for efficient operation this cycle requires high TIT.

The effects of modifications to the topping and/or bottoming cycles, such as
regeneration were also studied, although the main objectives of this study are: selection of

the power cycles, operating parameters, and working fluids.

1.5.3. Heat rejection improvement

Since it is expected that the concentrating solar tower power plants will be built in
deserts and other arid areas, the heat rejection will be accomplished by employing a
mechanical draft dry cooling tower (CT). Unlike a wet CT, where temperature of the cooled

water leaving the tower (entering steam condenser) depends on the wet bulb temperature
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of the ambient air, for a dry CT temperature of the cooled water leaving the tower is a
function of the dry bulb ambient air temperature [77]. Because the dry bulb temperature is
higher compared to the wet bulb temperature, the use of dry cooling results in higher
temperature of the cooled water leaving the CT, higher condenser back pressure, lower
power output, and lower thermal efficiency of the power block compared to the wet CT
system. Therefore, thermal efficiency of the power cycle rejecting heat via a dry CT is,
approximately 2%-points lower compared to the wet CT [78-80].

Dry cooling system can be divided into two groups: direct or indirect. In a direct
dry cooling system, the exhaust flow from the turbine is sent to an air-cooled-condenser
(ACC). Figure 1.13 shows the schematic of a direct dry cooling system. Heat rejection to
the environment is performed in a single step, where steam is condensed inside the finned
tube cooled by the ambient air. In the indirect dry cooling system, steam is condensed in a
conventional surface condenser or a contact condenser in a cooling water loop. The latent

heat of condensation is rejected ina dry CT.
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Figure 1.13. Schematics of the air-cooled condenser.
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To alleviate negative effects of dry cooling, a direct air-cooled mechanical draft CT
with the “cold energy” thermal storage system (CE-TES) is proposed, as presented in

Figures 1.14 and 1.15.
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Figure 1.14. Day-time operation of the cooling tower system.
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Figure 1.15. Night time-operation of the cooling tower system.
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As shown in Figures 1.14 and 1.15, the CE-TES system includes the Warm and
Cold Tanks. During the night, when the ambient air temperature is much lower compared
to the day-time temperature (especially in deserts and arid regions), the thermal energy
storage fluid from the Warm Tank is cooled by the cold air and stored in the Cold Tank.
The CT will be cooled by the ambient cold air bypassing the air-to-water heat exchanger
(HEX) as presented in Figure 1.15. During the hottest period of the day, the hot air will be
cooled by the cold fluid from the Cold Tank prior to entering the CT as presented in
Figure 1.14.

Water-glycol mixture is proposed to be used for the cold energy storage due to its
low cost. Performance of the cold energy storage system may be improved by using
encapsulated phase change materials (PCHs) immersed in the Cold Tank.

In the direct dry cooling method with CE-TES, there is a high overall temperature
difference between the ambient air, air in the Cold Tank, and the discharge stream to the
condenser. A closed-loop hybrid method is proposed to alleviate the negative effect of
temperature difference in a dry cooling method. In the closed-loop hybrid method, cold
energy form Cold Tank can be transferred directly to the tube bundles in ACC. Thus, the
steam can be condensed directly by the cooling water. Figure 1.16 shows the schematics

of air-cooled condenser and tube bundles.
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Figure 1.16. Schematic of tube bundles in ACC.

1.6. Organization of the Thesis

This thesis is organized into eight chapters as follows:

In Chapter 2, thermodynamic and techno-economic models of different power
cycles integrated with CSP-T plants are presented. Theoretical equations used to calculate
the performance parameters (thermal efficiency, net work output, and etc.) of power cycles
are developed and presented.

In Chapter 3, thermo-physical properties of different working fluids are listed and
different types of working fluids are presented. Environmental properties such as ozone
depletion potential (ODP) or global warming potential (GWP) are discussed.

In Chapter 4, the results of parametric calculations performed over a range of cycle
operating conditions for the previously described simple and combined power cycles
operating with different working fluids are presented. The results were analyzed to
determine the effect of thermo-physical properties of the working fluids on thermodynamic
performance of the cycle (efficiency and specific net work output). A statistical regression

analysis was used to correlate the results and develop correlations for cycle thermal
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efficiency, specific net work output, and specific heat input in terms of the relevant cycle
operating parameters. Performance maps were developed for the analyzed power cycles as
guides for the selection of the best working fluid(s) for the specified (selected or given)
cycle operating conditions.

In Chapter 5, the thermodynamic models of different power cycles are validated by
using data form the published literature.

In Chapter 6, the effect of operating conditions on performance of a number of
selected power cycles is presented. The best power cycle having the highest thermal
efficiency or net power output for specified operating conditions was identified.

In Chapter 7, techno-economic analysis of the CSP-T plants is presented. Selection
of the best working fluid and the best power cycle is the main focus of this chapter.

In Chapter 8, the effects of using CE-TES system with the dry cooling are analyzed.
Also, the proposed closed-loop hybrid cooling method is described and analyzed, and the
effect of both cooling methods on cycle performance are analyzed and compared.

The research contributions and accomplishments of this thesis work are presented

and future research needs are discussed in Chapter 9.



CHAPTER 2: TERMODYNAMIC AND TECHNO-ECONOMIC MODELING OF
CSP-T PLANTS

2.1. Overview
Thermodynamic and techno-economic models of the power cycles considered for
integration with a CSP-T plant are presented in Chapter 2. Theoretical equations used to
calculate performance parameters (thermal efficiency, net work output, and etc.) of the
selected power cycles are developed.
2.2. EBSILON Professional Modeling Code
EBSILON Professional Version 11 (EPV-11) is a commercial software developed
by STEAG Energy Services company for detailed modeling of thermodynamic processes
[1]. It is used for the modeling, design, and optimization of power generation systems. The
code is used by major European universities and power companies for research, design,
and optimization purposes. Thermo-physical properties of the working fluids used in the
analysis are determined by REFPROP [81] developed by NIST. The main EPV-11 features
include are the following:
e The code has an embedded scripting language that gives user access to input, output
and calculation capabilities and to combine these with the user-written codes.
e Powerful calculation module and robust solution algorithm.
e Extensive component library.
e Material properties library for fuels and working fluids.

e Intelligent error analysis and online user help.
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The REFPROP library, used to obtain the thermo-physical properties of the
working fluids, was integrated with EPV-11 to simulate the thermodynamic power cycles

[81, 82]. The EPV-11 workspace is presented in Figure 2.1.
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Flgure 2.1. The workspace of the EPV 11 software.

2.3. Thermodynamic Analysis of a CSP-T Plant (Theoretical Model)

Selection of working fluids resulting in best performance (thermodynamic
efficiency or net specific work output) of the simple and combined power cycles, such as
Brayton, ORC, Brayton/ORC, and Rankine/ORC for the specified operating conditions
(maximum temperature and pressure, heat rejection temperature, and others) is typically a
time-consuming and arduous task. The commonly used approach involves performing a

large number of parametric calculations which are carried out over a range of operating
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parameters for a number of candidate working fluids for the power cycle under
consideration.

A novel and systematic multi-step method was developed for the selection of best
working fluids for the commonly considered power cycles. The first step involves
development of a thermodynamic cycle model using the semi-perfect gas assumption
(defined in Section 3.3 in Chapter 3) to develop theoretical expressions for thermal
efficiency, heat input, and net specific work. The detailed models of the power cycles are
developed in the second step using EBSILON Professional version 11 (EPV-11) power
systems modeling code. The EPV-11 models are exercised over a range of operating
conditions and a multitude of working fluids to generate results on cycle performance
parameters. The statistical regression analysis is used in the third step to develop
correlations for the cycle efficiency and net specific work of the same form as theoretical
expressions developed in Step 1.

For the transcritical and supercritical cycles, the region near the critical point needs
to be treated separately due to the large variation in thermo-physical properties, yielding to
the set of correlations applicable for the Critical Zone.

The last step in the process involves construction of performance maps, where
performance parameters, such as thermodynamic efficiency and net specific work output
are presented as functions of the cycle operating conditions. The performance maps are
constructed by using an extremum seeking algorithm which, for the specified cycle
operating conditions, identifies the working fluid resulting in the best cycle performance
from the results generated by the EPV-11 cycle models. The maps typically contain several

zones and identify the best working fluid for each zone.
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The first step of the working fluid selection method: development of the theoretical
thermodynamic model of the selected power cycles (simple and regenerative ORC, simple
and regenerative Brayton cycle, regenerative Brayton cycle with recompression, combined
Brayton/ORC cycle, steam Rankine cycle with reheat, and combined Rankine/ORC cycle)
is presented in this section. The second, third, and fourth steps of the working fluid
selection method are described and discussed in Chapter 4.
2.3.1. Simple ORC
As described previously, the operating principles of the ORC and Rankine cycle
are the same: compression of the liquid, phase change (evaporation) in the evaporator
(primary heat exchanger), expansion in the turbine (expander), and phase change
(condensation) in the condenser. The main components of a simple ORC (feed pump,
evaporator (primary heat exchanger), turbine, and condenser) are presented in Figure 2.2.
The feed pump delivers working fluid at the elevated pressure to the evaporator (primary
heat exchanger) where the working fluid is evaporated at approximately constant pressure
using the externally supplied heat. A superheater is used in some ORC designs to superheat
the working fluid. The saturated or superheated working fluid is expanded in the turbine
(expander), which is driving an electric generator. The low-pressure, low-temperature
working fluid leaving the turbine is condensed in the condenser. The pressure of the
working fluid leaving the condenser as a saturated (or slightly subcooled liquid) is
increased by the feed pump, completing the power cycle. Depending on the type of the
working fluid, a recuperator may be placed ahead of the condenser to recover heat and

transfer it to the working fluid leaving the feed pump. Such configuration is referred to as
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the recuperated (regenerated) ORC. Schematic of a regenerated ORC is presented in

Figure 2.5.
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Figure 2.2. Schematic of a simple ORC.

The T-s diagrams of the simple subcritical and transcritical ORCs are presented in

Figure 2.3. In the subcritical cycle, the working fluid undergoes a phase change in the

evaporator. In the case of a superheated subcritical cycle, working fluid is superheated in

the superheater prior to entering the turbine. There is no phase change in a supercritical

cycle where the working fluid remains as a homogeneous supercritical fluid throughout the
entire power cycle. However, in a transcritical cycle, the minimum cycle temperature and
pressure are lower than the critical point conditions, thus a phase change occurs. In both

transcritical and supercritical cycles, the maximum cycle temperature and pressure are

higher than critical temperature and pressure, respectively.
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A) Subcritical B) Subcritical with superheat C) Transcritical
Figure 2.3. T-s diagram for the simple ORC.

The analysis of the cycle performance was performed by neglecting the friction and
heat losses in the pipes and heat exchangers, and assuming adiabatic turbine and feed
pump. An ORC is a considerably simpler and smaller power cycle compared to the steam
Rankine cycle with significantly smaller heat exchangers and considerably simpler
connecting piping. Also, the molar mass of most organic fluids and their density is higher
compared to steam, resulting in comparatively smaller volumetric flows and, thus smaller
equipment size. Thus, friction in the pipes and heat exchangers, and the resulting pressure
drop does not have a significant effect on cycle performance and can be neglected (more
details can be found in Section 4.3.4 of Chapter 4).

In terms of the heat losses, turbomachinery is typically assumed to be adiabatic
since any heat exchange with the surroundings is several orders of magnitude smaller
compared to the energy flux through the turbomachine.

For a subcritical cycle without the superheat (Figure 2.3A), heat input to the cycle
includes the sensible heat and latent heat (process 2-4):

Qin = mf‘?in = Q24 ~ Q14 = mf(h4 —hy) = mf((h3 - h1) + hfg) = mf(ép,13(T4 -

Ty) + hyg) (2.1)
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where Cp ;3 represents the average specific heat capacity calculated from the State Point
(SP) 1to SP 3, T1 is the temperature at the feed pump inlet, T4 is the maximum temperature
(turbine inlet temperature, TIT), hig is the latent heat (enthalpy) of evaporation

(vaporization), ¢;, is the specific heat input, and i is the mass flow rate of the working

fluid.
The entropy change of the working fluid from SP 1 to 4 is:
T4,Py C h
sa= 1= [p.p 2dT + ’:" (2.2)
= T. h
54, - Sl = CP,13 ln (T_:) + TLf (23)

The heat rejected from the cycle is equal to:
Qout = meout = mf((SS - Sl)Teq,c) ~ mf((s4- - Sl)Teq,c) (2.4)
where T, . denotes the average of the turbine outlet temperature and condensation

temperatures. The net work output is:

Wnet = mfwnet = mf(Qin - q.out)rlt (2.5)
. . - = T, h

Whet = nemy {CP,13 (T, —Ty) + hfg - (CP,13 In (T_:) + %f) Teq,c} (2.6)

where 7, denotes turbine isentropic efficiency. The thermal efficiency of the cycle n;, is

defined as:

Nen = ”gf 2.7)
Nen = Whet/Qin = ]a+1 T;Z Cg;afggﬁd T;C) (2.8)
where:

Ja = C_p,13(T4—T1)1 o= Evaporation temperature _ Ty (29)

hfg Condensation temperature T,
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The quantity Ja is the Jacob number defined as the ratio of sensible and latent heats.

For the wet and isentropic fluids (T,4./T1) = 1, while for the dry fluids the ratio is greater

than one. The properties and definition of wet, dry, and isentropic fluids are defined in

Chapter 3. However, if the fluid is not too dry, this ratio can be equal to 1. Figure 2.4 shows

thermal efficiency for the ORC employing the ideal (isentropic) and actual (non-isentropic)

turbine in terms of the Jacob number for T, . /T; = 1. The results show that n,;, decreases

as the Jacob number increases. Details are provided in [40].
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Figure 2.4. Thermal efficiency for the ORC employing the ideal and actual turbine in

terms of the Jacob number.

For a superheated subcritical ORC (Figure 2.3B), the procedure for obtaining the

expression for ., is similar - the difference is, we have to account for the superheat. The

heat input provided to the cycle includes the sensible heat and latent heat (process 2-4):

Qin = Meqin = Q24 = Q14 = mf(EP,lev(Tev —T)) + heg + Cp34(Ty — Tep)) (2.10)

The heat rejected from the cycle is equal to:



Qout = qu.out = mf((SS - Sl)Teq,c) ~ mf((s4 - Sl)Teq,c)

The entropy change of the working fluid from SP 1 to 4 is:

—_ Tev ~ T, hfg
54, - Sl —_ CP,lev ln (T_l) + CP,34~ ln (a) + E

The thermal efficiency is defined as:

In(rd
Teq,c/]a ln(TEC) Jas n(TlTEC) 1
Ja+jas+1 t t
. Ty Tgc-1 Ty Tgc
_ Whnet _ T, ' EC
Men =y, — e Jatjas+1

where Ja is the Jacob number and Ja is the superheat Jacob number.

_ CTP,1ev(Tev_T1) _ C_‘P,34(T4_Tev)
]a - h !]as - h
fg fg

(2.13)
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(2.11)

(2.12)

(2.14)

The results show that thermal efficiency decreases as the Jacob number Ja and

superheat Jacob number Jas increase. By removing the superheat, the maximum

temperature T4 becomes equal to the evaporation temperature Tev. Thus Jas= 0 and Eqn.

(2.13) simplifies to Eqn. (2.8).

For a transcritical cycle (Figure 2.4C), the similar procedure is used to determine

the expression for thermal efficiency — the difference is, there is no phase change, thus

latent heat of evaporation is equal to zero.

Qin = mfélin = mf‘?24 = Thqu = mfép,14(T4 - Ty)

Qout = MrQour = mf((SS - Sl)Teq,c) ~ mf((54 - Sl)Teq,c)
sS4 —S1 =Cpygln (%)

Wnet = mfwnet = mf(Qin = Qout )Mt

Wnet = 77tm'wa_‘P,14 {(T4 - Tl) —In (%) Teq,c}

(2.15)

(2.16)
(2.17)
(2.18)

(2.19)
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T
In(Tgc)—1=
Nen = Ne (1 - —T1> (2.20)

(Tgc-1)

In the supercritical region, thermal efficiency is a function of the ratio of the
maximum (T4) and minimum temperatures (T1). The cycle efficiency increases, as this ratio

is increased (dny,/dTgc > 0).

Dien Teqc (i + ln(TEC)) >0 (2.21)

dTgc ' Ti(Tpc-1)% \Tgc
2.3.2. Regenerative ORC

Both the regenerative ORC and regenerative Rankine cycles employ five
thermodynamic processes: pressure increase of the evaporator inlet, evaporation in the
primary heat exchanger, expansion in the turbine (expander), condensation, and preheating
of the pump outlet by the turbine outlet (regeneration). Figure 2.5 is an illustration of the
regenerative ORC presenting the main system components: feed pump, evaporator
(primary heat exchanger), turbine, condenser, and regenerator. The feed pump delivers
working fluid at the elevated pressure to the regenerator to be preheated by the turbine
exhaust flow stream and sends it to the approximately constant pressure evaporator to be
evaporated using the externally supplied heat. Some ORC designs might also implement a
superheater to superheat the working fluid before it is expanded in the turbine (expander)
driving an electric generator. The low-pressure, low-temperature working fluid leaving the
turbine is cooled in the regenerator and condensed in the condenser to reach the saturated
liquid (or slightly subcooled) state. The pressure of the working fluid leaving the condenser

is increased by the feed pump, completing the work cycle.
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Figure 2.5. Schematic of a regenerative ORC.

The analysis of the cycle performance was performed by neglecting the friction and
heat losses in the pipes and heat exchangers, and assuming adiabatic turbine and feed
pump.

The heat input to the cycle is calculated as:

Qun = My (hy — h3) (2.22)
The net power output is:

Whee = Wr — Wp = mig(hy — hs + hy — hy) (2.23)
For perfect gas (defined in Section 3.3 in Chapter 3):

Wnet S mep(T4 - T5 + T1 - Tz) (223&)

The temperature at State Point 3 and 5 are calculated by:

T3 = Tz + (TS - T6) (224)
Ts =Te + (Ts — Tz)greg (2.25)
T3 = T2 + (TS - TZ)ST'eg (226)

where &,.., denotes regenerator effectiveness.

The thermal efficiency of the cycle n,, is defined as:
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Mo = — 2 2.27)

2.3.3. Simple Brayton cycle

Figure 2.6 shows the main thermodynamic processes and components of a simple
Brayton cycle. Compressed working fluid discharged from the compressor at State Point 2
(SP2) is heated by the heater (primary heat exchanger) at approximately constant pressure
to SP3. Mechanical work is generated by expanding the high temperature and pressure
working fluid in the turbine (expander) from SP3 to SP4. The low temperature and pressure
working fluid discharged from the turbine at SP4 is cooled by the cooler to SP1 prior being

compressed in the compressor to SP2 to complete the cycle.

!
L

2 3 |

Heater
Compressor Com =

| : Cooler Turbine Generator

At

Figure 2.6. Schematic of a simple Brayton cycle.

The T-s diagrams of a simple transcritical and supercritical Brayton cycle are
presented in Figure 2.7. As shown in Figure 2.7A, the compression work of the
supercritical cycle having the compressor inlet in the “liquid-like” region is greatly
reduced, compared to the case where the compressor inlet is in the “gas-like” region

(Figure 2.7B).
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Figure 2.7. T-s diagrams for the simple supercritical and transcritical Brayton cycle.

The thermodynamic analysis of the cycle performance was performed by
neglecting the friction and heat losses in the pipes and heat exchangers, and assuming
adiabatic turbine and feed pump (compressor).

The rate of turbine work output in a simple Brayton cycle may be determined as:
Wy = 1y foj ¢, (T)dT (2.28)
where mm is the mass flow rate of the working fluid and ¢, (T) is the specific heat of the gas
(working fluid) at constant pressure; a function of temperature T.

Since for the monatomic gases such as Helium and Argon (except when highly
compressed, at very low temperatures and high pressures) specific heat is constant and
independent of temperature, to simplify the analysis, the constant specific heat value was

assumed. However, for the diatomic gases such as air and N2 and triatomic gases such as

CO:z2 the specific heat varies (increases) with temperature. Thus, in the following analysis,
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for the diatomic and triatomic gases, c, should be replaced by ¢,. Thus, The Eqgn. (2.28)
can be written as:
Wy = mgc,(Ts — Ty) (2.29)
For the perfect or semi-perfect gases (defined in Section 3.3 in Chapter 3), Eqn.

(2.29) can be expressed in terms of the pressure ratio across the turbine and compressor

[83]:
P3 Pmax

=2 = e 2.30

Tp Py Pmin ( )
The pressure ratio rp can be used to determine the absolute temperature ratio across

the turbine:
E = (k_l)/k
=T (2.31)

where k is defined as the ratio of specific heats at constant pressure and constant volume.

k=2 (2.32)

Cy
Expressing the gas constant R as a function of specific heat values gives:
R=cy,—¢ (2.33)
Egns. (2.29) and (2.31) can be combined to yield the expression for the turbine power

output:

H . 1
WT = me]TCpT3(1 - _E) (234)
T K

where 7 is the turbine isentropic efficiency.

Using the same approach for the compressor power input leads to:

— mepTl

i (r, & — 1) (2.35)

W,
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where 7, is the compressor isentropic efficiency.

The net work rate (power) output of the cycle is given by:

k-1
. . . . T k 1
Whet = Wy — W, = 1ipc, Ty KnTT—j — r”n ) (1 - —,H)] (2.36)
c rp k

The optimum pressure ratio for real cycles can be determined by differentiating

Eqn. (2.36) with respect to ;,, and setting the derivative to zero.
d .
@(Wnet) =0 (2.37)

The optimum pressure ratio can be expressed as:

Toope = (nmc;—j)“k—k—” (2.38)

Since the quantity k/2(k-1) decreases as k increases, for the fixed minimum and
maximum cycle temperatures the optimum pressure ratio for the monatomic gases (such as
He) is, in general, lower than for the diatomic gases (such N2, and Air), and the triatomic
gases (COy) [83].

For the real gas assumption, Eqn. (2.38) can be written as:

kco kcy

Toope = €1 (1671 27 = €020 (2.39)

Popt
where the quantity “a” is defined as:

T3
@ =1cy, (2.40)
Figure 2.8 represents simulated (calculated by EPV-11) results for the optimum

pressure ratio for different working fluids. Numerical values of constants c;and c, for

different real gases are presented in Table 2.1.
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Figure 2.8. Optimum pressure ratio for real gasses.

Table 2.1. c;and c, Values for real gases.

Fluid C1 C2
0, 1.102 0.9658
Air 1.0953 0.9516
N, 1.09494 0.9473

Methane 1.381265 0.8423
Ne 0.961943 1.0289
Kr 1.266174 0.8116
Ar 1.083395 0.9647
He 0.957433 1.0238

CO; 1.727543 0.8642

Figure 2.8 shows that values of the optimum pressure ratio for all analyzed
monatomic gasses are low and, as expected, approximately the same. The optimum
pressure ratio for the diatomic gases is higher, with CO2 (triatomic gas) having the highest
value of 7, of all analyzed gases. Thus, to achieve the maximum power output, the power
cycle using CO2 as a working fluid needs to operate with much higher optimum pressure

ratio, compared to other working fluids. For all working fluids, the optimal pressure ratio
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increases as the maximum temperature is increased, which is consistent with the
conventional thermodynamic analysis of the Brayton cycle performance.

The specific net work output of the cycle at the optimum pressure ratio, i.e., the maximum

specific net work output wy,e¢ mq, Can be expressed as:

. Whet,max c 512
Wnet,max = mt_f = U_i [(nchT3)O'5 - T10 5] (2.41)

The heat input to the simple Brayton cycle is:

Qin = mep [(T; —Ty) — (Tl TpnT_l) ] (2.42)

c

The specific heat input at the optimum pressure ratio can be written as:

. _ Qnet,max _ _ _ (TTant 0.5 Ty
qnet,max - mf - Cp [(T3 Tl) ( Ne ) + Uc] (2-43)

By dividing Eqn. (2.41) by Eqn. (2.43), thermal efficiency of the simple Brayton

cycle at the optimum pressure ratio can be expressed as:

Wnet,max _ [(nCnTT3)0'5_T10.5]2 (2 44)

2 - 0.5
Qinmax TaeT. T3Tinr T
] —_— —_ = +_
(Ts-Tp)~(Z2T) 4L

Based on the Eqn. (2.44), thermal efficiency of a simple Brayton cycle at the
optimum pressure ratio does not depend on the working fluid properties.
The turbine and compressor discharge temperatures at the optimum pressure ratio

can be determined from:

T, = |- 10T + 5% (2.45)
Tp k
5_
TZ — (77T770T1T3)0 Tl + Tl (2.46)

Nc
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2.3.4. Regenerative Brayton cycle
Depending on the type of the working fluid (dry, wet, or isentropic), a regenerative
Brayton cycle with a regenerator placed ahead of the cooler to recover heat from the turbine
exhaust and thus, improve the cycle efficiency may be chosen instead of a simple Bryton
cycle. Figure 2.9 presents the main components of a regenerative Brayton cycle: the
compressor, heater (primary heat exchanger), turbine, cooler, and regenerator. The working
fluid discharged from the turbine at SP4 passes through the recuperator where its
temperature is reduced to SP5. The heat recovered by the recuperator is transferred to the
working fluid discharged from the compressor, increasing its temperature from SP2 to SP6.

The preheated working fluid is then heated by the heater to SP3.

Regenerator T

2 /l/ 6 \r\ 3 I
e Heater
Compressar == =
‘ 4 Cooler 5 Turbine Generator
i .

A L]
Figure 2.9. Schematic of the regenerative Brayton cycle.

Regeneration is defined as the internal exchange of heat within the cycle. Due to
the lower value of temperature T2 at SP2 compared to temperature Ta4 at SP4, regeneration
is used to preheat the compressor discharge by the turbine exhaust gases in a surface type
heat exchanger referred to as the regenerator. The regenerator effectiveness &, is defined

as the ratio of the actual to maximum possible temperature difference. In other words:
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_ Te—Ty

€reg = 7,071, (2.47)
The heater inlet temperature Te can be calculated as:

Te = [Tz + Ereg (T, — Tz)] (2.48)
The cooler inlet temperature Ts can be determined from:

Ts = [T4 - Sreg(T4 - Tz)] (2.49)
The heat input to the regenerative cycle is:

Qin,reg,max = MsCp (T; = Te) = msCp [T3 —T; — &reg (T, — Tz)] (2.50)

Adding regeneration to the cycle does not change the net work output and the
optimum pressure ratio, thus thermal efficiency of the regenerative Brayton cycle at the

optimum pressure ratio can be expressed as:

Wnet,max _

2
[(enrT3)*5 11 %]

Nen = 5 = (2.51)
Qin,regmax T3—Ty—&reg(T4—T2)

Based on Eqgn. (2.51), at the optimum pressure ratio, properties of the working fluid
do not affect thermal efficiency of a regenerative Brayton cycle.
2.3.5. Regenerative Brayton cycle with recompression

The main thermodynamic processes and components of a regenerative Brayton
cycle with recompression (RBCR), also known as the Feher cycle, are shown in
Figure 2.10. In the RBCR, a portion (20-40%) of the hot stream is returned to the minimum
cycle temperature while the remaining stream detours the cooler and is recompressed to
the maximum cycle pressure from the higher temperature [84]. Due to the high variation

of Cp with pressure near the critical point of CO2 (see Section 3.3 of Chapter 3), having one
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heat exchanger results in a pinch-point? limitation in the recuperator due to unfavorable
capacity rate ratio (Cr) [85]. Thus, dividing the recuperation duty into the high-temperature
(HT) and low-temperature (LT) recuperators, splitting the flow leaving the LT recuperator,
compressing it, and circulating it through the HT recuperator shifts the capacity rate ratio
and avoids the pinch-point limitation [85]. Therefore, recompression results in better
performance of the Brayton cycle. Moreover, lower heat duty of each heat exchanger
combined with larger pinch-point and more favorable capacity rate ratio results in a smaller
heat exchanger size.

Therefore, the use of a supercritical CO2 (sCO) as the working fluid has been
mainly the focus of the research concerning the recompression Brayton cycle. Operation
of the compressor in the “liquid-like” region where density is high reduces the compressor
work and increases the thermal efficiency. Having two smaller heat exchangers rather than
one large heat exchanger in a recompression cycle can prevent instability of the CO2 cycle
when the cycle operates near the COz critical point. However, matching the pressure at SP
9, where discharge streams from the LT regenerator and re-compressor (Compressor 2)

mix, is a challenge.

1. The pinch-point is defined as the point where temperature difference between the two streams in the heat
exchanger is minimum.
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Figure 2.10. Schematic of the regenerative Brayton cycle with recompression.

2.3.6. Combined Brayton/ORC cycle

52

In a combined power cycle, two or more thermodynamic cycles are combined to

achieve higher efficiency and power output. Based on the operating temperature range, the

cycles are divided into the topping and bottoming cycles. The Brayton cycle was selected

as a topping cycle because the high turbine inlet temperature (TIT) is needed to achieve

high thermal efficiency, which makes it compatible with the high-temperature CSP-T plant.

The exhaust temperature of a simple Brayton cycle (above 400°C) is higher than the

maximum allowed ORC operating temperature; thus, a regenerative Brayton cycle, having

lower exhaust temperature, needs be used as a topping cycle in a combined Brayton/ORC

cycle. The main components of a combined Brayton/simple ORC are shown in Figure 2.11.
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Figure 2.11. Schematic representation of a combined Brayton/ORC cycle.

Thermal efficiency of a combined cycle may be calculated as:

Wnet,Brayton"'Wnet,ORC

Ncombined =

= NtnBrayton T 4 (2.52)

QinBrayton
Eqn. (2.52) provides insight into why combined cycles are more efficient compared
to the simple cycles: efficiency of the combined cycle is a sum of the Brayton (topping)
cycle efficiency and a positive quantity A representing the improvement in thermal
efficiency due to the net power output of the bottoming cycle. As it will be shown later,
the value of quantity A depends on a selection of the working fluid for the bottoming (ORC)
cycle.
2.3.7. Regenerative steam Rankine cycle with a reheat
A regenerative steam Rankine cycle with a reheat (RSRC), described in this section,

employs eight thermodynamic processes: pressure increase at the evaporator inlet, phase
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change in the evaporator, expansion in the high pressure (HP) turbine, reheat in a reheater,
expansion in the low pressure (LP) turbine, condensation, pressure increase of the
condensate leaving the condenser using the LP and HP feed pumps, placed upstream and
downstream from the deaerator (open feedwater heater), and use of energy from a steam
extracted from the HP turbine exhaust IP turbine inlet) to preheat the condensate flow
leaving the LP pump (regeneration).

Figure 2.12 is an illustration of the RSRC presenting the main system components:
LP and feed pumps, evaporator and HP turbine, reheater and LP turbine, and a deaerator
(open feedwater heater). The steam leaving the evaporator is referred to as the live or main

steam.

9
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Figure 2.12. Schematic of the RSRC.

2.3.8. Combined Rankine/ORC cycle
As shown in Figure 2.13, RSRC was selected as a topping cycle, while a simple

ORC was selected as a bottoming cycle.
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2.4. Techno-economic Analysis of a CSP-T Plant (Theoretical Model)
2.4.1. Estimation of a power block cost

The capital cost of a power block consists of the purchased cost of the equipment,
the labor and materials needed for the installation, such as the piping, the foundations and
structural supports, the electrical equipment, the instrumentation and controls, and the
indirect expenses. The indirect expenses cover the transportation costs for shipping
equipment to the plant site and salaries for the project personnel.

Table 2.2 shows components of the total capital investment cost considered in this

study. More details can be found in [86].
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Table 2.2. Components of the total capital investment for a power block.

Components of total capital Formula
investment
Cra Total capital investment Crei = Crpc+Ciand+CroyatCstartup
Cstartup Cost of plant startup Cstartup =0.1*Crpc
Croyal Cost of royalties 0
Ciand Cost of land Ciang =45*1074*(P/I00MWNET)"0.7
Croc Total depreciable capital Crpc =1.18*Cppi
Cori Total direct permanent investment Copi =1.1*Cram
Crem Total bare module cost Cram =, Cgpr+CosparetCus
Cut working fluid Cut
Cspare Cost for spares 2.1cE™

The bare module cost, Cswm, is the sum of direct and indirect costs for each unit as
described in Turton et al. [87] and can be calculated by Eqgn. (2.53).

Cey = CI(J)FBM (2.53)

Cy is the purchase cost of the equipment in the base condition. The base condition
represents the case where the equipment is made of the most common material, usually
carbon steel, and is operating at the ambient pressure. Fg,, is the bare module factor.

The data for the purchase cost of the equipment, described by Turton et al. [87],
were obtained based on the average CEPCI (Chemical Engineering Plant Cost Index) value
of 397. The updated value of CEPCI of 556.8 for the year of 2015 was utilized for the
present economic estimate.

The purchased equipment cost for the base conditions, CS may be determined by
employing Eqn. (2.54).

loglo Cg = Kl + Kz * logloAA + K3 (logloAA)z (254)
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where AA is the size parameter for the equipment, and Ki, Kz, and Ks are the constants
givenin Table 2.3. For the Brayton cycle analyzed in this work, the primary heat exchanger
and recuperator was assumed to be a printed-circuit heat exchanger (PCHE). The high-
pressure gas (such as sCO2) on the cold side of the PCHE, and a high-viscosity fluid (liquid
metal) on its hot side were used.

To represent the power density of different working fluids, the compressor data

were modified by the density ratio p,;,/pfia- The A-frame, finned-tube air coolers were

considered for the all cooling (heat rejection) processes.

Table 2.3. Coefficients used to calculate the price of different components in a power

block.
Equipment Ky Ko Ks C1 Ca Cs Bi1 B2 Fm  Fewm AA
ORC turbine 22476 14965 -0.1618 *x *x *x wx *x *x 6.1 kw
ORC pump 33892 0.0536 0.1538 -0.393 0.3957 -0.0022 189 135 15 *x kw

ORC HEX 4.3247  -0.0303 0.1634 0.0388 -0.1127 0.0818 1.63 1.66 1 ** Area(m2)
Motor pump 24604 14191  -0.1798 ** ** ** > *x ** 15 kw
ORCACCHEX 4.0336  0.2341 0.0497 0.0388 -0.1127 0.0818 096 1.21 Area(m2)
ORC ACC fan 3.1761 -0.1373  0.3414 ** ** ** ** ** 25 5 Q(m3/s)

=
*
*

motors fans 2.4604 14191 -0.1798 *x *x *x *x *x *x 15 kw
Brayton HEX 0.9420 0.8778 0 *x *x *x *x *x *x *x UA(WI/K)
Brayton turbine 3.5195 0.5886 0 *x *x *x *x *x *x *x kw
regenerator 0.716 0.8933 0 i i i i i i i UA(WI/K)
Brayton cooler 1.4843 0.8919 0 *x *x *x *x *x *x *x UA(WI/K)
compressor 3.1093 0.9142 0 *x *x *x *x *x *x *x kw
Generator ** ** *%x ** *%* *%* ** ** *%* 1.5 kW
WOrkIng fluid *%k ** *x *%k ** ** ** *%k ** 1.25 **

The purchased equipment cost of the electrical generator, C,‘{gen is calculated
according to Egn. (2.55) as presented in Ref. [88]
C gen = 690(Wyer) (2.55)
The bare module factor, Fg,, was calculated from:
Fgpy = By + By * Fy * Fp (2.56)

loglo FP = Cl + CZ * lOglOP + C3(l0g10P)2 (257)
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where B1 and B2 are the constants given in Table 2.3; F,, is the equipment material factor
listed in Table 2.3; while F; is the operating pressure factor. The relative pressure with unit
of bar gauge (1 bar=0.0 barg) is used in Egn. (2.57), where the pressure factors are always
greater than unity. The constants C1, C2 and, Cs are given in Table 2.3. Since the ORC is
running at temperatures lower than 350°C, material changes were not considered for the
components operating at different temperatures. The Brayton cycle is operating in a
temperature range between 300 to 1,000°C, thus different materials of construction such
as carbon steel, stainless steel, nickel alloys 625, 718, etc. should be used for different
operating temperatures. The material selection method for the expanders and heat
exchanges is discussed in Ref. [89]. Table 2.4 to Table 2.6 show Fsm values for components
of the Brayton cycle operating at different maximum temperatures and pressures. The
materials and material factors used for tempture higher than 800°C are not practical today,
however it is unticipated that these material factors can be feasible in next decade by the
development in material science. Thus, the analysis in this study will be done for maximum
tempetures up to 1000°C.

Table 2.4. Material selection for the primary heat exchanger and compressor in a Brayton

cycle.
Toa(°C)< Pmax<10 MPa Pmax<20 MPa Pmax<30 MPa

Material Fem Material Fem Material Fem
500 Carbon steel 1 Carbon steel 1 Carbon steel 1
650 Stainless steel (347) 25 Stainless steel (347) 25 Stainless steel (347) 2.5
700 Stainless steel (347) 25 Stainless steel (347) 25 Nickel alloy(625) 3
750 Stainless steel (347) 25 Nickel alloy (625) 3 Nickel alloy (625) 3
900 Nickel alloy (625) 3 Nickel alloy (625) 3 Nickel alloy (625) 3

Table 2.5. Material selection for the turbine in a Brayton cycle.

T (OC)< Pmax<10 MPa Pmaxszo MPa Pmaxsgo MPa
e Material Fam Material Fam Material Fam
500 Stainless steel (347) 25 Stainless steel (347) 25 Stainless steel (347) 25
650 Stainless steel (347) 25 Nickel alloy (625) 3 Nickel alloy (625) 3

900 Nickel alloy (625) 3 Nickel alloy (625) 3 Nickel alloy (625) 3
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Table 2.6. Material selection for the air-cooled cooler in a Brayton cycle.

Tmax(DC)< Pmaxflo MPa Pmax.<20 MPa Pmax<.30 MPa
Material Fem Material Fem Material Fem
500 Carbon steel 1 Carbon steel 1 Carbon steel 1
650 Carbon steel 1 Stainless steel (347) 25 Stainless steel (347) 25
900 Stainless steel (347) 25 Stainless steel (347) 25 Stainless steel (347) 25

Pumps are typically inexpensive but require regular maintenance to prevent leaks,
therefore it is often recommended to provide funds for the spares, Cspare, fOr the pumps
[86].

The cost of land, Ciang, is related to the size of the power block [90] and is assumed
to be 2.47$/m? in southern California while the cost of royalties, Croyal, is neglected in the
present work.

The cost of the working fluid, Cwr should be considered as the capital cost for an
ORC. According to Ref. [91], the amount of the working fluid is expected as the liquid
amount to fill the whole ORC system. Toffolo et al. [91], showed that for an ORC, about
370 kg of Iso-butane is needed for each kg/s of the working fluid. More details can be
found in [91]. For a Brayton cycle, the cost of the working fluid does not play a major role
on the cost of the power block. Table 2.7 shows the price of working fluids for ORC and
Brayton cycles.

Table 2.7. Price of different working fluids.

Fluid Price($/kg)
Air 0
Butane 1.195
CO, 0.1
Ethanol 0.53
Helium 42.553
Iso-butane 0.86
R11 3.60

R141b 1.75
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The total operation and maintenance (O&M) cost, Cowm is the sum of the direct
manufacturing cost Comc and fixed costs, Crix.
Com = Cpmc + Crix (2.58)
Comc = Cymain + Cur (2.59)
The sum of the maintenance and utilities costs, which includes wages and benefits,
salaries and benefits, materials and services, and manufacturing overhead is called the
direct manufacturing cost.
As defined in Ref. [86], maintenance cost C,,;, Can be calculated as:
Crrain = 0.0805C;¢; (2.60)
Utilities cost is related to the dry cooling tower [90] and it is calculated as:
Cyr = 2.1795 * (W, oe (MW))°7 (2.61)
Fixed cost includes the cost of the property taxes and liability insurance, and is
equal to:
Crix = 0.02Crpc (2.62)
Annual operation hours and electricity generation is:
OH pnuar = CF * 24 % 365 (2.63)
Epet = Wnet * OHpnnual (2.64)
where CF is the capacity factor of the power block and it is assumed to be 0.8. The
Levelized Cost of Electricity (LCOE) of the project is calculated according to Eqn. (2.65),

as described in Ref. [90]:

c
N OMn
CrcrtXn=1

LCOE = (1+dnominal) (265)

N Enetn
n=1 T
(1+dreqr)




61

A ((1 plrea) (14 0) - 1) « 100 (2.66)
where d is the discount rate and r is the inflation rate. The real discount and interest rates
were assumed to be 0.055 and 0.025, respectively. N is the economical lifetime of the plant
set to be 20 years, while n is the year of operation.
2.4.2. CSP-T plant cost estimation

This section discusses properties and the cost of the concentrated solar tower and
its integration with the power block.

A concentrated solar power tower system includes: 1) solar field system, 2) tower

and receiver system, 3) thermal storage system (TES), 4) power block system, and 5) site

improvements. Table 2.8 shows components of each subsystem.

Table 2.8. List of the CSP-T plant components.

Solar field Tower/ receiver Thermal storage Power block Site improvements
Mirrors Tower Cold Tank Turbomachinery Site Preparation
Drivers Receiver Hot tank Heat exchangers Clearing and Grubbing
Pedestal, Mirror Support, Riser and Piping, Cooling system Grading, Drainage,
Foundation Downcomer Piping Insulation, Remediation, Retention,
Controls and Wired Connections and Insulation Valves, & & Detention
Fittings
Field Wiring & Foundation Horizontal Piping Instrumentation Roads, Parking and
Labor & Insulation Controls Fencing
Installation and Checkout Controls, Foundations & Water Supply
Instruments, Heat Support Infrastructure
trace Structures
Cold Salt Pumps Media
Space Part

Figure 2.14 shows the schematic of the concentrated solar tower power plant with
direct “two-tank” thermal energy storage system using molten salt as a heat transfer media.
Adding thermal storage to a CSP-T plant with annual direct normal irradiance (DNI) higher
than 2000 kWh/m?/y can increase the capacity factor of the system to 50% [92]. Nine hours

of thermal storage and the capacity factor of 50% for a CSP-T plant integrated with
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different power block configurations were assumed in this study. Basic characteristics of a
CSP-T plant are summarized in Table 2.9.

SOLAR FIELD THERMAL STORAGE POWER-BLOCK

Figure 2.14. Schematic of a CSP-T plant [93].
Table 2.9. Properties of the CSP-T plant.

Parameter Assumption
Thermal storage 9 hr
Solar multiple 2.1
Storage and heat transfer fluid Molten salt
Thermal storage system Direct “ two-tank” system
Location Southern California
Currency 2015 U.S Dollar
Cooling system Dry cooling
Area of a single heliostat 12.2m*12.2m=148.84 m?
Annual DNI(KWh/m2/yr) 2792
Capacity factor 0.5

The power plant is assumed to be located in Southern California and the labor rates
at that location were considered in the calculations. These costs were evaluated according
to the System Advisor Model (SAM) [94] provided by the National Renewable Energy
Laboratory (NREL).

The total capital investment of a power plant includes direct costs (DC) and indirect
costs (IDC). Data for the economic analysis for the DC and IDC are shown in Table 2.10

and Table 2.11, respectively.
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Table 2.10. List of direct costs.

Direct cost (DC) Unit Value Comment
Category
Site improvements $/m? 16 Total heliostat reflective area
Solar Field $/m? 93 Total heliostat reflective area
Storage $/kWhy, Calculated by Ref. [95] Storage capacity
Tower and Receiver ~ $/kWy,  Calculated by Eqgns. 17 and 18 Receiver thermal power
Power block $IMW Calculated Gross turbine capacity

Table 2.11. List of indirect costs.

Indirect cost (IDC) Category Unit Value Comment
Contingency % of DC 10 *x
EPC and owner cost % of DC 10 ol
Land $/acre 10,000 Total Land area
Sales tax Applied to 80% of DC 7.75% California tax

Total tower cost and receiver cost are calculated by Egns. (2.67) and (2.68).

Total tower cost =3,000,000 X

e(0.0llB*[Tower height—0.5«Reciever height+0.5xheliostat height ) (2.67)

Reciever area

Total receiver cost=103,000,000 x ( o1

Y07 % (2.68)

For maximum temperatures higher and lower than 650°C, Fwm is equal to 1 and 1.5,
respectively. Tower height, receiver height, heliostat height, receiver area, shape of the
heliostat field, and the number of heliostats are calculated by SAM. The total heliostat
reflective area, storage capacity, cycle heat input, receiver thermal power, and total land
area are calculated by:

Total heliostat reflective area=Number of heliostats x Area of a single heliostat (2.69)

Storage capacity=Cycle heat input x Hours of storage (2.70)

Turbine gross power
Cycle gross efficiency

Cycle heat input= (2.71)

Receiver thermal power= Solar multiple x Cycle heat input (2.72)
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Total land area= Solar field land area+ Non-solar field land (2.73)

The solar multiple (SM) expresses the solar field aperture area as a function of the
power cycle capacity. A solar multiple of 1 is the aperture area required to deliver enough
thermal energy to the power block to drive it at its nameplate capacity under the design
conditions. A CSP-T plant with and without thermal energy storage has a solar multiple of
equal to or greater than one, respectively.

The operation and maintenance (O&M) cost includes the fixed and variable costs
which are listed in Table 2.12.

Table 2.12. Operation and maintenance costs for CSP-T plant.

Cowm cost Category Unit Value Comments
Fixed annual cost $lyear 0 *x
Fixed cost by capacity $/kW/year 65 Net power output
Variable cost by generation $/MWh 1 Annual net electrical output
Fossil fuel cost $/MMBTU 0 *x

LCOE of the CSP-T plant can be calculated by using Eqgn. (2.65). Finally, it should
be mentioned that the effect of the natural convection and radiation heat loss of the solar
receiver is considered by the SAM software. This heat loss is dependent on the location of
the power plant and also on the maximum temperature of the cycle. The calculated heat

loss is the sum of convection and radiation heat losses from the receiver.



CHAPTER 3: WORKING FLUID PROPERTIES

3.1. Overview
In this chapter, thermo-physical properties of the selected working fluids are listed,
and different types (categories) of working fluids are presented. Environmental properties

such as ozone depletion potential (ODP) or global warming potential (GWP) are discussed.

3.2. Physical Properties of Working Fluids

The choice of the working fluid for an ORC has a significant effect on the cycle
performance. Different working fluids were evaluated to determine the best working fluid
and establish the procedure for its selection for a simple ORC. Depending on the slope of
the saturated vapor curve in the T-s diagram, working fluids are divided into the three main
categories: dry, wet and isentropic. The positive, negative and infinite slope refers to the
dry, wet, and isentropic fluids, respectively. Figure 3.1 shows saturation curves of the three
types of the working fluids in the T-s diagram. The slope of the saturated vapor curve is
one of the most important thermo-physical properties of the working fluid in an ORC [96],
having a significant effect on its thermal efficiency and equipment arrangement [48]. In
order to maintain the maximum allowed wetness at the turbine outlet and prevent erosion
damage to the blading, the wet working fluid has to be superheated prior to its expansion
in the turbine [97]. For the isentropic fluids, previous studies [97] have shown that there is
a weak relation between the cycle efficiency and turbine inlet temperature (TIT). For the
dry fluids, the highest cycle efficiency is achieved by maintaining saturated steam

conditions at the turbine inlet [44, 98, 99]. Superheating the dry fluid will increase the
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turbine exit temperature and condenser loading without having a significant effect on the

turbine power output.

Figure 3.1. Comparison of wet, dry and isentropic fluids.
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Physical properties of the working fluids play a significant role on the ORC

performance. Therefore, it is essential to carefully select the appropriate working fluid.

Table 3.1 shows the properties of working fluids used in this study. It can be seen that

organic fluids have a significantly lower critical pressure and temperature compared to

water (21.8 MPa and 374 °C). Also, the molar mass of organic fluids is higher compared

to water.



67

Table 3.1. Physical, safety and environmental data of the working fluids used in a simple
and regenerative ORC.

Physical Data

Environmental and Safety Data

0N U~ WNPRE

(=)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Molar T p Corros
Fluid mass og) (Mlga) Type GWP | ODP | Toxicity | Flammability -
(kg/kmol) ( iveness

RC318 200.3 115.23 2.77 Dry 8200 0 NO NO NO
Butane 58.122 151.98 3.79 Dry 3 0 NO YES NO
Isobutane 58.122 134.66 3.62 Dry 3 0 NO YES NO
Ammonia 17.03 132.25 | 11.33 Wet 0 0 YES NO YES
R11 137.37 19796 | 4.40 Isentropic | 4000 1 NO NO NO
R141b 116.95 20435 | 4.21 Isentropic 600 0.11 YES NO NO
R152a 66.051 11326 | 451 Wet 140 0 NO YES NO
R142b 100.5 137.11 | 4.05 Isentropic | 1800 0.06 YES YES NO
R134a 102.03 101.06 | 4.05 Wet 1300 0 NO NO NO
R245fa 134.05 154.01 3.65 Dry 1030 0 NO NO NO
R236ea 152.04 139.29 3.50 Dry 9810 0 NO NO NO
R236fa 152.04 124.92 3.20 Dry 1300 0 NO NO NO
Ethanol 46.068 240.75 6.14 Wet n.a. n.a. NO YES NO
Methanol 32.042 239.45 8.10 Wet n.a. n.a. YES YES NO
R12 120.91 111.97 | 4.13 Isentropic | 10890 1 NO NO NO
Pentane 72.149 196.55 3.37 Dry 5 0 YES YES NO
R227ea 170.03 101.75 2.92 Dry 3220 0 NO NO NO
R123 152.93 183.68 3.66 Dry 77 0.02 YES NO NO
R22 86.468 96.145 | 4.99 Wet 1700 0.05 NO NO NO
R32 52.024 78.105 5.78 Wet 675 0 NO YES NO
R113 187.38 214.06 3.39 Dry 6130 1 NO NO NO
Isopentane 72.149 187.2 3.37 Dry 5 0 YES YES NO
R114 170.92 145.68 3.25 Dry 10.04 1 NO NO NO
n-Hexane 86.18 234.45 3.02 Dry 900 0 YES YES NO
R245ca 134.047 174.42 3.94 Dry 693 0 YES YES NO

n.a., non-available.

To increase thermal efficiency of an ORC employing dry fluids, a regenerator

located downstream of the turbine is commonly used to lower the temperature of the

working fluid into the condenser. As discussed in Chapter 2, the recovered heat is used to

increase the temperature of the working fluid entering the evaporator (primary heat

exchanger). This cycle modification is referred to as the regenerative ORC [100]. Hung et

al. [48] reported that implementing a regenerator does not result in a significant thermal

efficiency improvement (up to 2%- points) for the ORCs using wet and isentropic working

fluids. Therefore, the wet and isentropic fluids were not analyzed for regenerative ORC.

For the dry fluids, regeneration may improve thermal efficiency by more than 9%-points.
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Table 3.1 presents properties of 14 dry working fluids investigated for a

regenerative ORC. The first nine working fluids listed in Table 3.1 have the potential to be

used in a regenerative ORC as they are not toxic. Butane and Iso-butane they are, despite

their flammability, used as working fluids in geothermal cycles; R113 and R114 are

chlorofluorocarbons (CFCs) with a strong ozone depletion potential. The remaining five
dry working fluids are flammable or toxic.

Table 3.2 presents properties of the nine working fluids used in a Brayton cycle. As

can be seen in Table 3.2, critical temperature of CO: is near the ambient temperature, thus

the CO2 can be used under its supercritical condition.

Table 3.2. Physical, safety and environmental data of the working fluids used in Brayton

cycle.
Physical Data Environmental and Safety Data
Molar T p
Fluid mass o o GWP | ODP | Toxicity | Flammability | Corrosiveness
(°C) (MPa)
(kg/kmol)
1 0O, 31.999 -118.57 5.04 0 0 NO YES NO
2 Air 28.965 -140.62 3.78 0 0 NO NO NO
3 N, 28.013 -146.96 3.39 0 0 NO NO NO
4 | Methane 16.043 -82.586 4.59 21 0 NO YES NO
5 Ne 20.179 -228.66 2.67 0 0 NO NO NO
6 Kr 83.798 -63.67 5.52 0 0 NO NO NO
7 Ar 39.948 -122.46 4.86 0 0 NO NO NO
8 He 4.0026 -267.95 0.22 0 0 NO NO NO
9 CO; 44.01 30.978 7.37 1 0 NO NO NO

All working fluids listed in Table 3.2 were considered in this study to develop
correlations for the cycle thermal efficiency and work output valid over a wide range of
thermo-physical properties of the working fluids.

3.3. Perfect, Semi-perfect, and Real Gases
In this study, a perfect gas is a gas having constant specific heat capacity

(independent of temperature) at a constant pressure. The specific heat capacity of a semi-
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perfect gas is a function of temperature at a constant pressure. The specific heat capacity
of a real gas is a function of both temperature and pressure.

3.4. Supercritical Fluids: CO2

The properties of a supercritical fluid vary between those of a gas and those of a
liquid. The largest variation in thermo-physical properties is occurring near the critical (cr)
or pseudo-critical (pc) points. The pseudo-critical temperature Tpc of the fluid is defined as
the point along a line of where the specific heat capacity of the fluid reaches its maximum
value. Figure 3.2 shows properties of CO2 near its critical point. As the data show, there is
a dramatic change in fluid properties near the critical point. Also, the specific heat capacity

and thermal conductivity of CO2 tend to infinity as the fluid reaches its critical point.
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100

The T-s diagram for the COz is shown in Figure 3.3. On the right side of the pseudo-

critical line, the fluid is more “vapor-like” and the densities are 15 to 30% of the density

of water. However, on the left side of the pseudo-critical line, the fluid is more “liquid-

like”, and the densities are 65 to 80% of the density of water. This large difference in

density results in a considerable difference in compression work, as indicated by the length

of the compression lines (red lines) in Figure 3.3, and the mass of working fluid required

to fill the pilot-scale recompression Brayton cycle operated by the Sandia National

Laboratory [101].
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Figure 3.3. T-s diagram of CO2 [101].

3.5. Environmental Properties of Working Fluids

Environmental and safety characteristics of the working fluids need also to be
considered during the plant design because of their effect on plant operators’ health and on
the environment. Tables 3.1 and 3.2 show some environmental and safety data for the
selected working fluids. The global warming potential (GWP), ozone depletion potential
(ODP), toxicity, flammability, and corrosiveness are the properties of working fluids
considered in this study. The GWP of a working fluid is a measure of its effect on Global
Warming. Carbon dioxide (COz2) has been assigned a GWP of 1. Thus, a fluid with GWP
of 2 will have the effect on global warming two times stronger compared to the CO..
Working fluids with ODP higher than zero cannot be considered for a power generation
applications due to restrictions on their use imposed by the Montreal and the Kyoto

protocols [102, 103]. The properties in Tables 3.1 and 3.2 were obtained from the GESTIS
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database [104]. As it can be seen in Table 3.1, due to its toxicity, flammability, and

corrosiveness, ammonia is not a good choice of the working fluid for power generation.



CHAPTER 4: WORKING FLUID SELECTION FOR CSP-T PLANTS

The results of parametric calculations performed over a range of cycle operating
conditions corresponding to the CSP-T plant for a number of selected working fluids are
presented in Chapter 4. The analysis was performed by using the EPV-11 models and
comparing the results to the results from theoretical thermodynamic models developed in
Chapter 2 to determine the effect of thermo-physical properties of the working fluids on
thermodynamic performance of the cycle (efficiency and specific net work output). A
statistical regression analysis was used to correlate simulation results and develop
correlations for cycle thermal efficiency, specific net work output, and specific heat input
in terms of the relevant cycle operating parameters. Performance maps were developed for
the analyzed power cycles as guides for the selection of the best working fluid(s) for the
specified (selected or given) set of cycle operating conditions.

The sensitivity analysis of the developed correlations was performed and the results
are presented.

4.1. Simple ORC
4.1.1. The effect of operating conditions on simple ORC performance

Thermal efficiency of a simple ORC, determined over a range of operating
conditions for twelve selected working fluids (working fluids 1 to 12 listed in Table 3.1),
are presented in this section. A schematic representation of a simple ORC is presented in

Figure 4.1.
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Figure 4.1. Schematic of a simple ORC.

The cycle parameters used in the calculations are summarized in Table 4.1. Based
on the previous studies [105, 106], for the operating conditions used in this study, the
temperature difference between the turbine inlet temperature (TIT) and the heat source
temperature (the primary heat exchanger inlet temperature) is in the range of 5 to 25°C.

Thus, the temperature difference of 10°C was selected for this study.

Table 4.1. Simple ORC parameters.

Parameter Value
Minimum temperature, T; (°C) 15
Maximum temperature, T4 (°C) 50-250
Turbine isentropic efficiency, n; (%) 0.85
Pump isentropic efficiency (%) 0.8
Evaporator pressure drop (bar) 0.05
Mass flow rate, mi; (kg/s) 75
Generator efficiency (%) 0.975
Turbine mechanical efficiency (%) 0.99
Minimum pressure (bar) Saturation pressure at 15°C

The effect of the cycle operating conditions and a working fluid on thermal

efficiency of a simple ORC is presented in Figure 4.2. The contour graphs are plotted in
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terms of the dimensionless pressure (Pr) and dimensionless temperature (Tr), defined by

the following equations:

Pmax — Tmax
A=t T @b

where Pcr and Ter are critical pressure and temperature of the working fluid, respectively.

For the wet working fluids (Ammonia, R152a, and R134a), calculations were
performed for Tr = 0.8 to 1.3 and Pr = 0.1 to 1.2, while for the isentropic fluids (R141b,
R11, and R142b), the analysis was conducted for Tr = 0.7 to 1.15 and Pr = 0.1to 1.2. The
dry working fluids (R236ea, R236fa, and R245fa) were analyzed over the Tr = 0.8 to 1.2
and Pr = 0.1 to >1 ranges, and over the Tr = 0.8 to 1 and Pr = 0.1 to 0.8 - 0.1 ranges. As
the results show, isentropic fluids have higher thermal efficiency in comparison to the dry
and wet working fluids. The isentropic fluid R11 gives the highest cycle efficiency, while
the dry working fluid R236fa provides the lowest efficiency.

Of all working fluids analyzed for a simple ORC, dry fluids RC318, R236ea, and
R245fa have the lowest thermal efficiency. For the range of Pcr and Ter analyzed in this
study, the maximum value of 7, for these working fluids is 18% (Butane has the highest
thermal efficiency). For instance, at T, = 14°C,T,, = 60°Cand T, = 94°C, thermal
efficiency of a simple ORC, determined for twelve working fluids, is presented in
Table 4.2. As the results show, the dry working fluids have the lowest efficiency in
comparison to other working fluids. Thus, considering thermal efficiency alone, dry
working fluids are not a good choice for a simple ORC (especially subcritical ORC with a

superheat).
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Figure 4.2. Thermal efficiency results for different working fluids used in a simple ORC.
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Figure 4.2. Continued.

H) Butane (dry fluid)
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Figure 4.2. Continued.

For the maximum cycle temperature lower than 60°C, thermal efficiency of a
simple ORC is lower than 10% for all analyzed working fluids, with a wet fluid R134a
being the best choice, giving efficiency of 8.62%. For the maximum temperature in the 100
to 250°C range, 7, is substantially higher, with isentropic fluids R11 and R141b giving

the highest efficiency (24% for R11).
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Table 4.2. Thermal efficiency for a subcritical ORC with superheat.

Working fluids Fluid type Thermal efficiency (%)
R11 Isentropic 10.70
R141B Isentropic 10.44
Ammonia wet 10.33
R152A wet 10.29
R142B isentropic 10.05
R134A wet 9.88
R245FA dry 9.77
Butane dry 9.77
Iso-butane dry 9.63
R236ea dry 9.39
R236fa dry 8.82
RC318 dry 8.56

For the wet and isentropic fluids, n,;, increases as the maximum temperature (Tmax,
or TIT) is increased at a constant maximum pressure. The dry fluids exhibit a different
behavior; depending on the operating conditions, thermal efficiency of the dry fluids can
increase or decrease as Tmax IS increased. For instance, as it can be seen in Figure 4.2, when
the operating conditions are in the subcritical region, thermal efficiency of Butane
decreases as the maximum temperature is increased. However, in the supercritical region,
thermal efficiency increases initially, reaches a maximum, and then decreases. The
maximum in thermal efficiency for most of the analyzed dry fluids is close to the critical
point (Tr = 1). However, some dry fluids (R236ea for example) cannot be used in the EPV-
11 model for temperatures above the critical temperature. Therefore, the maximum in 1.,
is not shown for all dry fluids in Figure 4.2.

The difference in the efficiency trends for different types of working fluids may be
explained by the slope of the isobaric lines in the superheated region of the T-s diagram. If
the slope is steeper in the high-pressure area compared to the low-pressure area, an increase
in maximum temperature (Tmax, TIT) will result in a higher thermal efficiency [107]. The

expression for the slope Ts can be determined from the second Gibbs equation [108]:
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(4.2)

(4.3)

(4.4)

Figure 4.3 shows the slope Ts calculated from Eqn. (4.4) for the analyzed working

fluids as a function of dimensionless pressure Pr.
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Figure 4.3. Slope Ts of the isobaric curves for working fluids analyzed in this work.
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For the wet fluids (Figure 4.3A), the slope increases as pressure is increased,;
however, for the maximum cycle pressure higher than the critical pressure, the slope
becomes nearly constant. Thus, for the wet fluids, the constant pressure lines diverge, and
an increase in Tmax (TIT) results in a higher turbine power output and, therefore, higher
cycle efficiency.

For the isentropic fluids (Figure 4.3B), there is a maximum in the slope Ts below
the critical pressure, followed by the approximately constant slope region. As a
consequence, the cycle thermal efficiency increases or remains approximately constant as
the maximum cycle temperature (Tmax, TIT) is increased. For the dry fluids (Figure 4.3C),
the slope decreases as Pmax is increased and reaches a minimum around Pr = 2. In the region
of the negative slope, isobaric lines converge resulting in a decrease in thermal efficiency
with an increase in Tmax (TIT). The same explanation concerning efficiency trends with
Tmax (TIT) for different types of working fluids is presented in [96].

The specific net work output determined for nine working fluids over the range of
operating conditions is presented in Figure 4.4.

In many applications such as solar or geothermal where ORC is chosen as a
bottoming cycle, the cycle power output is more important than its thermal efficiency. As
the results show, the ORC using Ammonia as a working fluid has the highest specific net
work output, followed by Butane and Iso-butane. For TIT below 90°C, Butane produces
specific net work output higher than 63 kJ/kg, while for the TIT above 100°C an Ammonia
ORC produces net power output between 125 and 400 kJ/kg. At 250°C, the difference
between the specific net work output of an Ammonia and RC318 ORC is higher than 360

kJ/kg. However, since Ammonia is toxic to humans, Butane and Iso-butane are often used.
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As it can be seen from Eqn. (2.6) and in Figure 4.4, working fluids with higher Cp, such as

Ammonia and Butane, produce higher net work output.

N ———

Specific net work(kJ/kg):0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

08

0 06F
04
0.2+ 120, 140).
1 | | 1 1 | | 1
0.8 1 1.2 14 0.8 1 1.2 14
T, T,
A) Ammonia (wet fluid) B) R152a (wet fluid)
1F 1F
08+ 08+
0L o5k 0L o5k
0.4+ 04
0.2 0.2
1 | | 1 | 1
0.8 1 1.2 1.4 0.8 1 1.2 1.4
T, T,
C) R134a (wet fluid) D) R141b (isentropic fluid)

Figure 4.4. Specific net work results for working fluids analyzed in this work.
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Figure 4.4. Continued.
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Figure 4.4. Continued.

4.1.2. Correlations for thermal efficiency of a simple ORC

4.1.2.1. Subcritical ORC without the Superheat

Based on the expression for thermal efficiency developed for a subcritical ORC

without the superheat, presented by Eqn. (2.8), n,, is a function of the Jacob number, Ja.

As the results show, n,;, decreases as Ja is increased. Kuo et al. [41] showed that

Ja may be used to compare performance of an ORC operating with different working
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fluids. However, this approach is not applicable to an ORC using the same working fluid
operating at different operating conditions. Therefore, the account for different operating

conditions, Kuo et al. proposed the figure of merit (FOM) defined as:
FOM = Ja%(=—)°8 (4.5)
Tec

Kuo’s results show that thermal efficiency of a simple ORC decreases as FOM is
increased.

A comparison between the correlation given by Eqgn. (2.8) and the results of the
ORC performance simulations performed by the EPV-11 modeling code for T, = 1.29
and n, = 0.85 is given in Figure 4.5, where thermal efficiency is presented as a function
of the Jacob number. As the figure shows, simulation results are in a very good agreement

with the theoretical model.
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Figure 4.5. Thermal efficiency is presented as a function of the Jacob number for a
subcritical ORC without a superheat.
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Thermal efficiency determined by using the EBSILON Professional (EPV-11)
model of a simple ORC is presented in Figure 4.6 as a function of the FOM. The linear

relationship between FOM and n,;, may be represented by Eqn. (4.6):

Nen = Ne(cy * FOM + ¢3) (4.6)
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Figure 4.6. Thermal efficiency determined by the EPV-11 model of a simple ORC
without superheat as a function of the FOM.

To determine numerical values of coefficients c1 and c2, performance of a simple
ORC was calculated for 25 working fluids (listed in Table 3.1), 31 evaporation
temperatures (40 to 100 °C), and 15 condensation temperatures (2 to 30 °C), for the total
of 11,625 cases. The coefficients c1 and cz are presented in Figures 4.7A and 4.7B as
functions of Tg.. The statistical regression analysis gives the quadratic relationship for

coefficients c1 and c2 in terms of Ty of the following form:
¢; = 1.207Tg? — 3.9737Tg + 2.831 (4.7)
c, = —1.862Tg? + 5.824T, — 4.009 (4.8)

The average relative error is 0.010342.
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Figure 4.7. Coefficients for thermal efficiency (Eqn. 4.6) for a subcritical ORC without
the superheat.

Following a similar approach, the following expression for the specific heat input

for a subcritical ORC without a superheat was developed:
. Qin —

where m; is the mass flow rate of the working fluid.

4.1.2.2. Subcritical ORC with the Superheat

Kuo et al. [41] developed a relation for thermal efficiency of a simple subcritical
ORC without a superheat. The relations for a subcritical ORC with a superheat and for a
transcritical ORC were developed in this study.

Compared to the subcritical cycle without a superheat, thermal efficiency of a
superheated subcritical cycle is affected by an additional variable; the superheat
temperature. To incorporate the effect of this additional parameter, the number of test cases
was increased as follows: 25 working fluids (listed in Table 3.1), 8 condensation

temperatures (2 to 30°C), 11 evaporation temperatures (40 to 60°C), and 9 maximum
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temperatures (62 to 94°C), for the total of 19,800 cases. Based on the results, the statistical

regression analysis gives the following expression for thermal efficiency of the superheated

ORC:
Nen = Ne(eay + ¢3) (4.10)
Ja, = (Ja +k * Jag)**® (4.11)

where for the wet and isentropic fluids k=1, while for the dry fluids k=1.5. Figure 4.8
shows the thermal efficiency versus the proposed modified Jacob number Jat. As it can be
seen, there is a linear relationship between 7., and Ja: The statistical regression analysis
gives the following expressions for coefficients c1 and c2 and c11, C12, C21, and C22 as

functions of T1, Tev, and Ta:

(C11*%+C12+(7;—?)11) (C21*;—i+522+(7;~—ef)0.1)
= 7. \146Tev—41.9199 C2 = To\—0.44 (4.12)
82.875(7%) 82.875(7%)
c11 = —0.5195T; + 121.44 , €12 = 0.5953T; — 146.88 (4.13)
c;1 = —0.5157T; + 22592 , ¢y, = 0.5179T; — 243.95 (4.14)

with the average relative error of 0.0399.
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Figure 4.8. Thermal efficiency of a simple ORC with the superheat versus the modified
Jacob number Jat.

Based on the results, and following a similar approach as for thermal efficiency, the
following expression for the specific heat input of a subcritical ORC with a superheat was

developed:
Gin = Qm—; = hpg(Ja + Jag + 1) (4.15)

4.1.2.3. Transcritical ORC

As can be seen from Figure 4.2, for Pr>1 thermal efficiency remains approximately
constant. Thus, for a transcritical cycle, Pr=1 was assumed. As shown in Figure 4.9 and by
Eqn. (4.16), at the critical point of the analyzed working fluids, thermal efficiency is a
linear function of the dimensionless temperature Ti. The correlation between thermal
efficiency and dimensionless temperature Tt is of the following form:
Nen = Ne(c1 Ty + ¢3) (4.16)

where the dimensionless temperature Tt is defined as:
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T, = In(Tge) — 0.8 * k(T, — 1) (4.17)
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Figure 4.9. Thermal efficiency as a function of Ttfor a transcritical cycle.

The constant k has the same value as for the subcritical ORC with a superheat case.
Calculations of thermal efficiency were performed for 25 working fluids (listed in Table
3.1), 41 values of Tr (1 to 1.2), and 15 condensation temperatures (2 to 30°C), for the total
of 15,375 cases. The statistical regression analysis was applied to determine expressions
for coefficients c1 and c2. As shown in Figure 4.10, c1 and c: are functions of Tr, which can
be expressed by the following third order polynomials:

c; = 5.421T,% — 18.332T,* + 20.901T, — 7.483 (4.18)
c, = 3.272T,> — 11.065T,* + 12.454T, — 4.639 (4.19)

The average relative error is 0.05.
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Figure 4.10. Coefficients in the thermal efficiency correlation for a transcritical ORC.

Based on the results, and using statistical regression analysis, the following

expression for specific heat input for a transcritical ORC with a superheat was developed:

Gin = 2 = ¢ (Ty — Ty) (4.20)

Lo

The total net work output for all types of simple ORC can be calculated as:
Whet = NenQin (4.21)
4.1.3. Effect of the working fluid properties on performance of a simple ORC

Correlations for thermal efficiency developed and presented in the preceding
subsections were used to investigate the effects of the working fluid properties on
performance of a simple ORC. Eqgns. (4.6) and (4.10) show that in a subcritical region,
thermal efficiency is a function of the specific heat capacity and the latent heat of
evaporation.

It can be shown that the first derivative of Eqns. (4.6) and (4.10) with respect to Cp

in the subcritical region is negative (Eqn. (4.22)), meaning that at the constant maximum
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and minimum temperatures, working fluids with higher specific heat capacity give lower

thermal efficiency.

OMNtn
3 <0 (4.22)

However, the first derivative of Eqns. (4.6) and (4.10) with respect to hs, in the
subcritical region is positive (Eqn. (4.23)), meaning that at the constant maximum and
minimum temperatures, working fluids with higher latent heat of evaporation give higher

thermal efficiency.

OMNtn
@ >0 (4.23)

Since the first derivatives of the expression for the net work output W,,, (Eqn.
(4.21)) with respect to the specific heat capacity Cp and latent heat of evaporation h¢, are
positive in the subcritical region, Eqn. (4.24), working fluids with higher Cp or h¢, produce

higher net power output.

oW, oW,
net > 0' net
an 6hfg

>0 (4.24)

The effect of the critical temperature on thermal efficiency (Eqns. (4.6) and (4.10))
and the net power output (Egn. (4.21)) is presented in Figure 4.11 for Tmin=2°C and
Tmax=100°C. As the results show, 1., and W,,,, increase as the latent heat of evaporation
is increased. An increase in the specific heat Cp, results in a higher net power output and

lower thermal efficiency.
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Figure 4.11. Effect of latent heat of evaporation and specific heat capacity on thermal
efficiency and net power output of a simple ORC in the subcritical region.

Depending on the application of a simple subcritical ORC, there is an optimum
specific heat capacity representing a tradeoff between thermal efficiency and net power
output. The optimal value of C, may be determined by developing a relationship between
the levelized cost of electricity (LCOE) and Cp and finding its minimum.

Eqn. (4.16) shows that in the supercritical region, thermal efficiency is affected by
the critical temperature. It can be shown that the first derivative of Eqn. (4.16) with respect
to the critical temperature in the supercritical region is positive (Eqgn. (4.25)), meaning that
at constant maximum and minimum temperatures, working fluids with higher critical

temperature give higher thermal efficiency.

OMth
FTn >0 (4.25)

Since the first derivatives of the expression for net power output (Eqn. (4.21)) with

respect to the specific heat Cp and critical temperature Ter (expressed in dimensionless form
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as Tr) are positive, Eqn. (4.26), working fluids with higher Cp or Ter produce higher net
power output.

OWnet >0 OWnet
aCy " 0T,y

>0 (4.26)

Also, the first derivative of Egns. (4.10), (4.16) and (4.21) with respect to k in the
superheated subcritical and supercritical region is negative (Eqn. (4.27)), meaning that at
constant maximum and minimum temperatures, the wet and isentropic working fluids give

higher thermal efficiency and net power output, compared to the dry fluids.

OMth
ok

OWnet

< 0,2t <0 (4.27)

The effect of the critical temperature on thermal efficiency (Eqn. (4.16)) and net
power output (Egn. (4.21)) is presented in Figure 4.12 for Tmin=2°C and Tmax=200°C. As

the results show, both 7, and W,,,, increase as the critical temperature is increased.
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Figure 4.12. Effect of critical temperature on thermal efficiency and net power output of a
simple ORC in the supercritical region.
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4.2. Regenerative ORC
4.2.1. The effect of operating conditions on performance of a regenerative ORC
Thermal efficiency of a regenerative ORC was determined over a range of
operating conditions for the first nine dry working fluids listed in Table 3.1. A schematic

representation of a regenerative ORC is presented in Figure 4.13.

Regenerator ’J_I

[ ]
2 | ml
Evaporator
Feed pump > iMotor
1 6 Turbine | == o
R Generator

|
Figure 4.13. Schematic of a regenerative ORC.

The cycle operating parameters used in the calculations are presented in Table 4.3.
The temperature difference of 10°C between the turbine inlet temperature (TIT) and the
heat source temperature was used in the analysis. The maximum pressure of the cycle was
set to 2 MPa, which is lower than the critical pressure of all working fluids used in the
analysis. Thus, the regenerative ORC is operating as a subcritical cycle with and without

the superheat.
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Table 4.3. Regenerative ORC parameters.

Parameter Value
Maximum pressure, P4 (MPa) 2
Maximum temperature, T, (°C) 85-250
Minimum temperature, T1 (°C) 2-30
Turbine isentropic efficiency, n, (%) 0.85
Pump isentropic efficiency (%) 0.8
Regenerator effectiveness 0.85
Mass flow rate, i, (kg/s) 35
Generator efficiency (%) 0.975
Turbine mechanical efficiency (%) 0.99
Minimum pressure (MPa) Saturation pressure at minimum temperature

The maximum cycle temperature was varied between the saturation temperature at
the maximum pressure of 2MPa and 250°C. However, since the upper temperature limit
for some working fluids (R236ea for example) is lower than 250°C, cycle analysis for these
fluids was performed at lower maximum temperature. The steady state conditions and
negligible pressure drop in heat exchangers have been assumed in this study.

Thermal efficiency of a regenerative ORC for nine working fluids is presented in
Figure 4.14. The contour graphs are plotted in terms of the minimum and maximum cycle
temperature, Tmin and Tmax for Pmax = 2 MPa.

The results show that the regenerative ORCs operating with R113 and R227ea have
the highest and lowest thermal efficiencies, respectively compared to the regenerative
ORCs using other working fluids. For example, a regenerative ORC operating with R113
and R227ea at Tmin=10°C and Tmax=180°C, has thermal efficiency of 25% and 18%,
respectively. For the maximum temperature lower than 175°C, n,;, is lower than 23%,
while for the maximum temperature in the 175 °C to 250°C range, 7., reaches 29%.
Working fluids R113 and R114 are giving the highest thermal efficiency of 29% and 23%,

respectively. However, R113 and R114 are chlorofluorocarbons (CFCs) and they have
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been phased-out and prohibited for use in power generation [103]. Regeneration may result
in a smaller difference in thermal efficiency between different working fluids. For example,
at 150°C thermal efficiency of a regenerative ORC operating with R245fa is just 1%-point
higher compared to the regenerative ORC operating with RC318. For a simple ORC, this

difference is larger than 5%-points [109].

Thermal efficiency: 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

250 .

2%

100 — 100 —

1 — 1 . J
20 25 30

1 - 1 . ) I IR B L
5 10 15 20 25 30 5 10 15
(°C)

Tmin(nc) Tmin
A) R113 (CFC) B) R114 (CFC)
250 — 250 —

. T::n("C)
C) R227ea D) R236ea
Figure 4.14. Thermal efficiency of a regenerative ORC for nine working fluids analyzed

in this work and Pmax = 2 MPa.
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Figure 4.14. Continued.



99

Thermal efficiency: 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.30

ont

oA
0 A0

i AL J i A
I o AN

1 T 1 L ]
20 25 30

5 10 T::n(no)
1) Iso-butane (flammable)
Figure 4.14. Continued.

Figure 4.14 shows that for all analyzed dry working fluids, thermal efficiency ny,
of a regenerative ORC increases as the maximum temperature is increased at the constant
minimum temperature. For example, for Tmin =15°C and R113 (Figure 4.14A), increasing
the maximum temperature from 180°C to 250°C results in an increase in thermal efficiency
from 24% to 27%. In contrast, for the case of a simple ORC, depending on the operating
conditions, thermal efficiency of the cycle operating with dry fluids may increase or
decrease [109]. As discussed in Section 4.1.1, for the dry working fluids and certain cycle
operating conditions, isobaric lines in T-s diagram converge with temperature, thus for a
simple ORC thermal efficiency decreases as the maximum cycle temperature is increased.

Since the turbine inlet, turbine outlet, pump inlet, and pump outlet conditions are
not affected by regeneration, adding regeneration to the ORC does not change the specific

net work output.
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4.2.2. Correlations for thermal efficiency of a regenerative ORC

As discussed in Section 2.3 of Chapter 2, a systematic, analytical method was
developed in this work for the selection of the best working fluids. The detailed models of
a regenerative ORC were developed using EBSILON Professional V11 (EPV-11) power
systems modeling code [110]. The EPV-11 models were exercised over a range of
operating conditions and multitude of working fluids to generate simulation results on
cycle performance parameters, such as thermal efficiency and net work output. The
statistical regression analysis was applied to the simulation results to develop analytical
correlations for thermal efficiency and specific net work output as functions of the relevant
cycle operating parameters, such as: Tmax, Tmin Or Teva assuming constant values of the
regenerator effectiveness, turbine isentropic efficiency and critical temperature Tcr. The
analysis was performed for the subcritical, superheated subcritical, and transcritical
regenerative ORC configurations.
4.2.2.1. Subcritical ORC without the superheat

For a regenerative ORC without the superheat, a logarithmic relationship between
Nen @nd Tmax/ Tmin represented by Eqgn. (4.28) was used in the regression analysis. For the
ORC cycle without a superheat, maximum temperature Tmax iS equal to the evaporation

temperature Teva (Tmax = Teva).

Tmax
Nen = €1+ (In (22))e2 (4.28)

Coefficients ci1 and c2 were determined by regressing performance data (EPV-11
simulation results) obtained for a regenerative ORC for 14 working fluids presented in

Table 3.1, 31 evaporation temperatures (40 to 100°C), 5 values of regenerator effectiveness
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(0.75 to 0.95), and 15 condensation temperatures (2 to 30°C), and 5 values of turbine
isentropic efficiency (0.55 to 0.95), for the total of 162,750 cases. The statistical regression
analysis gives a linear relationship for coefficients c1 and cz in terms of ¢,.., represented
by Eqns. (4.29) and (4.30). Coefficients c1 and c2 are also presented in a graphical form in

Figure 4.15A and Figure 4.15B.

¢; = 1,(0.0716¢,,,4 + 0.5362) > 0 (4.29)
¢, = 0.0366¢,0, + 0.8041 > 0 (4.30)
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Figure 4.15. A) c1 in Eqn. (4.28), B) c2 in Eqn. (4.28), C) Comparison between Eqn.
(4.28) and simulation results for a subcritical ORC without the superheat



102

Figure 4.15C shows an excellent agreement between the correlation (Eqn. (4.28))

and the EPV-11 simulation results. Since coefficients ci1 and c2 are positive, thermal

efficiency increases as the Tmax/Tmin ratio is increased, i.e., the maximum (evaporation)

temperature is increased, and/or the minimum (heat rejection) temperature is decreased.

Correlations for coefficients c1 and c2 and Figures 4.15A and 4.15B show that thermal

efficiency is a linear function of the turbine isentropic efficiency and exponential function

of the regenerator effectiveness &4, with the turbine isentropic efficiency being a
dominant factor.

The average relative error for all analyzed cases is 0.005024. The relative error was

defined as:

|correlation—EPV—11 simulation|

Relative error = (4.31)

EPV—11 simulation

4.2.2.2. Subcritical ORC with the superheat

For aregenerative ORC with the superheat, both the evaporation Teva and maximum
Tmax temperatures affect efficiency. The logarithmic relationship between 7, and Teva/Tmin
and represented by Eqn. (4.32) was used in the regression analysis, where coefficients c1

and c2 are the functions of Tmax.

TEUG.
Nen = €1 * In (T—) +c, (4.32)

To incorporate the effect of Tmax, the number of analyzed cases was increased to 14
working fluids, 8 condensation temperatures (2 to 30°C), 11 evaporation temperatures (40
to 60°C), 5 values of regenerator effectiveness (0.75 to 0.95), 9 maximum temperatures

(62 to 94°C), and 5 values of turbine isentropic efficiency (0.55 to 0.95), for the total of
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277,200 cases. The regression analysis gives a linear relationship for coefficients c1 and c2

in terms of Tmax and &, of the following form:
¢; = 14(0.0029¢,,, — 0.0005)T;,4 — 0.9356¢,, + 0.8856 > 0

¢; = 1:(0.0002¢,,5 — 0.0001)Typgy — 0.0557¢,,,, + 0.0466 > 0

(4.33)

(4.34)

The coefficients c1 and c2 are presented in a graphical form in Figure 4.16 for
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Figure 4.16E shows an excellent agreement between the correlation given by Eqn.
(4.32) and the EPV-11 simulation results. The average relative error for all analyzed cases
is 0.015178.

Since coefficeints c1 and c2 are positive, increasing the Teva/Tmin gives higher
efficiency. Correlations for c1 and c2 and Figure 4.16 also show that thermal efficiency is
a linear function of the maximum temperature Tmax, turbine isentropic efficiency n, and an
exponential function of the regenerator effectiveness ¢, 4, with the maximum temperature
and turbine isentropic efficiency being dominant factors.
4.2.2.3. Transcritical ORC

As mentioned in Section 4.1.1, for a constant minimum and maximum temperature
and maximum pressure Pmax > Per, thermal efficiency remains approximately constant.
Thus, at constant Tmin and Tmax, increasing Pmax in the supercritical region does not have a

significant effect on thermal efficiency. Thus, for a transcritical regenerative ORC,
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Pmax=Pcr was assumed. Correlation between the thermal efficiency 71, and Tmax/Tmin given

by Eqn. (4.35) was used in the regression analysis.

Ntn = €1 * (ln (%))CZ (4.35)

Coefficients c1 and c2 were determined by performing regression analysis of the
cycle performance data (EPV-11 simulation results) obtained for 14 working fluids
presented in Table 3.1, 41 values of Tr (1 to 1.2), 5 values of regenerator effectiveness (0.75
to 0.95), 15 condensation temperatures (2 to 30°C), and 5 values of turbine isentropic
efficiency (0.55 to 0.95), for the total of 215,250 cases.

The statistical regression analysis gives the first and second order relationships for
coefficients c1 and cz in terms of the dimensionless maximum temperature Tr, and the first
order (linear) relationship in terms of the regenerator effectiveness &, of the following

form:

¢; =0, (—1.211T,% + (0.258¢,,, + 2.5521)T, — 0.206¢,,, — 0.85735) > 0  (4.36)

¢; = (—1.597&,¢4 + 2.6731)T, + 1.6944¢,,, — 1.9168 > 0 (4.37)
= (4.38)

Coefficients c1 and c2 are also presented in a graphical form in Figure 4.17. Since
both c1 and c2 are positive, increasing the Tmax/Tmin results in a higher thermal efficiency.
Correlations for c1 and c2 (Eqns. (4.36) and (4.37)) and Figure 4.17 also show that thermal
efficiency is a linear function of the turbine isentropic efficiency n,, with the maximum

temperature and turbine isentropic efficiency being the dominant factors.
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Figure 4.17D shows an excellent agreement between the correlation given by Eqn.
(4.35) and the EPV-11 simulation results. The average relative error for all analyzed cases

is 0.01026.
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Figure 4.17. A) c1-Tr in Eqgn. (4.36), B) c2-Tr in Eqgn. (4.37), C) c1-n, in Eqn. (4.36), D)
Comparison between Eqn. (4.35) and simulation results for a transcritical ORC.

Correlations developed for a simple and regenerative ORC may be used for a quick,
systematic and precise determination of thermodynamic performance of the analyzed work

cycles in terms of the cycle operating parameters for a working fluid(s) of interest, or for
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the selection of the best working fluid, without the need for performing tedious parametric
calculations and results analysis. Also, the developed correlations and thermodynamic
expressions allow determination of the effect of the working fluid properties, such as
specific heat, latent heat of evaporation, and critical temperature on cycle performance.
Such analysis can also be used to investigate and predict cycle performance for mixtures
of different working fluids without performing thermodynamic analysis of the working
cycle(s).

4.2.3. Effect of working fluid properties on performance of a regenerative ORC
Correlations developed in this study (Chapter 4) can be used to investigate the
effects of the working fluid properties on performance of a regenerative ORC. Eqns. (4.28)
and 4.32 show that in a subcritical region, properties of the working fluid do not affect
thermal efficiency. However, Eqn. (4.35) shows that in the supercritical region, thermal
efficiency is affected by the critical temperature. It can be shown that the first derivative of
Eqgn. (4.35) in the supercritical region is positive (Egn. (4.39)), meaning that at constant
maximum and minimum temperatures, working fluids with higher critical temperature give

higher thermal efficiency.

Imen (4.39)

ATy

As discussed earlier, conditions at the turbine inlet, turbine outlet, pump inlet, and
pump outlet are not affected by regeneration, thus adding regeneration to a simple ORC
does not change the specific net work output. Since the first derivatives of wnet with respect

to the specific heat cp and critical temperature Ter (expressed in dimensionless form as Tr)
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are positive, Eqn. (4.40), working fluids with higher Cp or Ter produce higher net work

output.
OWnet OWnet
ac, = Oar, 0 (4.40)

The effect of the critical temperature Tcr on thermal efficiency (Eqgn. (4.35)) and

specific net work output (Eqn. (4.21)) is presented in Figure 4.18 for ,=0.9, &,.,,=0.9 and
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Figure 4.18. Effect of critical temperature and specific heat capacity on thermal
efficiency and specific net work output of a transcritical regenerative ORC.

As the results show 7., and wnet increase as the critical temperature is increased.
An increase in specific heat Cp, results in a higher specific net work output, which increases
linearly with Cp. Thermal efficiency, however, remains unaffected.
4.3. A Simple Brayton Cycle

Based on the expressions for the specific net work output, specific heat input,
thermal efficiency, and turbine and compressor discharge temperatures, developed in

Section 2.3 in Chapter 2, for the perfect and semi-perfect gases, the following expressions
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were developed for a simple Brayton cycle by employing the statistical regression analysis.

A schematic representation of a simple Brayton cycle is presented in Figure 4.19.
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Figure 4.19. Schematic of a simple Brayton cycle.

4.3.1. Performance of a simple Brayton cycle

Performance of a simple Brayton cycle was calculated by employing the EPV-11
model of the cycle described in Section 2.3.3 of Chapter 2. To cover operating conditions
applicable for a Brayton cycle integrated with a CSP plant, calculations were performed
for 9 working fluids presented in Table 3.2, 15 maximum temperatures (300 to 1000°C), 4
values of the isentropic turbine efficiency (0.65 to 0.95), 3 values of the isentropic
compressor efficiency (0.8 to 1) and 7 minimum temperatures (32 to 62 °C), for the total
of 11,340 cases. A statistical regression analysis was used to develop expressions for the
cycle performance parameters.

Based on the Eqgn. (2.41) and the regression analysis, the expression for the specific

net work output at the optimal pressure ratio, given by Eqn. (4.41), was developed:

H Wne ,max . 2
Wiet max = T = 0.9764% [(enrT3)05 = T,°°]" — 0.0975 (4.41)
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For a semi-perfect gas (defined in Section 3.3 of Chapter 3), c,q3 is the average
specific heat capacity between the minimum and maximum temperatures T1 and Ts. It
should be noted that the leading coefficient in Eqn. (4.41) is 2.36% lower compared to the
case where the perfect gas behavior (defined in Section 3.3 in Chapter 3) is assumed. In
other words, real gasses produce lower net specific work output in comparison to the
perfect gases.

A comparison between the expression for the net specific work given by Eqgn. (4.41)
and the results of EPV-11 performance simulations is presented in Figure 4.20A. As the
figure shows, some of the simulation results, namely those obtained by using CO: as the
working fluid, depart from the analytical correlation. This departure can be explained by

the behavior of CO:z in the Critical Zone (CZ), which was defined in this study as:

(1-T)%+ (1—-P)%<0.12 (4.42)
Tmin Pmin
T, =2, p = (4.43)

The Critical Zone for COz in the T-s diagram is presented in Figure 4.20B.
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As presented in Figure 4.21A, excluding simulation results for the Critical Zone

gives a good agreement between the Eqn. (4.41) and simulation results outside of the

Critical Zone. The average relative error for 10,000 cases is 0.0215.
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Figure 4.21. Comparison between the statistical correlation and simulation results for the

specific net work output.
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Although, on average, the agreement between Eqn. (4.41) and simulation results is

very good, the two groups of results, forming two lines, one above and the other one below

the 45° line (representing a perfect agreement) can be identified in Figure 4.21A. The data

points above and below the 45° line represent the results obtained for methane and Kr as

the working fluids, respectively. Since for these two gases, the specific heat capacity is a

strong function of temperature, compared to the other analyzed working fluids, the semi-

perfect gas assumption does not work well for these two working fluids, thus resulting in

a higher relative error between the results obtained from Eqn. (4.41) and the EPV-11 model

results. The maximum relative error is around 5% for high values of the net specific work
output.

As shown in Figure 4.20A, Eqgn. (4.41) is not suitable for the Critical Zone. Thus,

for COz2, an expression given by Eqn. (4.44) was developed for the accurate prediction of

the specific net work output inside its Critical Zone.

. Wne max . 2
Whnetmax = mt—f = 6'25251(% [(nchT3)0'5 - Tlo 5] )0'3978 (for CO2) (4.44)

where:

¢, = 0.05556¢,; + 0.94444c,;  (for CO2) (4.45)
Near the critical point, the value of specific heat capacity tends to the infinity,

leading to a very high theoretical specific net work output according to Egn. (4.41).

However, since the cycle performance simulation performed by the EPV-11 code gives

finite values of the specific net work output and heat input, it can be concluded that the

semi-perfect gas assumption is not valid near the critical point. Within the Critical Zone it

is, therefore, reasonable to expect that cp3 (determined at the maximum cycle temperature)
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will have a larger weight in comparison to cp1. The linear model for the average specific
heat ¢, developed for the Critical Zone, given by Eqn. (4.45), shows that cps has a
considerably higher weight compared to Cp1.

As shown in Figure 4.21B, inside the Critical Zone, there is an excellent agreement
between the simulation results and expression given by Eqn. (4.44). The average of relative
errors for 1,340 analyzed cases is 0.026.

Using the same approach for the specific heat input at the optimum pressure ratio
leads to the following expressions. For the operating conditions outside the Critical Zone,

Eqn. (4.46) should be used for the specific heat input:

. Qinmax T3T: 0.5 T
inmax = 2% = 1.0237 % g [(T3 ~T) - (%’”) + n—l] —3.214 (4.46)

where c,q3 is determined by assuming the semi-perfect gas behavior, i.e., the arithmetic
average of specific heat capacities at the minimum and maximum cycle temperatures. The
leading coefficient in Egn. (4.46) is 2.37% higher compared to the case where the perfect
gas behavior is assumed. Thus, in comparison with perfect gases, real gases require higher
heat input to produce the same work output. Figure 4.22A shows that the correlation given
by Eqn. (4.46) is in an excellent agreement with the simulation results. The average relative

error for the analyzed 10,000 cases is 0.0114.
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Figure 4.22. Comparison between correlation (Eqns. (4.46) and (4.47)) and the EPV-11
model results for the specific heat input.

Eqn. (4.47) was developed for calculating the specific heat input, when the

compressor inlet is in the Critical Zone of COz:

. Qin,max IT 0 T

inmax = 22222 = 3.0601(c, | (T5 = Ty) — (B22) 4 L |possis (4.47)
where:

¢, = 0.02439¢,; + 0.9756¢,; (4.48)

The explanation concerning the linear model for the average cp inside the Critical
Zone given by Eqn. (4.48) is the same as for Eqn. (4.45).

As shown in Figure 4.22B, inside the Critical Zone, there is an excellent agreement
between the simulation results and Eqn. (4.47). The average relative error for 1,340

analyzed cases is 0.0086.
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For the operating conditions outside the Critical Zone, the expression for thermal

efficiency of a simple Brayton cycle at the optimum pressure ratio can be obtained by
dividing Eqn. (4.41) by Eqgn. (4.46), resulting in the following expression:

C 2
0.97642—13[(7]Cn7¢3)0'5—T1°'5] ~0.0975
C

(4.49)

— ToT 705
Qin;max 1,0237*cp13[(T3—T1)—(%) +%]—3.314

where, according to the semi-perfect gas model, 13 is the average of the specific heat
capacity between the minimum and maximum cycle temperatures.

For the operating conditions inside the Critical Zone of COz, thermal efficiency of
a simple Brayton cycle at the optimum pressure ratio can be obtained by dividing Eqn.
(4.44) by Eqn. (4.47):

i ‘pw 0.5_p 0.51210.3978
Wnetmax __ 6.25251( e [(nchT3) Ty ] )

) - T3T1n\0° | T
Qinmax 3-0601[Cp,q [(T3_T1)_(TT) +71_i ]0.8514

Nen = (4.50)

where specific heats ¢, ,, and ¢, , are obtained from Eqns. (4.45) and (4.48), respectively.

Thermal efficiency of a simple Brayton cycle at the optimal pressure ratio is a
function of the maximum and minimum cycle temperatures, turbine and pump isentropic
efficiencies, and, outside of the Critical Zone, it does not depend on the properties of the
working fluid (Eqgn. (4.49))2. However, inside the Critical Zone, thermal efficiency
depends on the working fluid properties (Eqgn. (4.50)).

A comparison between the expressions for thermal efficiency given by Eqns. (4.49)
and (4.50) and the results of performance simulations performed by the EPV-11 code is

presented in Figure 4.23. As it can be seen, Eqns. (4.49) and (4.50) are in excellent

2 To be exact, outside of the Critical Zone, thermal efficiency is a very weak function of the working fluid
properties.
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agreement with the EPV-11 model results. The average relative error for 11,340 analyzed

cases is 0.0201.
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Figure 4.23. Comparison between Eqns. (4.49) and (4.50) and simulation results for
thermal efficiency.

The error propagation analysis was used to estimate the uncertainty (relative error)
in thermal efficiency of a simple Brayton cycle calculated from Eqn. (4.51). The

uncertainty E in thermal efficiency can be determined from the following expression:

= G+ (451)

Nth Wnet,max din,max
where E, is uncertainty (relative error) in thermal efficiency, while E,, and E, are
uncertainties (relative errors) in the specific net work output and specific heat input,
respectively. The average relative error determined from Eqgn. (4.51) is 0.0208 for the
11,340 analyzed cases and it is in good agreement with average relative error determined
from Eqns. (4.49) and 4.50 (0.0201).

For a simple Brayton cycle, correlations (Eqns. (4.41), (4.44), (4.49), and (4.50))

may be used for a quick, systematic and precise determination of its thermodynamic
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performance of in terms of the operating parameters for a working fluid(s) of interest, or
for a selection of the best working fluid without the need for preforming numerous
parametric calculations and tedious analysis of the results.

4.3.2. The effect of operating conditions on performance of a simple Brayton cycle
Thermal performance of a simple Brayton cycle was determined by using a detailed
EPV-11 model of the cycle. Results of the calculations, performed at the optimum pressure
ratio over a range of operating conditions for nine different working fluids given in Table
3.2, are presented in this section. The cycle parameters used in the calculations are
summarized in Table 4.4. The temperature difference between the turbine inlet temperature
(TIT) and the heat source temperature of 10°C was assumed in the calculations. The
maximum pressure of 30 MPa was used to achieve supercritical condition for CO2. A 5%
pressure drop for the heater (primary heat exchanger) and 0.05 MPa for the cooler has been

assumed [84].

Table 4.4. Cycle parameters for a simple Brayton cycle.

Parameter Value
Minimum temperature, T; (°C) 32-62
Maximum temperature, T4 (°C) 300-1000
Turbine isentropic efficiency, n; 0.9
Compressor isentropic efficiency, n, 0.85
Mass flow rate, i1, (kg/s) 37
Generator efficiency 0.975
Turbine mechanical efficiency (%) 0.99
Maximum pressure (MPa) 30

The main reasons for selecting a number of working fluids, including CO, for the
analysis were to develop expressions for the cycle performance parameters valid over a
wide range of thermo-physical properties, and to compare the commonly considered

working fluids to the supercritical CO-.
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All monoatomic gases exhibit an identical behavior in a Brayton cycle because all
have the same Cp on the molar basis (or equal Cp /R on mass basis). Likewise, all diatomic
gases behave similarly. Although the critical point for the commonly considered working
fluids is far from the operating conditions usually selected for the Brayton cycle, this is not
the case for the supercritical CO2. In fact, one of the fundamental reasons for higher
efficiency of the supercritical CO2 (sCO2) Brayton cycle, compared to “conventional”
Brayton cycle is the proximity of the Critical Point and the “liquid-like region”, where
thermo-physical properties (density, specific heat, etc.) of sSCO2 resemble properties of a
fluid. As discussed in Chapter 3, the terms “liquid-like” and “gas-like” regions are used to
explain different behavior of CO:s.

The effect of operating conditions and working fluid properties on thermal
efficiency of a simple Brayton cycle is presented in Figure 4.24. Because of the upper
temperature limit for some working fluids such as Kr and methane, the EPV-11
calculations for these working fluids were performed at a lower maximum cycle

temperature.
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Figure 4.24. Thermal efficiency of a simple Brayton cycle for nine working fluids
analyzed in this study for Pmax = 30 MPa.
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Figure 4.24. Continued.



121

B (T T 7 [

Thermal efficiency: 0.03 0.05 0.06 0.08 0.10 0.12 0.13 0.15 0.17 0.19 0.20 0.22 0.24 0.26 0.27 0.29 0.31 0.33 0.34 0.36
1000 -

Figure 4.24. Continued.

By considering Eqn. (4.49), for the operating conditions outside the Critical Zone
(as expected) thermal efficiency does not depend on the working fluid properties. Thus, for
the same operating conditions, all working fluids give the same thermal efficiency. For
example, for the minimum cycle temperature of 60°C and maximum cycle temperature of
800°C, as shown in Figure 4.24, all working fluids give the value of thermal efficiency of
28%. Over the analyzed range of operating conditions, the variation in thermal efficiency
between the analyzed working fluids is less than 1%-point.

The expression for thermal efficiency given by Eqn. (4.50) shows that inside the
Critical Zone thermal efficiency depends on the working fluid properties (i.e., on the ratio
of specific heat capacities cpwand cpg). In this case, different working fluids give different
value of thermal efficiency. For example, for the minimum cycle temperature of 33°C and
maximum cycle temperature of 400°C, as shown in Figure 4.24, thermal efficiency for CO2

is 4%-points higher compared to the other working fluids.
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For the sCOz2, the compressor inlet is typically located in the “liquid-like” region,

i.e., in the region of high density to minimize the compression work. The turbine is, on the
other hand, located in the “gas-like” region to maximize the expansion work. This behavior
can be illustrated by calculating the compression work for the same pressure ratio in the
“liquid-like” and “gas-like” regions, and comparing the results to the compression work
for a liquid and a gas. Figure 4.25 shows the specific compressor work at rp,=2.5 for COz,
Air, N2, and water. As the results show, there is a dramatic decrease in the compressor

work for COz near its critical point.
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Figure 4.25. The specific compression work for COz, Air, N2, and water.

The specific compressor work input for a COz is shown in Figures 4.26A and 4.26B
for the maximum cycle pressures of 5 MPa (transcritical operation), and 30 MPa

(supercritical operation). As the results show, for the supercritical operation, the
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compressor work is greatly reduced, resulting in a higher net specific work output, and

higher thermal efficiency.

Specific compressor work (kJ/kg): 36 50 64 78 92 106 120 134 148 162 177 191 205 219 233 247 261 275 289 303
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Figure 4.26. Specific compressor work input (kJ/kg) for COz2: (A) Pmax=5 MPa, (B)

Pmax=30MPa.

For a simple Brayton cycle and all analyzed working fluids, thermal efficiency of
35% can be achieved with the maximum cycle temperature of 1,000°C, minimum cycle
temperature of 32°C, and maximum pressure of 30 MPa, using the values of other cycle
parameters given in Table 4.4.

The specific net work output determined for nine working fluids over the range of

operating conditions is presented in Figure 4.27.
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Figure 4.27. Specific net work output (kJ/kg) results for a simple Brayton cycle for nine
working fluids analyzed in this study.
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Figure 4.27. Continued.

In some applications where available space is one of the constraints, the cycle
power output (i.e., equipment size and its footprint) might be more important than thermal
efficiency [109, 111]. As the results presented in Figure 4.27 show, a simple Brayton cycle
using Helium as a working fluid has the highest specific net work output, followed by CO2
and Naz. For TIT below 450°C, Helium produces specific net work output higher than 218
kJ/kg, while for the same conditions CO2 produces the net power output between 78 and
108 kJ/kg. However, for TIT of 1000°C, CO2 produces the net power output between 242
and 265 kJ/kg. As it can be seen from Eqns. (4.41) and (4.44) and Figure 4.27, working
fluids with higher cp, such as Helium and CO2, produce higher net work output.

4.3.3. Effect of the working fluid properties on thermal efficiency and specific net work
output

Expressions for thermal efficiency and net specific work output developed in this

study can be used to investigate effects of the working fluid properties on the performance
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of a simple Brayton cycle. Eqgns. (4.41), (4.44), (4.49), and (4.50) show that properties of
the working fluid affect thermal efficiency and specific net work output. It can be shown
that the first derivative of Eqns. (4.41) and (4.44) with respect to the specific heat capacity
is positive (Egn. (4.52)), meaning that at constant maximum and minimum cycle
temperatures, inside or outside the critical zone, working fluids with higher specific heat

capacity give higher specific net work output.

a""’net&,max > O (452)

acp

It can also be shown that the first derivative of Eqns. (4.49) and (4.50) with respect
to the specific heat capacity is negative (Eqgn. (4.53)), meaning that at constant maximum
and minimum cycle temperatures, inside or outside the critical zone, working fluids with

higher specific heat capacity give lower thermal efficiency.

DMen (4.53)

dcy
The effect of the specific heat capacity on thermal efficiency and specific net work
output is presented in Figure 4.28 for n,=0.9, n,.=0.85. As the results show, 1, and Wnet,max

decrease and increase as the specific heat capacity is increased, respectively.
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Figure 4.28. Effect of the specific heat capacity on thermal efficiency and specific net
work output for a simple Brayton cycle inside and outside the Critical Zone.

4.3.4. Effect of the pressure drop

Figure 4.29 shows the effect of pressure drop on thermal efficiency and specific net
work output of a simple Brayton cycle at Tmax=600°C and Tmin=32°C. As the results show,
although, increasing the pressure drop lowers thermal efficiency of a simple Brayton cycle;
it does not affect the selection (choice) of the best working fluid; the CO2 and Helium are
still the best working fluids giving the highest thermal efficiency and specific net work

output.
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Figure 4.29. Effect of pressure drop on performance of a simple Brayton cycle.

As Figure 4.29 shows, pressure drop has the highest and lowest effect for CO2 and
Helium, respectively. Increasing the maximum cycle pressure Pmax from 10 to 30 MPa,
increases the pressure drop from 1% to 5%, and results in a 3.6% and 12.3% relative
decrease in thermal efficiency for CO2 and Helium, respectively. It has to be kept in mind
that the pressure drop is also a function of the equipment size and design, and a straight

comparison of the absolute values may not be representative. For example, since COz is a
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very dense working fluid compared to Helium, the equipment size (especially
turbomachinery) for COz2 is much smaller (about 10 times smaller).

4.4. Regenerative Brayton Cycle

Based on the expressions for the specific net work output, specific heat input,
thermal efficiency, and turbine and compressor discharge temperatures developed in
Chapter 2 for a regenerative Brayton cycle by assuming the perfect and semi-perfect gases
(defined in Section 3.3 in Chapter 3), the following correlations were developed by
employing the statistical regression analysis to correlate the EPV-11 simulation results. A

schematic representation of a regenerative Brayton cycle is presented in Figure 4.30.
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N :
A f

Figure 4.30. Schematic of the regenerative Brayton cycle.

4.4.1. Correlations for a regenerative Brayton cycle

To develop statistical correlations for a regenerative Brayton cycle, performance
simulations were performed by using the EPV-11 model of the cycle for 9 working fluids
given in Table 3.2, 15 maximum temperatures (300 to 1000°C), 3 values of the isentropic

turbine efficiency (0.9 to 1), 3 values of the isentropic compressor efficiency (0.8 to 1), 7
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minimum temperatures (32 to 62°C), and 5 values of the regenerator effectiveness (0.75 to
0.95), for the total of 42,525 case studies.

Using the same methodology as for a simple Brayton cycle leads to the following
correlations for the regenerative Brayton cycle. Since the specific net work output of the
Brayton cycle is not affected by regeneration, Eqgns. (4.41) and (4.44) developed for a
simple Brayton cycle can also be used for the regenerative Brayton cycle.

For the operating conditions outside the Critical Zone, Eqn. (4.54) was developed

for the specific heat input at the optimum pressure ratio:

. Qin,re ,max

Qinregmax = m—i = 0.9789¢p13[Ts — Tz — €reg (T4 — T)| + 5.3456 (4.54)
0.5_

T, = 1.0572 ((”T”Tln# +T,) - 25.912 (4.55)

T, = 0.9703 [(1 —np)Ts + 2| +20.101 (4.56)

k3

Tp

Assuming the semi-perfect gas behavior (defined in Section 3.3 in Chapter 3), ¢p13

is determined as the arithmetic average of the specific heat capacities between the
minimum and maximum cycle temperatures. The turbine and compressor discharge
temperatures T, and T, can be obtained from Eqgns. (4.55) and (4.56). The comparison of
the correlation given by Eqgn. (4.54) and the EPV-11 model (simulation) results presented
in Figure 4.31A shows a very good agreement. The average relative error for the analyzed

31,900 cases is 0.011.
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Figure 4.31. Comparison between correlations and the EPV-11 model results for a

regenerative Brayton cycle.

For the operating conditions inside the Critical Zone, the specific heat input can be

determined from Eqn. (4.57).

where:

mg

. _ Qin,reg,max
qin,reg,max - .

= 4.7802[cp (T3 —T, — Ereg (T, — TZ))]0.7453

¢y = 0.02459¢,; + 0.97541c,;

(4.57)

(4.58)
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Figure 4.31B shows that the analytical correlation is in a very good agreement with

the EPV-11 model results. The average relative error for analyzed 2625 cases is 0.013.
For the operating conditions outside the Critical Zone, the expression for thermal
efficiency of a regenerative Brayton cycle at the optimum pressure ratio can be obtained

by dividing Eqgn. (4.41) by Eqn. (4.54):

C 2
0.9764-L22[(1.17T3)05 -1, %5 ~0.0975

Wnet,max _ Nc
Qinregmax  0.9789Cp13[Ts—Tr—&reg (Ta—T)|+5.3456

Nen = (4.59)

where, according to the semi-perfect gas model, a3 is the average specific heat capacity
between the minimum and maximum cycle temperatures.

For the operating conditions inside the Critical Zone, thermal efficiency of a
regenerative Brayton cycle at the optimum pressure ratio can be obtained by dividing Eqn.
(4.44) by Eqn. (4.57):

i ‘pw 0.5_m 0512103978
Nen = Whetmax  _ 6.25251( Ne [enrT2)*5 =11 %°]%)
th — 5 =
Qinregmax 4~7802[Cp(Tg—Tz—Ereg(T4—T2))]0-7453

(4.60)

where specific heats ¢, ,, and c, , are obtained from Eqns. (4.45) and (4.58), respectively.

Figure 4.31C shows a good agreement between the analytical correlations given by
Eqns. (4.59) and (4.60) and the results of performance simulations. The average relative
error for 42,525 analyzed cases is 0.014. The maximum error is 0.048.

Although the average relative error inside and outside the Critical Zone is small, in
the region near the Critical Zone the errors can be significantly higher. As shown in
Figure 4.32, the relative error in thermal efficiency of a regenerative CO2 Brayton cycle
determined from the correlation (Eqn. (4.60)) is higher near the boundary of the Critical

Zone compared to the average value.
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The effect of the specific heat capacity of a working fluid on the specific net work
output and thermal efficiency of a regenerative Brayton cycle is the same as for a simple

Brayton cycle, which was discussed in Section 4.3.3.

4.4.2. The effect of operating conditions on performance of a regenerative Brayton cycle
Thermal performance of a regenerative Brayton cycle was determined by using the
EPV-11 model of the cycle. The results of the calculations performed over a range of
operating conditions for nine different working fluids given in Table 3.2 are presented in
this section. The cycle parameters used in the calculations are the same as for a simple
Brayton cycle (Table 4.4), except the value of the regenerator effectiveness of 0.85 was
used for a regenerative Brayton cycle. The maximum cycle pressure of 30 MPa was used
to achieve supercritical operating conditions for the CO2. The effect of the operating

conditions (maximum and minimum cycle temperature) and thermo-physical properties of
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the working fluids on thermal efficiency of a regenerative Brayton cycle operating at the

maximum pressure of 30 MPa is presented in Figure 4.33.
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Figure 4.33. Thermal Efficiency Results of a regenerative Brayton cycle for Nine
Working Fluids.
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Figure 4.33. Continued.

As it can be seen in Figure 4.33 and according to Eqgns. (4.59) and (4.60), thermal
efficiency of a regenerative Brayton cycle depends on the working fluid properties. As the
results presented in Figure 4.33 show, a regenerative CO2 Brayton cycle has the highest
thermal efficiency, followed by Ar and N2. For the maximum and minimum temperature
of 1000°C and 35°C, respectively, thermal efficiency of a regenerative CO2 Brayton cycle
IS 41%, i.e., 7%-points higher compared to a simple CO2 Brayton cycle (Figure 4.24). For
the operating conditions inside the Critical Zone, thermal efficiency of a SCO2 Brayton
cycle is 9%-points higher compared to the other working fluids. For example, for the
minimum cycle temperature of 38°C and the maximum cycle temperature of 450°C,
thermal efficiency for the CO2 and Ar is 32% and 23%, respectively.

The cycle exhaust (heat rejection) temperature (Ts) for nine working fluids is
presented in Figure 4.34 over the range of operating conditions. As the results show,

depending on the operating conditions, a regenerative CO2 Brayton cycle has the highest
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and lowest cycle exhaust temperature, followed by air and Oz. For example, for TIT of
1000°C, CO:2 produces the cycle exhaust temperature around 350°C. For the range of the
analyzed operating conditions, the exhaust temperature of the regenerative CO2 Brayton
cycle is between 100 to 350°C which is within the ORC operating range. Thus the ORC

can be selected as the bottoming cycle in the combined Brayton/ORC cycle configuration.
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Figure 4.34. Cycle exhaust temperature for a regenerative Brayton cycle for nine working

fluids.
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Figure 4.34. Continued.

4.4.3. Performance maps of a Brayton cycle

One of the main objectives of this thesis is selection of the preferred (best) working
fluid(s) for the given set of cycle operating conditions. Performance maps for thermal
efficiency of a simple and regenerative Brayton cycle were constructed to enable selection
of the best working fluid(s) for the given set of cycle operating conditions (maximum
pressure and temperature, and turbomachinery performance). The performance maps
presented in Figure 4.35 show that for a simple or regenerative Brayton cycle operating at
the optimum pressure ratio, depending on the operating conditions, either N2 or COz2 give
the highest efficiency. In other words, there are two best working fluid zones: the N2 zone

and the CO2 zone. Although Ar could also be a choice for the best working fluid, Ar is very

expensive and it would significantly increase the power plant cost.
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Figure 4.35. Performance Map for Thermal Efficiency of a simple and regenerative
Brayton Cycle.

As shown in Figure 4.35, for high maximum cycle temperatures and low maximum
cycle pressures, Nz is the preferred working fluid giving the highest thermal efficiency.
However, for higher maximum cycle pressures or lower maximum cycle temperatures, CO2
is the best working fluid.

Performance of the turbomachinery, i.e., isentropic efficiencies of the compressor
and turbine affect section of the best working fluid, with higher isentropic efficiencies

increasing the size of the N2 zone.
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Using the statistical regression analysis, Eqn. (4.61) was developed for the
boundary between the N2 and CO2 zones shown in Figure 4.35, where Pmax is in bar, and
isentropic efficiencies of the turbine and compressor are given as fractions:
Temax(°C) = (=201, 4 20)Pyax — 1109.87.n + 1498.3 (4.61)
The performance map for the specific net work output of a simple and regenerative
Brayton cycles is shown in Figure 4.36. Of all working fluids analyzed in this study, He
produces the highest specific net work output over the entire range of the analyzed
operating conditions. The performance map for the net specific work output is independent
of the minimum cycle temperature and isentropic efficiencies of the compressor and

turbine.
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Figure 4.36. Performance map for the specific net work output.

Although the minimum cycle temperature affects thermal efficiency and net
specific work output, selection of the working fluids is independent of the minimum cycle

temperature. Thus, Figures 4.35 and 4.36 are valid for any minimum cycle temperature.



4.5. Regenerative Brayton Cycle with Recompression
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The use of supercritical CO2 as the working fluid has primarily been the focus of

the research concerning the regenerative Brayton cycle with recompression (RBCR).

Schematic representation of a regenerative Brayton cycle with recompression is presented

in Figure 4.37.
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-1 O + - 7 g™ :
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Figure 4.37. Schematic of the RBCR.

Generator

As discussed in Section 4.3.2, operation of the compressor in the “liquid-like”

region reduces the compressor work and increases the thermal efficiency. The cycle

performance results obtained for Air, Helium, Carbon Dioxide, and Nitrogen as working

fluids are presented in this section. The cycle parameters used in the calculations are

summarized in Table 4.5.

Table 4.5. RBCR parameters.

Power cycle parameter Value for CO2
Maximum temperature, T4 (°C) 300 to 1000
Maximum pressure, P2 (MPa) 10, 30
Turbine isentropic efficiency 0.90
compressor isentropic efficiency 0.89
HT Regenerator effectiveness 0.976
LT Regenerator effectiveness 0.88

IDloss, evaporator (%) 5
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The effect of the operating conditions on thermal efficiency of a regenerative

Brayton cycle with recompression at Pmax=30 MPa is presented in Figure 4.38 for four

working fluids (air, CO2, He, and N2).
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Figure 4.38. Thermal efficiency of a regenerative Brayton cycle with recompression for
four analyzed working fluids for Pmax = 30 MPa.

As the results show, a regenerative Brayton cycle with recompression using COz as

a working fluid has the highest thermal efficiency. Air, Helium, and N2 have the same
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thermal efficiency, significantly lower compared to the CO2. Thermal efficiency of 57%

can be obtained by using CO:2 at the maximum cycle temperature of 1000°C and maximum
cycle pressure of 30 MPa.

The specific net work output determined for the four analyzed working fluids over

the range of operating conditions is presented in Figure 4.39.
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Figure 4.39. Specific net work output of a regenerative Brayton cycle with recompression
for four analyzed working fluids for Pmax = 30 MPa.
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As the results show, the regenerative Brayton cycle with recompression using
Helium as a working fluid has the highest specific net work output, followed by CO2 and
N2. For TIT below 450°C, Helium produces specific net work output higher than 207 kJ/kg,
while for TIT of 1000°C, CO2 produces the net power output between 246 and 285 kJ/kg.
As discussed in Section 4.3.2, for the supercritical CO2 Brayton cycles, the
compressor inlet is located in the “liquid-like” region, i.e., in the region of high density to
minimize the compression work. This fact is shown in Figure 4.40A and B fora CO2 RBCR
where the thermodynamic cycle is presented in the T-s diagrams for the maximum cycle
pressures of 10 MPa (transcritical operation), and 30 MPa (supercritical operation). For the
supercritical operation, the compressor work is greatly reduced, resulting in a higher net

specific work output, and higher thermal efficiency.
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Figure 4.40. T-s diagram of RBCR.

4.6. Combined Brayton/ORC Cycle
Thermal efficiency of a combined Brayton/ORC cycle was determined over a range

of operating conditions and a number of working fluid combinations. The working fluids
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used for the bottoming (ORC) cycle are listed in Table 3.1, while the working fluids used
for the topping regenerative Brayton cycle are given in Table 3.2. A schematic
representation of a combined Brayton/ORC cycle is presented in Figure 4.41. The cycle

parameters used in the calculations are summarized in Table 4.6.
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Figure 4.41. Schematic representation of a combined Brayton/ORC cycle.

Table 4.6. Cycle parameters for a combined Brayton/ORC cycle.

Parameter Value
Brayton cycle turbine isentropic efficiency 0.90
ORC turbine isentropic efficiency 0.87
Compressor and pump isentropic efficiency 0.80
P2(MPa) 5-30
T1(°C), Ts(°C) 32-62
T3(°C) 300 to 1000
Effectiveness 0.85
Upper temperature difference for HEX(°C) 10
PlO(M Pa), T10>Ter Per

PlO(M Pa), T10<Ter Psat
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The temperature difference between the topping cycle turbine inlet temperature
(TC-TIT) and the heat source temperature of 10°C was used in the calculations. Also, the
optimal pressure ratio of the topping cycle was determined, as described in [112]. At the
optimal pressure ratio, the cycle net work output reaches its maximum value. Since the
flow rate of the working fluid in the bottoming cycle is dependent on the mass flow rate of
the working fluid in the topping cycle, a constant gross power output of 100 MW was
assumed for the topping cycle.
Figure 4.42 shows the effect of the exhaust temperature of the topping cycle (TC-
ET) on the A value given in Eqn. (2.52), where quantity A represents the improvement in
thermal efficiency of the combined cycle with respect to the topping cycle. The five
working fluids having the highest A value (efficiency improvement) are shown in
Figure 4.42. As the results show, for the values of the topping cycle exhaust temperature
up to 227°C, Iso-butane performs better than other analyzed working fluids. R11 is the
preferred working fluid for TC-ET in the 227°C and 327°C range. For TC-ET higher than

327°C, Ethanol gives the highest A value (highest efficiency improvement).
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Figure 4.42. Effect of the topping cycle exhaust temperature on thermal efficiency

improvement of a combined Brayton/ORC cycle relative to the topping regenerative

Brayton cycle.

A performance map for thermal efficiency of a combined Brayton/ORC cycle was

developed to enable selection of the best working fluids for the topping and bottoming

cycles, Figure 4.43.
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Figure 4.43. Performance map for thermal efficiency of a combined Brayton/ORC cycle.
(A) Topping cycle for Tmin<42°C, (B) Topping cycle for Tmin>42°C, (C) Bottoming cycle.
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Figure 4.43. Continued.

Performance maps for the topping cycle are presented in Figure 4.43A and B. As
shown in Figure 4.43A, for the minimum temperature of the combined Brayton/ORC cycle
lower than 42°C, depending on the maximum temperature and pressure, CO2 or air are the
preferred working fluids. As shown in Figure 4.43B, for the minimum temperature higher
than 42°C, COz is the preferred working fluid over the entire range of analyzed operating
conditions. Performance map for the bottoming ORC is presented in Figure 4.43C.
Depending on the TC-ET, Iso-butane, R11, or Ethanol are the preferred working fluids.

Thermal efficiency of a combined Brayton/ORC cycle is shown in Figure 4.44A
for Pmax = 30 MPa. At the maximum topping cycle temperature of 1000°C, and the
minimum topping cycle temperature of 32°C, the combined Brayton/ORC cycle has a
thermal efficiency of 55%. The A value given in Eqgn. (2.52), i.e., the improvement in
thermal efficiency of the combined Brayton/ORC cycle with respect to the regenerative

Brayton cycle is shown in Figure 4.44B. Since the cycle exhaust temperature of a
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regenerative Brayton cycle is quite high, the rejected heat used by a bottoming ORC
increases thermal efficiency of the combined cycle by up to 15%-points (i.e., A=0.15).
Also, as shown in Figure 4.44B, the efficiency improvement increases as the maximum
temperature of the topping cycle is increased. This is because higher maximum temperature
results in a higher exhaust temperature (Ts), thus the topping cycle is providing more heat
at a higher temperature to the bottoming ORC cycle, which increases work output and

efficiency of the bottoming cycle.
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Figure 4.44. Thermal efficiency and the A value for a combined Brayton/ORC cycle.

Figures 4.45A and 4.45B show the net power output in MW generated by the
combined Brayton/ORC cycle and the bottoming ORC, respectively. By the using the
waste heat from the topping cycle operating at Tmax of 1000°C and Pmax of 30 MPa, the
power output of the bottoming ORC exceeds 25% of the total net power output (13 MW).
Also, as shown in Figure 4.45B, for the maximum topping cycle temperatures lower than
700°C, the minimum temperature of the topping cycle has a significant effect on the power

generated by the bottoming ORC. On the other hand, for the maximum topping cycle
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temperatures higher than 700°C, the minimum topping cycle temperature does not have a
significant effect on the power output of the bottoming ORC. This fact can be explained
by the variation of the topping cycle exhaust temperature with the minimum topping cycle
temperature. As it can be seen in Figure 4.34C, for Tmax< 700°C, Tmin has a significant
effect on the topping cycle exhaust temperature. However, for Tmax>700°C the topping

cycle exhaust temperature is virtually independent of Tmin.
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A) Combined Brayton/ORC cycle B) Bottoming ORC
Figure 4.45. Net power output in MW of a combined Brayton/ORC cycle and a
bottoming ORC.

4.7. Regenerative Steam Rankine Cycle with the Reheat
The cycle parameters used for modeling of a regenerative steam Rankine cycle with
the reheat (RSRC) are presented in Table 4.7. A schematic representation of the cycle is

presented in Figure 4.46.
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Figure 4.46. Schematic of a RSRC.

The analysis was performed over a range of live (main) steam pressures and
temperatures. For each temperature and pressure combination, the deaerator pressure was
varied to optimize the ratio of the main steam and IP turbine inlet steam flows
(mg/ms flow ratio) and achieve the highest thermal efficiency. The maximum live (main)
steam temperature was varied from 400 to 650°C, while the maximum steam pressure was
varied in the 10 to 30 MPa range. The critical temperature and pressure of the steam are
374.15°C and 22.1 MPa respectively, thus, the analysis covered the subcritical and
transcritical operating conditions. In the power industry, the transcritical steam Rankine

cycle is referred to as the supercritical Rankine cycle.

Table 4.7. Regenerative steam Rankine cycle with the reheat parameters.

Power cycle parameter Value
Maximum temperature, To, Ts (°C) 400 to 650
Maximum pressure, P4 (MPa) 10to 30
HP and LP feed pump isentropic 0.85
efficiency
HP turbine isentropic efficiency 0.9

LP turbine isentropic efficiency 0.9
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For the optimal value of the g /1s mass flow rate ratio, thermal efficiency reaches
the maximum value. Figure 4.47 shows the optimum mass flow rate ratio over the range of

cycle operating conditions.

Ratio: 0.36 0.38 0.41 0.43 0.45 0.48 0.50 0.52 0.55 0.57 0.59 0.61 0.64 0.66 0.68 0.71 0.73 0.75 0.78 0.80

850

A) Prmax= 10 MPa B) Pmax= 20 MPa

B50

600

s50 £=0.62
0,60

0,59

450

400 25 30

o 20
Tmin( C)
C) Pmax= 30 MPa

Figure 4.47. Optimal mass flow rate ratio rhg/m< of a RSRC for a range of maximum
steam temperature.
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As it can be seen in Figure 4.47, for lower maximum steam pressure (L0MPa), the
optimal mass flow rate ratio varies from 0.7 to 0.77. However, for the higher maximum
steam pressure (30MPa), the variation in optimum mass flow rate ratio is considerably
larger, from 0.35 to 0.66.

As shown in Figure 4.47, higher maximum steam pressure results in a lower
mg /1 mass flow rate ratio. This can be explained with the aid of mass and energy balance
equations for the deaerator.
ms = m, + m, (4.62)
mshs = myh, + m;h, (4.63)

mg _ My _ h;—h3

(4.64)

s g hy—h,

For a constant maximum steam temperature (Ts), higher maximum steam pressure
(Ps) results in a higher pressure, temperature, and enthalpy at the HP turbine exhaust (SP6).
Higher enthalpy at SP6 results in a higher enthalpy at SPs 7, 3, and 2 and lower mg/m.
flow ratio.

The effect of the cycle operating conditions on thermal efficiency of a RSRC is
presented in Figure 4.48. The results show that higher maximum steam pressure results in
a higher thermal efficiency. At Tmax=650°C and Tmin =30°C, RSRC has thermal efficiency
of 45, 47, and 48% for Pmax =10, 20 and 30 MPa, respectively. Thermal efficiency higher
than 48% can be achieved for maximum steam temperatures higher than 600°C, however,
at present time, the materials for operation at steam temperature higher than 600°C and

high pressure are commercially not available.
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Also, by increasing the minimum temperature of the cycle from 6 to 30°C, thermal
efficiency decreases 3%-points. Since heat engines reject the heat into the ambient water
and air, which vary in temperature daily and seasonally, the minimum cycle temperature is

a parameter typically outside of our control.
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Figure 4.48. Thermal efficiency of a RSRC over the range of operating conditions.
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Figure 4.49 shows the exhaust temperature of a RSRC. As it can be seen, the cycle
exhaust temperature is equal to the minimum cycle temperature for the most of the
operating conditions. However, for Pmax=10 MPa and high maximum and minimum
temperatures, the exhaust temperature is higher than the minimum temperature of the
RSRC. This fact can be explained by using a T-s diagram of water. The T-s diagram of a
RSRC is shown in Figures 4.50A and B for Tmax=650°C and Pmax=10 MPa, and Tmin =10
and 30°C. As Figure 4.50B shows, for Tmin=30°C the cycle exhaust temperature (T1o) is
higher than the minimum RSRC temperature since the steam turbine exhaust is located in
the superheat steam region. For Tmin=10°C the steam turbine exhaust is in the wet region
(Figure 4.50A), thus the cycle exhaust and minimum (heat rejection) temperatures are the

Same.

T(°C): 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
: 650

650

=¥, P Ly

10 15 0,20 25 30 10 15 0,20 25 30
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A) Pna= 10 MPa B) Pmax= 20 MPa

C) Pmax= 30 MPa
Figure 4.49. Cycle exhaust temperature of a RSRC for different operating conditions.
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Figure 4.50. T-s diagram of Water.

The heat rejected by a RSRC cycle to the ambient includes mostly the latent heat
of condensation of steam, which is, due to its low temperature (slightly higher than the

ambient temperature) and low exergy not a very useful heat source for a bottoming cycle.
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More importantly, using a bottoming cycle working with the same minimum cycle
temperature as the topping cycle is thermodynamically not viable.
4.8. Combined Rankine/ORC Cycle
In a combined Rankine/ORC cycle, RSRC was selected as a topping cycle and a
simple ORC as a bottoming cycle. A schematic representation of a combined steam

Rankine/ORC cycle analyzed in this study is presented in Figure 4.51.
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Figure 4.51. Schematic of a combined Rankine/ORC cycle.

The cycle parameters used in the calculations are summarized in Table 4.8. Since
the flow rates of the two cycles vary with respect to each other, the gross power output of
the topping cycle is assumed to be 100MW. A 3°C temperature difference between the
exhaust steam from the topping cycle (State Point 10 in Figure 4.51) and the maximum
temperature of the bottoming ORC (State Point 11 in Figure 4.51) was assumed. Based on
the previous studies [113-116], 14 working fluids listed in Table 4.9 have been selected for
a combined steam Rankine/ORC cycle. All working fluids are non-flammable. The

parametric calculations were performed by varying the maximum temperature of the
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topping cycle in the 400 to 650°C range; and the maximum pressure in the 10 to 30 MPa
range.

Table 4.8. Combined Rankine/ORC parameters.

Power cycle parameter Value
Maximum temperature, Ty, Ts (°C) 400 to 650
Rankine cycle maximum pressure, P4 (MPa) 10to 30
Rankine HP turbine isentropic efficiency 0.9
Rankine LP turbine isentropic efficiency 0.9
ORC turbine isentropic efficiency 0.9
All Pumps isentropic efficiency 0.85
P14(MP8.), if T11>Tcritical Pcritical
P14(MP8.), if T1a<Tcritical Psaturation

Table 4.9. Working fluids used in a bottoming cycle.

Working fluids used in ORC

R11 Ammonia
RC318 R236fa
R227ea R141b

R12 R236ea
R134a R114

R123 R113

R22 R245fa

For some of the selected working fluids, there is the optimum condenser back-
pressure for the topping steam Rankine cycle, at which the efficiency of the combined
Rankine/ORC cycle reaches its maximum value. Figure 4.52 shows the effect of the
saturation temperature, corresponding to the condenser back-pressure, on thermal
efficiency of a combined steam Rankine/ORC cycle. The results were obtained for the
following operating conditions: Pmax=10 MPa and Tmax=400°C for the topping cycle, and
minimum temperature of 10°C for the bottoming ORC. As the results show, for some
working fluids such as Ammonia and R11, there is the optimum minimum cycle

temperature (condenser back-pressure).
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Figure 4.52. Effect of condenser back pressure on thermal efficiency of a combined
Rankine/ORC cycle.

As discussed in the previous section, if the minimum temperature of the topping
steam Rankine cycle is equal to the minimum temperature of the combined cycle
(minimum temperature of the ORC), the steam turbine exhaust is in the wet steam region,
the steam temperature corresponds to the saturation pressure set by the ambient
temperature, and the steam enthalpy is lower than the saturation enthalpy. By increasing
the condenser back-pressure, the enthalpy of the exhaust steam increases, increasing the
amount of heat available to the bottoming ORC, thus increasing its work output. However,
as the condenser back-pressure is increased, the enthalpy drop through the steam turbine
decreases, resulting in a lower net work output of the topping steam Rankine cycle. Thus,
there is optimal condenser back-pressure at which work output of the combined steam
Rankine/ORC cycle is the highest. For RC318, the optimal condenser back-pressure is

outside the range of the operating conditions analyzed in this study. Thus, for this working
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fluid, thermal efficiency of a combined Rankine/ORC cycle decreases monotonically as
the condenser back-pressure increased.

The rest of the results concerning performance of a combined steam Rankine/ORC
cycle presented in this section were obtained by assuming the optimal condenser back-
pressure.

Thermal efficiency of a combined steam Rankine/ORC cycle for the six working
fluids analyzed in this work is presented in Figure 4.53. As it can be seen in Figure 4.53,
Ammonia followed by R11 and R141b is the preferred choice for a working fluid in the
bottoming ORC. However, Ammonia and R11 are toxic and phased out, respectively. Thus,
R141b is the best choice for a bottoming ORC in a combined steam Rankine/ORC cycle.
As shown in Figure 4.53A, for the maximum cycle temperature higher than 600°C, there

is virtually no difference in performance of different working fluids.
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Figure 4.53. Thermal efficiency of a combined steam Rankine/ORC cycle for the six
analyzed working fluids.
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Thermal efficiency of a combined steam Rankine/ORC cycle is presented in
Figure 4.54. The contour graphs are plotted in terms of the minimum and maximum cycle

temperature, Tmin and Tmax for Pmax = 10, 20, and 30 MPa.
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Figure 4.54. Thermal efficiency of combined steam Rankine/ORC cycle for three
maximum pressures.
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As shown in Figure 4.54, an increase in the maximum pressure of the topping steam
Rankine cycle results in a higher thermal efficiency of the combined steam Rankine/ORC
cycle. Also, a decrease in the minimum temperature of the bottoming ORC results in a
lower thermal efficiency. For example, at Tmax=650°C and Pmax = 30 MPa, the combined
steam Rankine/ORC cycle has the thermal efficiency of 52 and 49% at Tmin =2 and 30°C,
respectively. Thermal efficiency higher than 49% can be achieved with maximum steam
temperatures higher than 600°C, however, presently; the materials required for such high
temperature and pressure operation are commercially not available. Also, similar to a
regenerative Rankine cycle with the reheat (RSRC) analyzed in the previous section, an
increase in the minimum cycle temperature from 6 to 30°C reduces thermal efficiency by
3%-points.
The difference in thermal efficiency between the combined steam Rankine/ORC
cycle and RSRC is shown in Figure 4.55. As Figure 4.55 shows, adding an ORC to the
steam Rankine cycle can increase the overall efficiency between 1 to 2%-points. Thus, the

benefit of adding a bottoming ORC to a steam Rankine cycle is relatively small.
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Figure 4.55. Thermal efficiency difference between the combined Rankine/ORC and
RSRC.

As shown in Section 4.6., adding an ORC to the Brayton cycle can increase thermal
efficiency of the system around 15%-points, while adding an ORC to the steam Rankine
cycle can increase the thermal efficiency by less than 2%. This fact can be explained by

the T-s diagram of these combined cycles. Figure 4.56 shows a T-s diagram of the
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combined Brayton/ORC and the combined steam Rankine/ORC cycles. As Figure 4.56
shows, due to the low exhaust temperature of the topping steam Rankine cycle, compared
to the topping Brayton cycle, the amount of heat available to the bottoming cycle is
significantly lower. Thus, the ratio of the process area corresponding to the bottoming cycle
to the process area of the topping cycle is much lower for the combined steam

Rankine/ORC cycle, compared to the combined Brayton/ORC cycle.
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Figure 4.56. T-s diagram of combined Rankine/ORC and combined Brayton/ORC cycle.

4.9. Sensitivity Analysis of Developed Correlations
Consider a function Y with N independent input variables.
Y = f(xg,x3,..,xy) (4.65)

By using Taylor series expansion, function Y can be written as:

flx+Ax) = f(x) + Z—iAx (4.66)
flx—Ax) = f(x) — Z—iAx (4.67)
Af — fx+Ax)—f(x—Ax) _ af (x) Ax (468)

2 ax
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where Af is the error and Af/f is the relative error of the function Y indicating the

uncertainty of the system. The relation between the uncertainty of the output function and

uncertainty in the input variable can be expressed by:

Af Ax

- = CN, ~ (4.69)
_ X0f(x)

CN, = F ox (4.70)

where CN, is the sensitivity coefficient. Higher value of the sensitivity coefficient means
that the input variable has a higher effect on the output function.

The total uncertainty of the system can be expressed by:

Af _ g (AFGD)?
£ izl(f(xi)) (4.71)

Sensitivity coefficients of the input variables in statistical correlations, developed
in previous sections, for thermal efficiency of the analyzed power cycles are summarized
in Table 4.10. Egn. (4.70) is applied on the proposed correlations (Eqgns. (4.6), (4.10),
(4.16), (4.28), (4.32), (4.35), (4.49), (4.50), (4.59), (4.60)) developed in previous sections

to obtain sensitivity coefficients in Table 4.10.
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Table 4.10. Sensitivity coefficients of input parameters for the analyzed power cycles.

Cycle N N, Ereg Tmin Tmax Teva Ter Cp Cps hfg
Simple ORC-subcritical without 1.00 000 000 -565 556 0.00 0.00 -0.12  0.00 0.12
superheat
Simple ORC-subcritical with 1.00 000 000 -2277 1712 0.01 0.00 0.00 0.00 0.0002
superheat
Simple ORC-supercritical 100 0.00 000 -325 038 000 3.63 0.00 0.00 0.000
Regenerative ORC-subcritical without  1.00 0.00 0.04  -5.83 583 0.00 0.00 0.00 0.00  0.000
superheat
Regenerative ORC-subcritical with 1.00 0.00 021 -841 841 099 0.00 0.00 0.00 0.00
superheat
Regenerative ORC-supercritical 1.00 0.00 047 -1534 1840 0.00 -3.05 0.00 0.00 0.00

Simple Brayton-outside Critical Zone 432 2.83 0.00 -1.75 174 0.00 0.00 -0.01  0.00 0.00
Simple Brayton-inside Critical Zone 061 042 0.00 -013 0.004 0.00 0.00 -0.06  0.00 0.00

Regenerative Brayton-outside Critical 4.11  3.00 0.11  -4.63 455 000 0.00 -0.005 0.00 0.00
Zone

Regenerative Brayton-inside Critical 051 042 045 -7.46 854 0.00 0.00 -0.05  0.00 0.00
zone

As it can be seen in Table 4.10, for all analyzed power cycles, the maximum and
minimum cycle temperatures have the largest effect on the thermal efficiency of the power
cycle. Conversely, the latent heat of evaporation has the smallest effect on the thermal
efficiency of the analyzed power cycles.

When using statistical correlations for thermal efficiency and other cycle
performance parameters, developed in this work, the uncertainty of the final result can be
affected by the following three uncertainties associated with the input parameters: the EPV-
11 modeling code error, the error in thermo-physical properties of the working fluids
calculated by the REFPROP code, and the error of the developed statistical correlations.
The error in calculation of thermo-physical properties of the working fluids is less than
0.002 in the RFPROP code [81]. Also, the EPV-11 modeling code error is 0.001 [1]. Thus,
the errors associated with the EPV-11 and REFPROP codes are approximately zero and
can be neglected. Thus, the total uncertainty is predominately due to the errors associated

with statistical correlations developed in this work.
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The values obtained from the correlations (Egns. (4.6), (4.10), (4.16), (4.28), (4.32),

(4.35), (4.49), (4.50), (4.59), (4.60)) and the EPV-11 model are being referred to as

Pred (i) and Real(i), respectively. The relative error of the correlation for a specific case
IS:

|Pred(i)—Real(i)|

Relative error = RE = - (4.69)
|Real(i)]
The mean relative error (MRE) for the total number of TN cases is:
— 1 yrn |Pred()—Real(D)|
MRE = TNZi:l |Real(i)] (4.70)

where i is the case number. The standard deviation of the relative error (SDRE) can be

defined by:

TN (pp_
SDRE = /w 4.71)

With a confidence interval (Cl) of:

SDRE
Cl=MRE +t» =2 4.72)
SDRE
Clin = MRE — t %~ — (4.73)
SDRE
Clmax = MRE + t * ﬁ (474)

where quantity t is the Student t, equal to 2.576 for the confidence level of 99%. The
relative standard deviation of the relative error (SDRE) is the ratio of SDRE over MRE.
The uncertainties of the proposed correlations for the analyzed power cycles are

summarized in Table 4.11.
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Table 4.11. Total uncertainty of proposed correlations for power cycles analyzed in this

study.
Cycle Number of Case MRE SDRE Clmin Clmax RSDERE
studies(TN)
Simple ORC-subcritical without 10695 0.010 0.003 0.010 0.010 0.300
superheat
Simple ORC-subcritical with 18216 0.039 0.005 0.039 0.040 0.128
superheat
Simple ORC-supercritical 14145 0.05 0.018 0.049 0.050 0.360
Regenerative ORC-subcritical 30225 0.005 0.001 0.005 0.005 0.200
without superheat
Regenerative ORC-subcritical 51480 0.014 0.002 0.014 0.014 0.142
with superheat
Regenerative ORC-supercritical 39975 0.010 0.003 0.010 0.010 0.300
Simple Brayton-outside Critical 11368 0.035 0.010 0.035 0.035 0.285
Zone
Simple Brayton-inside Critical 575 0.031 0.009 0.030 0.032 0.290
Zone
Regenerative Brayton-outside 55973 0.041 0.016 0.041 0.041 0.390
Critical Zone
Regenerative Brayton-inside 921 0.043 0.013 0.042 0.044 0.302
Critical Zone

Table 4-11 shows that correlation for a simple supercritical ORC has the highest
mean relative error of around 5%. Conversely, the correlations developed for the

regenerative ORCs are the most accurate.



CHAPTER 5: MODEL VALIDATION

5.1. Overview
In Chapter 5 thermodynamic models of the analyzed power cycles are validated by
comparing the results obtained in this work to the experimental and numerical data from
the open literature.
5.2. Validation of the Results for a Regenerative Steam Rankine Cycle with the Reheat
The values of thermal efficiency obtained by using the EPV-11 model of a single
reheat regenerative steam Rankine cycle are compared to the results reported by [84]. Cycle
parameters used in the calculations are summarized in Table 5.1. The maximum cycle
pressure and temperature were varied between 10 and 30 MPa and from 500 to 1100°C,
respectively.

Table 5.1. Cycle parameters for regenerative steam Rankine Cycle with reheat.

Cycle parameter Value
Pump efficiency (HP) 0.85
Pump efficiency (LP) 0.85

Turbine efficiency (HP) 0.88
Turbine efficiency (LP) 0.917
P, loss, receiver (%) 5

P, loss, HEX (%) 5

Condenser back pressure at saturation point ~ 0.00476

The effect of turbine inlet temperature on thermal efficiency is shown in Figure 5.1.
As the figure shows, the results obtained from the EPV-11 cycle models are in an excellent
agreement with the results from [84]; with the average relative error of 0.8%. As expected,
the results show that higher maximum pressure results in a higher thermal efficiency;
increasing the maximum pressure form 10 to 30MPa results in a 2.8%-point increase in

thermal efficiency.
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Figure 5.1. Effect of turbine inlet temperature on thermal efficiency of a regenerative
steam Rankine Cycle with reheat.

5.3. Validation of the Results for a Regenerative ORC
5.3.1. Subcritical ORC without the superheat

Values of thermal efficiency obtained by using the EPV-11 model of the
regenerative ORC and a correlation developed in Section 4.2.2 in Chapter 4, represented
by Eqgn. (4.28), were compared to the results reported by Wang et al. [105]. The cycle
parameters used in the calculations are summarized in Table 5.2. The temperature

difference between the TIT and the heat source temperature of 10°C was used in the

calculations.
Table 5.2. Cycle parameters for regenerative ORC.
Parameter Value
Maximum pressure, P4 (MPa) Saturation pressure at minimum temperature
Turbine isentropic efficiency, n; 0.8
Pump isentropic efficiency 0.9
Regenerator effectiveness 0.55

Minimum pressure (MPa) Saturation pressure at minimum temperature
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Wang et al. [105] analyzed simple and regenerative ORC having the net power

output of 10 kW by using a custom-written Matlab code. Physical properties of the working

fluids were provided by the REFPROP code developed by NIST. The results obtained by
Wang et al. [105] and in this study for seven working fluids are compared in Table 5.3.

Table 5.3. Comparison of results for a subcritical regenerative ORC without superheat.

Relative
Relative Error
Error Between
Between [105]
Mass  Thermal Thermal Thermal [105] and and
flow  Efficiency  Efficiency Efficiency EPV-11 Eqgn.
Pmax Tmax Tmin Pmin rate from from EPV-  from Eqgn. Model (4.28)
Fluid (MPa) (K) (K) (MPa)  (kg/s)  [105] (%) 11 Model (4.28) (%) (%)
R245fa  1.4923 380.90 304.44 0.1874 0.498 9.51 9.44 9.45 0.73 0.68
R245ca 14923 395.05 31556 0.1882 0.481 9.61 9.62 9.55 0.10 0.62
R236ea 1.7231 377.51 300.00 0.2196 0.597 9.55 9.52 9.64 0.31 1.01
R114 1.8154 385.81 300.00 0.2275 0.672 10.22 10.22 10.29 0.00 0.68
R113 17692 44474 346.67 0.2223 0.619 10.35 10.34 10.32 0.09 0.27
Butane 2.0000 387.51 300.00 0.2580 0.233 10.46 10.43 10.5 0.28 0.38
R123 15385 406.00 320.00 0.1926 0.545 10.00 9.98 9.94 0.20 0.60

As shown in Table 5.3, thermal efficiency values obtained by the EPV-11 model
and the correlation for a subcritical ORC without a superheat, represented by Eqn. (4.28),
are in an excellent agreement with the results from Wang et al. [105]. The relative error
between the results obtained from Eqn. (4.28) and by Wang et al. [105] is in the 0.27 and
1.01% range. The relative error between the results obtained by the EPV-11 model and
Wang et al. [105] is in the 0.00 to 0.73% range.
5.3.2. Subcritical ORC with the superheat

Values of thermal efficiency obtained by using the EPV-11 model of a regenerative
ORC, and the correlation developed in Section 4.2.2 in Chapter 4, represented by Eqn.
(4.32), were compared to the results reported by Peris et al. [117]. Peris designed, built,
and tested a regenerative ORC operating in a superheated subcritical region using R245fa.

The reported experimental uncertainty in thermal efficiency for the net power output in the



174

6.85 to 16.93kW range is +4.55%. The comparison of thermal efficiency values reported

by Peris at al., Ref. [117] and calculated in this study by using the EPV-11 model of the

cycle and Eqn. (4.32) is presented in Table 5.4 over a range of cycle operating conditions.

Table 5.4. Comparison of results for a subcritical regenerative ORC with superheat.

Thermal
Thermal Thermal Efficiency Relative error  Relative error
Mass Efficiency Efficiency from Between [117]  Between [117]
Prmax Tmax Pmin flow from from EPV- Eqn. and EPV-11 and Eqgn.
(MPa) (K) (MPa)  rate(kg/s) [117](%0) 11 model (4.32) model(%) (4.32) (%)
1 141 395.42 0.25 0.39 7.16 7.30 7.33 2.02 2.44
2 1.63 402.99 0.26 0.47 8.38 8.69 8.61 3.74 2.79
3 1.76 406.54 0.26 0.52 9.00 9.37 9.30 4.09 331
4 1.90 410.03 0.27 0.58 9.94 10.34 10.25 3.99 3.08
5 1.94 411.03 0.26 0.59 10.00 10.49 10.42 4.90 421
6 1.96 411.26 0.25 0.60 10.49 10.97 10.77 4.59 271
7 2.01 412.55 0.23 0.62 10.83 11.20 11.25 3.47 3.91
8 2.03 413.12 0.23 0.64 10.90 11.35 11.30 4.12 3.66

Considering experimental uncertainty of £4.55%, results obtained from the EPV-

11 model and Eqn. (4.32) are in a very good agreement with the results from Peris at al.

[117]. The relative error between the results obtained from Eqgn. (4.32) and Ref. [117] is in

the 2.44% to 4.21% range, while the relative error between the results from EPV-11 model

and Ref. [117] is in the 2.02% to 4.90% range.

5.4. Validation of the Results for a Simple Brayton Cycle

Values of thermal efficiency obtained by using the EPV-11 model of a simple

Brayton cycle were compared to the results reported by Ho et al. [89]. Cycle parameters

used in the calculations are summarized in Table 5.5. The temperature difference between

the TIT and the heat source temperature of 25°C,assumed in Ref. [89], was used in the

calculations.
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Table 5.5. Cycle parameters for a simple Brayton cycle.

Parameter Value
Maximum temperature(°C) 700
Maximum pressure, (MPa) 20

Turbine isentropic efficiency, n; 0.9
Compressor isentropic efficiency 0.9
Minimum pressure (MPa) 6.4

A simple CO2 Brayton cycle having the net power output of 100 MW was analyzed
in Ref. [89]. Table 5.6 compares the results for CO2 as the working fluid obtained by using

the EPV-11 model of a simple Brayton cycle to the results reported in Ref. [89].

Table 5.6. Comparison of results for simple Brayton cycle.

Thermal Efficiency from Thermal Efficiency  Relative Error Between [89]
[89](%0) from EPV-11 Model and EPV-11 Model (%)
16 15.8 0.6

As shown in Table 5.6, thermal efficiency value obtained by the EPV-11 model is
in an excellent agreement with the results from [89]. The relative error between the results
is 0.6%.

5.5. Validation of the Results for a Regenerative Brayton Cycle

Thermal performance of a regenerative supercritical CO2 Brayton cycle determined
by using the EPV-11 model of the cycle is validated in this section. Table 5.7 presents the
cycle parameters used in the calculations. A pressure drop of 3.5% of the inlet pressure was
set for the heat addition and rejection processes. The net power output was kept constant

at 100MW.



Table 5.7. Cycle parameters for a regenerative supercritical Brayton cycle.

Parameter Value
Minimum pressure (MPa) 8.5
Turbine isentropic efficiency, n, 0.55
Pump isentropic efficiency, 1, 0.8
Minimum temperature (°C) 34.85
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The results were validated against the study [64] where a regenerative Brayton

cycle was modeled by using a Matlab code, while thermo-physical properties of the

working fluid were determined by the REFPROP code [64]. Figure 5.2 shows the effect of

the turbine inlet temperature on thermal efficiency at the optimum pressure ratio. As it can

be seen in Figure 5.2, the results obtained from the EPV-11 model are in an excellent

agreement with the results from [64]; the relative error is 0.95%.

Thermal Efficiency(%)

30

20

o) Results from EPV-11

Results from literature

300 400 500 600 700

Turbine inlet temperature(°C)

200

Figure 5.2. The effect of turbine inlet temperature on thermal efficiency of a regenerative

5.6. Validation of the results for a regenerative Brayton cycle with intercooling

Brayton cycle.

A regenerative CO2 Brayton cycle with one intercooling section (intercooler),

shown in Figure 5.3, is analyzed in this section. For the highest thermal efficiency of the
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cycle, the compression ratios of the LP and HP compressors have to be the same [84]. Thus,

the pressure at State Point 3 is:

Ploss,HEX"'\/‘“"1})2_(Ploss,HEX)Z

P = (5.1)

Inter cooler Regenerator | T
3 4 6 I~

2 L
i Heater
Pa Turbine | |
LP compressor HP compressor Generator
1 Cooler 5 8
A, §

Figure 5.3. Schematic of a regenerative CO2 Brayton cycle with intercooling.

Table 5.8 presents the cycle parameters used in the calculations. It should be noted
that maximum temperature of 1100°C is not feasible with the current available materials
and data from Table 5.8 is just used for validation. The results obtained from the EPV-11
model of the cycle developed in this study are compared to the results form Ref. [84].

Table 5.8. Cycle parameters for a regenerative supercritical CO2 Brayton cycle with

intercooling.
Cycle parameter Value
Minimum Temperature(°C) 32
Maximum pressure (MPa) 10-30
Maximum Temperature( °C) 500-1100
Compressor efficiency 0.8
Turbine Efficiency 0.9
Regeneration effectiveness 0.85
P, loss, receiver (%) 5
P, loss, HEX (MPa) 0.05

Pinch point difference for ambient heat exchangers (°C) 10
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Figure 5.4A shows the effect of the maximum cycle temperature on thermal
efficiency of the analyzed power cycle. As the figure shows , the results obtained from the

EPV-11 model are in an excellent agreement with the results from [84].

Also, as Figure 5.4A shows, for the maximum cycle temperature equal to 500°C
and the maximum cycle pressure higher than 20 MPa, thermal efficiency is considerably
higher compared to the case where maximum cycle pressure is lower than 20 MPa. This
can be explained by the “liquid-like” behavior of CO: at the compressor inlet. For the
maximum cycle temperature of 500°C and maximum cycle pressure higher than 20MPa,
the compressor inlet is located in the “liquid-like” zone where density is high, resulting in
a low compressor work and high thermal efficiency. As the maximum cycle pressure is
increased, CO2 density increases resulting in a further reduction in the compressor work,

and an increase in cycle efficiency. More details can be found in Chapter 4.
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Figure 5.4. The effect of maximum temperature on thermal efficiency of a regenerative
Brayton cycle with intercooling.



CHAPTER 6: POWER CYCLE SELECTION FOR THE CSP-T PLANTS

6.1. Overview

One of the main objectives of this study is selection of the preferred (best) power
cycle(s) for the given set of cycle operating conditions. The effect of operating conditions
on performance of the power cycles analyzed in this work is presented in this chapter. The
best power cycle(s) having the highest thermal efficiency or highest net power output for
a specified (selected) set of operating conditions have been identified. The results from
Chapter 4 were used to select the best working fluid resulting in the highest thermal
efficiency or highest specific net work output.

6.2. Cycle configurations and operating parameters

The results of thermal performance analysis of the following power cycles are
presented and compared in this chapter: regenerative steam Rankine cycle with the reheat,
regenerative Brayton cycle, recompression Brayton cycle, combined Brayton/ORC cycle,
and combined Rankine/ORC cycle. A review of the cycle operating parameters used in the
calculations is presented first.

The analysis of the cycle performance was performed by assuming the temperature
difference between the turbine inlet temperature (TIT) and the heat source temperature of
10°C; the minimum cycle temperature was varied between 32 and 62°C. The selection of
working fluid(s) and correlations for thermal efficiency of different power cycles were
presented in Chapter 4. The friction and heat losses in the connecting pipes were neglected,
and turbomachinery (turbine, feed pumps, and compressors) was assumed to be adiabatic.

However, the friction and pressure drop in the heat exchangers were considered in
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performance calculations. Other cycle parameters, used in the analysis, are summarized in
Tables 6.1 to 6.6.

6.2.1. Simple ORC

A schematic representation of the analyzed simple ORC is presented in Figure 4.1.
The cycle parameters used in the calculations are summarized in Table 6.1. The maximum
cycle temperature was varied between 50 to 350°C. For the values of maximum cycle
temperature lower than the critical temperature of the working fluid, the maximum cycle
pressure was set to be equal to the saturation pressure corresponding to the maximum
temperature. For a transcritical ORC, the maximum cycle pressure was set to be equal to
the critical pressure of the working fluid.

Since the performance of an ORC depends on the physical properties of the working
fluid, a careful selection of the appropriate working fluid is essential for the best
performance. As presented in Chapter 4, working fluids such as R141b and Butane give
the highest thermal efficiency and the highest specific net work output, respectively.
Therefore, performance results obtained for R141b and Butane are presented in this
chapter. Thermo-physical properties of R141b and Butane are listed in Table 3.1.

Table 6.1. Simple ORC parameters.

Power cycle parameter Value
Maximum temperature, T, (°C) 50 to 350
Maximum pressure, P; (MPa) Saturation or critical
I:’Ioss, evaporator (%) 5
Pump isentropic efficiency 0.80

Turbine isentropic efficiency 0.87
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6.2.2. Regenerative Brayton cycle (RBC)
A schematic representation of the analyzed regenerative Brayton cycle is presented
in Figure 4.29. The cycle parameters used in the calculations are summarized in Table 6.2.
The performance results presented here are given for the optimal pressure ratio, which
gives the highest specific net work output. The maximum cycle temperature and pressure
were varied between 200 to 1000°C and 10 to 30MPa, respectively. Based on the results
presented in Chapter 4, the performance results obtained for CO2 and He, giving the highest
efficiency and highest net specific power output, are presented here. Thermo-physical
properties of CO2 and He are listed in Table 3.2. Since the critical point of COz is within
the investigated temperature and pressure ranges, the analysis includes the results for the
supercritical CO2 (sCOz2) Brayton cycle.

Table 6.2. RBC parameters.

Power cycle parameter Value for CO2  Value for He
Maximum temperature, T4 (°C) 200 to 1000 200 to 1000
Maximum pressure, P, (MPa) 10, 30 10, 30
Turbine isentropic efficiency 0.90 0.93
compressor isentropic efficiency 0.80 0.859
Regenerator effectiveness 0.956 0.85
Ploss, evaporator (%) 5 5

6.2.3. Regenerative Brayton cycle with recompression (RBCR)

A schematic representation of the analyzed regenerative Brayton cycle with
recompression is presented in Figure 4.36. The cycle parameters used in the calculations
are summarized in Table 6.3. The maximum cycle temperature and pressure, and working

fluids are the same as used for the regenerative Brayton cycle.
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Table 6.3. RBCR parameters.

Power cycle parameter Value for CO2  Value for He

Maximum temperature, T4 (°C) 200 to 1000 200 to 1000

Maximum pressure, P, (MPa) 10, 30 10, 30

Turbine isentropic efficiency 0.90 0.93
compressor isentropic efficiency 0.89 0.89

HT Regenerator effectiveness 0.976 0.87

LT Regenerator effectiveness 0.88 0.85

Ploss, evaporator (%) 5 5

6.2.4. Combined Brayton/ORC cycle

A schematic representation of the analyzed regenerative Brayton cycle with
recompression is presented in Figure 4.40. The cycle parameters used in the calculations
are summarized in Table 6.4. As described in Section 4.6 of Chapter 4, the performance
results presented here are for the optimal pressure ratio of the topping cycle, corresponding
to the maximum cycle net work output, and for a constant gross power output of 2000MW
for the topping cycle. The maximum cycle temperature and pressure were varied between
200 to 1000°C and 10 and 30 MPa, respectively.

Table 6.4. Combined Brayton/ORC cycle parameters.

Power cycle parameter Value
Maximum temperature, T4 (°C) 200 to 1000

Rankine cycle maximum pressure, P4 (MPa) 10, 30
Turbine isentropic efficiency 0.90
Regenerator effectiveness 0.85
Compressor isentropic efficiency 0.80
ORC turbine isentropic efficiency 0.87
Feed pump isentropic efficiency 0.80

Ploss, evaporator (%) 5
Pll(MPa)y if T11>Tcritical Pcritical

Pll(M Pa)y if T1<Tcritical Psaturation
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Based on the results presented in Chapter 4, the performance results for the
combined cycle using air or CO2 as working fluids in the topping cycle, and Iso-butane,
R11, and Ethanol as the working fluids in the bottoming (ORC) are presented here.

6.2.5. Regenerative steam Rankine Cycle with the reheat (RSRC)

A schematic representation of the analyzed regenerative steam Rankine cycle with
the reheat is presented in Figure 4.45. The cycle parameters used in the modeling and for
performance calculations are summarized in Table 6.5. As discussed in Section 4.7 of
Chapter 4, for each main steam temperature and pressure combination, the performance
analysis was performed over a range of feedwater pressures to determine the optimal
ms /1 flow split giving the highest thermal efficiency. The maximum steam temperature
and pressure were varied from 200 to 650°C and 10 and 30 MPa, respectively. The critical
temperature and pressure of the steam are 374.15°C and 22.1 MPa respectively, thus, the
analysis covers the subcritical and transcritical (supercritical) operating conditions.

Table 6.5. Regenerative steam Rankine cycle with reheat parameters.

Power cycle parameter Value
Maximum temperature, Tq, Ts (°C) 200 to 650
Maximum pressure, P4 (MPa) 10, 30
Ploss, feedwater heater (%) 5
Ploss, evaporator (%) 5
HP and LP feed pump isentropic efficiency 0.85
HP turbine isentropic efficiency 0.88
LP turbine isentropic efficiency 0.917

6.2.6. Combined Rankine/ORC cycle
A schematic representation of the analyzed combined Rankine/ORC cycle is
presented in Figure 4.50, where an RSRC was selected as a topping cycle, while a simple

ORC was used as a bottoming cycle. The cycle parameters used in the calculations are
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summarized in Table 6.6. As discussed in Section 4.8 of Chapter 4, since the flow rates of
these two cycles vary with respect to each other, the gross power output of 100MW was
assumed for the topping cycle. Also, the difference between the topping cycle exhaust
temperature and the maximum temperature of the bottoming ORC of 3°C was used in the
calculations.

Based on the results presented in Chapter 4, the performance results for Iso-butane
as a working fluid in the bottoming cycle are presented here. The thermo-physical
properties of I1so-butane are listed in Table 3.1. The maximum temperature and pressure of
the topping cycle were varied between 200 to 650°C, and 10 and 30 MPa, respectively.

Table 6.6. Combined Rankine/ORC cycle parameters.

Power cycle parameter Value
Maximum temperature, Ty, Ts (°C) 200 to 650
Rankine cycle maximum pressure, P4 (MPa) 10, 30
Rankine HP turbine isentropic efficiency 0.88
Rankine LP turbine isentropic efficiency 0.917
ORC turbine isentropic efficiency 0.87
All Pumps isentropic efficiency 0.85
Ploss, evaporator (%) 5
P14(MP8.), if T11>Tcritical Pcritical
P14(MP8.), if T1a<Tcritical Psaturation

6.3. Results and Discussion

As discussed in Section 2.1 of Chapter 2, thermal performance of the analyzed
power cycles was determined by using detailed EPV-11 models of each cycle. The results
of the parametric calculations, performed over a range of operating conditions, are

presented in this section.
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6.3.1. Thermal efficiency
The effect of the maximum and minimum cycle temperatures on thermal efficiency
of the six analyzed power cycles is presented in Figure 6.1 and 6.3 for Pmax=10 and 30
MPa. Because of the upper temperature limit (see Sections 4.1 and 4.7 in Chapter 4) for
some power cycles such as RSRC and ORC, calculations were performed for lower

maximum cycle temperature.
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Figure 6.1. Thermal efficiency of the analyzed power cycles Pmax = 10 MPa.
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Figure 6.1. Continued.

As the results presented in Figure 6.1 show, for the maximum cycle temperature
lower than 300°C, the ORC has the highest thermal efficiency. Also, thermal efficiency of
a subcritical ORC (Tmax<200°C) is more sensitive to the maximum cycle temperature
compared to a transcritical ORC (Tmax>200°C). For the maximum temperature and
pressure, and the minimum temperature ranges selected in this study, the highest thermal
efficiency of the ORC is 23%.

Other power cycles can be employed for the medium maximum cycle temperature
operation. Although, a combined Rankine/ORC cycle has the highest thermal efficiency
for the maximum cycle temperature in the 300 to 650°C range, the difference with respect
to a RSRC is less than 2%-points. As discussed in Section 4.7 of Chapter 4, due to a very
low cycle exhaust temperature of the steam Rankine cycle, there is very little performance
benefit of employing a bottoming cycle. Also, the capital investment for a combined cycle

is higher, compared to a simple cycle. Thus, considering the performance and cost, it can
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be concluded that for the medium temperature range, a single RSRC is the best choice.
However, for the maximum cycle temperature of 600°C and the minimum temperature of
32°C, a combined Rankine/ORC cycle has thermal efficiency of 40%; 2%-points higher
compared to a single RSRC cycle.

To make an objective and impartial selection of the best power cycle, a techno-
economic analysis is needed to determine cost metrics, such as the investment cost and
levelized cost of electricity (LCOE) which, everything else being equal, could be used to
select the best power cycle. Techno-economic analysis and its results are presented in
Chapter 7.

For the maximum cycle temperature higher than 650°C, a regenerative Brayton
cycle without or with recompression (RBC), or a combined Brayton/ORC cycle can be
used. Since the cycle exhaust temperature of a RBC is much higher compared to the steam
Rankine cycle, the rejected heat can be efficiently recovered by an ORC, resulting in an
increase in thermal efficiency of the combined cycle by up to 14%-points, compared to a
simple Brayton cycle. Figure 6.2 shows that for the maximum and minimum cycle
temperatures of 1000°C and 32°C, respectively, the combined Brayton/ORC cycle has the

highest thermal efficiency (53%), compared to the other analyzed power cycles.
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Figure 6.2. Thermal efficiency of the analyzed power cycles at Tmin=32°C.

Figure 6.2A shows thermal efficiency of the six analyzed power cycles for
Tmin=32°C and Pmax=10 MPa. As the results show, efficiency of an ORC is the highest for
the maximum cycle temperature up to 300°C. For the mid-temperature range, from 300 to
650°C, a combined Rankine/ORC has the highest efficiency (marginally higher than a
RSRC). For the high-temperature range, i.e., the maximum cycle temperature higher than
650°C, efficiency of a combined Brayton /ORC cycle is the highest.

As it can be seen in Figure 6.2, there is a step change in thermal efficiency of a
combined Brayton/ORC cycle for Tmax=750°C and Pmax= 30MPa. This step change is due
to the change of the working fluid in a bottoming ORC; at Tmax=750°C, R11 was changed
to Ethanol to improve thermal efficiency. Also, the change of the working fluid from Iso-
butane to R11 at Tmax=650°C and Pmax=10 MPa results in a slight step change in thermal
efficiency of a combined Brayton/ORC cycle. More details can be found in Section 4.6 of

Chapter 4.
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The results for thermal efficiency corresponding to the maximum cycle pressure of

30MPa are shown in Figure 6.3.
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Figure 6.3. Thermal efficiency of the six analyzed power cycles for Pmax = 30 MPa.
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Figure 6.3. Continued.

As the figure shows, thermal efficiency of a CO2 RBCR is higher compared to the
other analyzed cycles. Also, it is considerably higher compared to the same cycle operating
at Pmax = 10 MPa. For the maximum cycle pressure of 30 MPa, the compressor inlet is in a
“liquid like” region near the critical point of CO2 and the compressor work is greatly
reduced as discussed in Section 4.3.2 of Chapter 4, resulting in higher thermal efficiency.

For the low maximum temperature applications, an ORC is the best option; while
for the medium and high-temperature applications, a combined Brayton/ORC cycle,
followed by a RBCR has the highest efficiency. For Tmax=1000°C, Pmax=30 MPa, and Tmin=
32°C, acombined Brayton/ORC cycle has the highest thermal efficiency (56%); 3%-points
higher compared to the maximum cycle pressure of 10MPa.

Thermal efficiency of the six analyzed power cycles for Tmin=32°C and Pmax=30
MPa is shown in Figure 6.2B. As the results show, efficiency of an ORC is the highest for

the maximum cycle temperature up to 200°C. For the mid-temperature range from 200 to
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800°C, the RBCR has the highest efficiency. For the high-temperature range, i.e., the
maximum cycle temperature higher than 800°C, efficiency of a combined Brayton /ORC
cycle is the highest.

6.3.2. Specific net work output

The results concerning the specific net power output of the six analyzed power
cycles for the range of the cycle minimum and maximum temperatures, and the maximum
cycle pressure Pmax = 10 and 30 MPa are presented in Figures 6.4 and 6.5, respectively. As
Figure 6.4 shows, for the low and medium maximum cycle temperatures, RSRC gives the
highest specific net work output, followed by a combined Brayton/ORC cycle using
Helium as the working fluid in the topping cycle and R11 in the bottoming ORC. For the
maximum cycle temperature higher than 650°C, a combined Brayton/ORC cycle using
Helium as the working fluid in the topping cycle and Ethanol in the bottoming ORC is
giving the highest specific net work output.

For the medium temperature range, i.e., TIT (Tmax) below 600°C, an RSRC
produces the specific net work output higher than 1472 kJ/kg, while for the same conditions
the combined Brayton/ORC cycle using Helium as the working fluid in the topping cycle
produces the net power output between 384 and 416 kJ/kg. However, in the high
temperature range, i.e., TIT of 1000°C, a combined Brayton/ORC cycle using Helium as
the working fluid in the topping cycle and Ethanol in the bottoming ORC produces the net
power output between 1024 and 1152 kJ/kg; 320 kJ/kg higher compared to a regenerative

CO2 Brayton cycle with recompression (RBCR).
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Figure 6.4. Specific net work output of the six analyzed power cycles for Pmax = 10 MPa.
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Figure 6.4. Continued.

The effect of the operating conditions on the specific net work output of the six
analyzed power cycles for Pmax=30 MPa is presented in Figure 6.5. As the results show,
RSRC is the best cycle for the low and medium temperature applications, while for the
maximum temperature higher than 650°C a combined Brayton/ORC cycle using Helium
as the working fluid in the topping cycle and Ethanol in the bottoming ORC is the best

power cycle giving the highest specific net work output.
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Figure 6.5. Continued.

As mentioned before, selection of the preferred (best) power cycle(s) for the given
set of cycle operating conditions is one of the main objectives of this study. The
performance maps for thermal efficiency and specific net work output were constructed to
enable selection of the best power cycle for the given set of cycle operating conditions
(maximum pressure and temperature).

The performance map for thermal efficiency presented in Figure 6.6A shows that for the
high maximum cycle temperature applications, a combined Brayton/ORC cycle is the best
choice. For the medium maximum cycle temperature applications, depending on the
maximum cycle pressure, either a combined Rankine/ORC cycle or a RBCR give the
highest thermal efficiency.

The performance map for the net work output presented in Figure 6.6B shows that for the
maximum temperature higher than 650°C, a combined Brayton/ORC cycle using Helium

and Ethanol as the working fluids in the topping and bottoming cycles, respectively, is the
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best option for producing the highest power output. For the low and medium maximum

temperature applications, a RSRC gives the highest net power output.
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Figure 6.6. Performance map of thermal efficiency and specific net work output.

6.4. Conclusions

A comparative analysis of the six thermodynamic power cycles: Regenerative
steam Rankine with the reheat, regenerative Brayton with and without a recompression,
combined Brayton/ORC, and combined Rankine/ORC is presented in this chapter. The best
power cycles giving the highest thermal efficiency or highest net power output for the low-
, medium, and high maximum cycle temperature ranges were identified. The results from
Chapter 4 were used to select the best working fluid giving the highest thermal efficiency
or specific net work output. The EPV-11 models were employed to calculate cycle
performance.

For the maximum cycle temperatures lower than 300°C, the ORC has the highest

thermal efficiency. For the medium maximum cycle temperatures, the combined
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Rankine/ORC and RBCR are the best choices. For the maximum cycle temperature higher
than 800°C, the combined Brayton/ORC cycle gives the highest thermal efficiency.

The results also show that for the low and medium maximum cycle temperatures,
the RSRC gives the highest specific net work output, followed by the combined
Brayton/ORC cycle using Helium as the working fluid in the topping cycle and Ethanol in
the bottoming ORC. For the maximum temperature of higher than 650°C, the combined
Brayton/ORC cycle using Helium as the working fluid in the topping cycle and Ethanol in

the bottoming ORC gives the highest specific net work output.



CHAPTER 7: TECHNO-ECONOMIC ANALYSIS OF A CSP-T PLANT

7.1. Overview

The results of the techno-economic analysis performed for a simple ORC, a
regenerative Brayton cycle, a regenerative Brayton cycle with recompression, and a
combined Brayton/ORC cycle are presented in this chapter.

As discussed in Section 6.3 of Chapter 6, information on the power cycle cost
metrics, such as the total investment cost (Crci) and the levelized cost of electricity (LCOE)
is needed in addition to the performance data to make an impartial and objective selection
of the best power cycle for the given plant and power block operating parameters.

7.2. Cost Estimation for a Power Block

It should be noted that the techno-economic analysis presented in this section
includes the cost of the power block only, i.e., the cost analysis of the solar field,
tower/receiver, and TES is not a part of this section. The analysis of the overall cost of a
CSP-T including solar field, tower/receiver, and TES is presented in Section 7.3.

7.2.1. Cost Estimation for an ORC

The results concerning thermal efficiency, specific net work output, total capital
investment, and LCOE for an ORC are analyzed in this section for the three working fluids
(R11, R141b, and Butane) with the objective to select the best working fluid for the given
operating parameters. In this analysis, the working fluid giving the lowest LCOE is

considered as the best working fluid.
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As discussed in Chapter 4, working fluids R11 or R141b give the highest thermal
efficiency, while Butane produces the highest specific net work output. Therefore, these
three fluids were selected for the techno-economic analysis of the ORC cycle.
The cycle operating parameters used in the calculations are summarized in
Table 7.1. As described in Chapter 6, the maximum cycle temperature was varied between
50 to 350°C. For the maximum cycle temperate lower or higher than the critical
temperature of the working fluid, the maximum cycle pressure was set to the saturation
pressure or the critical pressure of the working fluid, respectively. The cycle gross power
output of 10 MW was used to determine the flow rate of the working fluid.

Table 7.1. Simple ORC parameters.

Power cycle parameter Value
Maximum temperature (°C) 50 to 350
Maximum pressure (MPa) Saturation or critical
Minimum temperature (°C) 6-60
ploss, evaporator (%) 5
Pump isentropic efficiency 0.80
Turbine isentropic efficiency 0.87

Thermal efficiency and specific net work output of a simple ORC using R11,
R141b, or Butane as the working fluid is shown in Figure 7.1. The contour graphs are

plotted in terms of the maximum and minimum cycle temperature.
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Figure 7.1. Thermal efficiency and specific net work output of a simple ORC.
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Figure 7.1. Continued.

The presented results show that R141b and Butane give the highest and lowest
thermal efficiency, respectively. For example, for Tmin=6°C and Tmax=225°C, a simple
ORC using R141b and Butane has thermal efficiency of 22% and 17%, respectively. Thus,
the choice of a working fluid has a large effect on thermal efficiency of a simple ORC.

As the results presented in Figure 7.1 show, Butane gives the highest specific net
work output over the range of operating conditions analyzed in this study. For example, for
Tmin=6°C and Tmax=300°C, a simple ORC using R11 and Butane as working fluids gives
the specific net work output of 90 kJ/kg and 160 kJ/kg, respectively. Figure 7.1 and the
results presented in Chapter 4 show that working fluids with higher specific heat capacity

produce higher net work output. Because of the transition from the subcritical to



202
supercritical region, the net work output contours for Butane, R11, and R141b change
shape as Tmax exceeds 152, 198, and 204°C, respectively.

Figure 7.2 shows the total capital investment (Crci) and levelized cost of electricity
(LCOE) for a simple ORC using Butane, R11, and R141b as working fluids and operating
over the same range of parameters as shown in Figure 7.1. As the results show, a simple
ORC using R11 has the lowest Crci and lowest LCOE. For example, for Tmin=6°C and
Tmax=225°C, a simple ORC using R141b has the power block total capital investment Crci
of 2335 $/kWhet and LCOE of 56$/MWh. It should be noted that the techno-economic
analysis presented in this section includes the cost of the power block only, i.e., the cost

analysis of the solar field, tower/receiver, and TES is not a part of this section.
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Figure 7.2. Power block total capital investment ($/kWhnet) and LCOE ($/MWh) for a
simple ORC and three working fluids.
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Figure 7.2. Continued.

As the results presented in Figures 7.1 and 7.2 show, higher thermal efficiency
results in a lower capital investment and lower LCOE. Thus, it follows that for the selection
of a working fluid for an ORC, thermal efficiency is more important than the specific net
work output. Similar to the efficiency and specific net work output, the Crci and LCOE

contours for Butane, R11, and R141b presented in Figure 7.2 change shape as Tmax exceeds
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152, 198, and 204°C, respectively, because of the transition from the subcritical to the
supercritical region.

The relative costs of the ORC components in the power block using R11 and Butane
are given in Figure 7.3. The relative cost is the ratio of the component cost and the total
capital cost of the power block. As it can be seen in Figure 7.3, the turbine (expander) and
the fans for the air-cooled condenser (ACC fans) contribute to the largest portions of the
power block cost. Since the power output of the ORC is assumed to be constant, higher
minimum cycle temperature results in a lower cycle efficiency and, thus increases the
amount of rejected heat and the cooling requirements. Therefore, higher mass and
volumetric flow rates of the cooling air through the Cooling Tower are needed, requiring
larger and more expensive ACC fans. (As Eqgns. (2.53) and (2.54) show, there is a
logarithmic relationship between the ACC cost and the cooling air flow.)

In addition, the cost of R11 is much higher compared to the cost of Butane.
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Figure 7.3. The relative cost of the ORC power block components.
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7.2.2. Cost Estimation for a Regenerative Brayton cycle
The results concerning thermal efficiency, specific net work output, Crci and LCOE
for Air, CO2, and Helium are analyzed in this section to select the best working fluid for a
regenerative Brayton cycle (RBC). The working fluid giving the lowest LCOE for the
prescribed (selected) cycle operating parameters is considered as the best working fluid.
As discussed in Chapter 4, working fluids Air and CO:2 give the highest thermal
efficiency, while He gives the highest specific net work output. Thus, these working fluids
were selected for the techno-economic analysis of a regenerative Brayton cycle. The cycle
operating parameters are summarized in Table 7.2. Due to the limitations for material
selection for the RBC components, the maximum cycle temperature was varied between
350 to 900°C (The temperature limits for material selection were not considered in thermal
performance analysis, thus, in Chapters 4 and 6 the analysis was performed over a wider
maximum cycle temperature range, i.e., from 200 to 1000°C). The optimum pressure ratio
(Pmax/Pmin) was considered to achieve the highest specific net work output. Since the critical
point of CO2 is within the investigated temperature and pressure ranges, the analysis
includes the results for the sCO2 Brayton cycle. The cycle gross power of 110 MW was
assumed to determine the flow rate of the working fluid.

Table 7.2. RBC parameters.

Power cycle parameter Value for CO2  Value for He
Maximum temperature (°C) 350 to 900 350 to 900
Maximum pressure (MPa) 10, 30 10, 30
Minimum temperature (°C) 32-62 32-62
Turbine isentropic efficiency 0.90 0.93
compressor isentropic efficiency 0.80 0.859
Regenerator effectiveness 0.956 0.85

Ploss, evaporator (%) 5 5
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Thermal efficiency and specific net work output of the RBC using Air, CO2, and
Helium as the working fluid is shown in Figure 7.4. The contour graphs are plotted in terms
of the maximum and minimum cycle temperature for Pmax=30 MPa.

The results show that CO2 and Helium give the highest and lowest thermal
efficiencies, respectively. For example, for Tmin=32°C and Tmax=900°C, an RBC using CO2
and Helium has thermal efficiency of 36 and 31%, respectively. Thus, the choice of the
working fluid has a considerable effect thermal efficiency of an RBC.

As the results presented in Figure 7.4 show, for the range of operating conditions
analyzed in this study, Helium gives the highest specific net work output, followed by CO-
and Air. For example, for the turbine inlet temperature (TIT) below 450°C, Helium
produces the specific net work output higher than 128 kJ/kg, while for the same conditions
CO2 produces the net power output between 67 and 88 kJ/kg. For TIT of 900°C He gives
the net power output between 856 and 776 kJ/kg, while CO2 produces the net power output

between 155 and 189 kJ/Kkg.
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Figure 7.4. Continued.

The total capital investment Crci and LCOE for the RBC using Air, COz, or He as
the working fluid, and operating over the same range of parameters as shown in Figure 7.4,
are presented in Figure 7.5. As the results show, the RBC using CO: as the working fluid
has the lowest capital investment cost and the lowest LCOE. For example, for Tmin=32°C
and Tmax=900°C, the RBC using CO: as the working fluid has the total capital investment
cost of 1157 $/kWhnet and LCOE of 28.8 $/MWh. It should be noted that the techno-
economic analysis presented in this section includes the cost of the power block only, i.e.,
the cost analysis of the solar field, tower/receiver, and TES is not a part of this section.

As the results presented in Figures 7.4 and 7.5 show, higher thermal efficiency
results in a lower capital investment and lower LCOE. Thus, similar to the ORC, for the
selection of a working fluid for a regenerative Brayton cycle (RBC), thermal efficiency is

more important parameter than the specific net work output.
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The total capital investment for an RBC is shown in Figure 7.6 as a function of the
maximum cycle temperature for the three working fluids (air, CO2, and He) and two
maximum cycle pressures (Pmax = 10 and 30 MPa). As the results show, for Tmax= 500°C
there is a significant increase in the total capital investment and LCOE. This is because for
Tmax>500°C a more expensive stainless steel must be used instead of a carbon steel for all
RBC system components. Also, depending on the maximum cycle pressure, there is also a
cost increase for the maximum cycle temperature of 650°C (for Pmax= 30MPa) and 750°C
(for Pmax=10 MPa). This is because for these maximum temperatures the expensive Nickel
alloys must be used instead of the stainless steel for the turbine and the heater (primary
heat exchanger). Since the operating temperature of other components is much lower
compared to the maximum cycle temperature, there is no need to change the material of

construction for the cycle components such as the cooler or the compressor.
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The relative costs of the RBC power block components for Air, CO2, and Helium

as the working fluids for Pmax=30 MPa are presented in Figure 7.7. The relative cost is the

ratio of the component cost and the total capital cost of the power block. Similar to the

simple ORC, the turbine, ACC, and the compressor contribute to the largest portions of the

power block cost. However, for CO2, where the compressor inlet is in the “liquid-like”

region, the compressor work is small compared to the other working fluids, thus the relative

cost of the CO2 compressor is lower compared to the other working fluids.
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7.2.3. Cost Estimation for a Regenerative Brayton cycle with recompression (RBCR)

The results concerning thermal efficiency, size of the heat exchangers, total capital
investment Crci and LCOE for the CO2 regenerative Brayton cycle with recompression
(RBCR) are analyzed in this section.

The cycle operating parameters are summarized in Table 7.3. The maximum
temperature and pressure used in the analysis are the same as for the RBC. CO2 was
selected as the working fluid for the RBCR. The cycle gross power output of 110 MW was
used to determine the flow rate of the working fluid. Due to the limitation for material
selection for the RBCR components, the maximum cycle temperature was varied between
350 to 900°C (The temperature limits for material selection were not considered in thermal
performance analysis, thus, in Chapters 4 and 6 the analysis was performed over a wider
maximum cycle temperature range, i.e., from 200 to 1000°C).

Table 7.3. RBCR parameters.

Power cycle parameter Value for CO2
Maximum temperature (°C) 350 to 900
Maximum pressure (MPa) 10, 30
Minimum temperature (°C) 32-62
Turbine isentropic efficiency 0.90
compressor isentropic efficiency 0.89
HT Regenerator effectiveness 0.976
LT Regenerator effectiveness 0.88
Ploss, evaporator (%) 5

Figure 7.8 shows the effect of the maximum cycle temperature and pressure on
thermal efficiency of the RBCR and RBC for Tmin=32°C. As the results show, the RBCR
has higher thermal efficiency compared to the RBC. For example, for Tmax=900°C and

Pmax=10 MPa, thermal efficiency of the RBCR and RBC is 39.5% and 34.5%, respectively.
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Also, an increase in the maximum cycle pressure results in a higher difference in thermal

efficiency of the RBCR and RBC.
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Figure 7.8. Thermal efficiency of the RBC and RBCR.

Figure 7.9 shows the effect of the maximum cycle temperature and pressure on the

heat exchanger size (overall UA) required for the RBCR and RBC at Tmin=32°C.
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As the results show, the UA required for the RBCR is higher compared to the RBC

because two heat exchangers are needed for the RBCR, compared to one for the RBC.

Thus, the total capital investment for the heat exchanger is higher for the RBCR compared
to the RBC.

The total capital investment and LCOE for the RBCR and RBC are compared in

Figure 7.10, where the results are presented as functions of the maximum cycle temperature

for two maximum cycle pressures (Pmax = 10 and 30 MPa) and Tmin=32°C.
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As the results show, RBCR has higher capital investment and higher LCOE
compared to the RBC. For example, for Tmax=550°C and Pmax = 10 MPa, LCOE of the
RBCR is 77 $/MWh, while at the same operating conditions LCOE of the RBC is lower,
55 $/MWh. An increase in the maximum pressure lowers the total capital investment and
LCOE. It should be noted that the techno-economic analysis presented in this section
includes the cost of the power block only, i.e., the cost analysis of the solar field,
tower/receiver, and TES is not a part of this section.

7.2.4. Cost Estimation for a Combined Brayton/ORC cycle

The results concerning thermal efficiency, total capital investment, and LCOE of a
combined Brayton/ORC cycle are analyzed in this section.

The cycle parameters are summarized in Table 7.4. The thermal performance
results presented in this section correspond to the optimal pressure ratio of the topping
cycle. As described in Chapters 4 and 6, at the optimal pressure ratio the cycle net work
output reaches its maximum value. Due to the limitation for material selection for the
components of RBC, the maximum cycle temperature was varied between 350 to 900°C.
The temperature limits for material selection were not considered in thermal performance
analysis, thus, in Chapters 4 and 6 the analysis was performed over a wider maximum cycle
temperature range, i.e., from 200 to 1000°C). The maximum cycle pressure was varied
between and 10 and 30 MPa. Since the flow rate of the working fluid in the bottoming
cycle is dependent on the mass flow rate of the working fluid in the topping cycle, and also
to compare power cycles, a constant gross power output of 110MW of the topping cycle
was assumed (The heat input of L00MWin was assumed for a combined Brayton/ORC cycle

in Chapters 4 and 6).
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Based on the analysis of performance results presented in Chapter 4, the

performance results for the combined cycle using Air or CO2 as working fluids in the

topping cycle are presented here. Iso-butane, R11, and Ethanol are selected as the working
fluids for the bottoming ORC.

Table 7.4. Combined Brayton/ORC cycle parameters.

Power cycle parameter Value
Maximum temperature (°C) 350 to 900
Rankine cycle maximum pressure (MPa) 10, 30
Minimum temperature (°C) 32-62
Turbine isentropic efficiency 0.90
Regenerator effectiveness 0.85
Compressor isentropic efficiency 0.80
ORC turbine isentropic efficiency 0.87
Feed pump isentropic efficiency 0.80
Ploss, evaporator (%) 5
P11(MPa), if T1>Tcritica Pcritical
Pll(MPa), if T1<Tcritica Psaturation

Thermal efficiency of the combined Brayton/ORC cycle is shown in Figure 7.11.
The contour graphs are plotted in terms of the maximum and minimum cycle temperature

for Pmax=10 and 30 MPa of the topping cycle.
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Figure 7.11. Thermal efficiency of a combined Brayton/ORC cycle.

As it can be seen in Figure 7.11, increasing the maximum pressure of the topping
cycle from 10 to 30 MPa results in an approximately 1%-point increase in thermal
efficiency. For example, for Tmax=900°C and Tmin=32°C, thermal efficiency of a combined
Brayton/ORC cycle for Pmax=10 and 30MPa is 48% and 48.9%, respectively. Also, for
Tmax=900°C, increasing the minimum cycle temperature from 32 to 62°C results in a 3%-
points decrease in thermal efficiency.

Figure 7.12 compares thermal efficiency of the various configurations of the
Brayton cycle determined for Tmin=32°C: a COz2 regenerative Brayton cycle (RBC), a CO2
regenerative Brayton cycle with recompression (RBCR), and a combined Brayton/ORC
cycle. This figure is a simplified version of Figure 6.2, which compares efficiencies of all
power cycles analyzed in this study.

As the results show, for Pmax=10 MPa, a combined Brayton/ORC cycle has the

highest thermal efficiency, compared to the other analyzed Brayton cycle configurations.



218

However, for Pmax=30 MPa and the maximum cycle temperature lower than 800°C, RBCR
has the highest thermal efficiency.

A step change in thermal efficiency of a combined Brayton/ORC cycle shown in

Figure 7.12 is due to the change of the working fluid. For Tmax > 750°C, Ethanol was used

as a working fluid instead of R11. More details can be found in Section 6.3 of Chapter 6.
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Figure 7.12. Thermal efficiency of a RBC, RBCR, and combined Brayton/ORC cycle.

The total capital investment Crci and LCOE of the combined Brayton/ORC cycle
are shown in Figure 7.13 for the maximum cycle pressures of 10 and 30 MPa. As the results
presented in Figures 7.11 and 7.13 show, the maximum cycle pressure does not have a
significant effect on thermal efficiency of the combined Brayton/ORC cycle. However,
higher Pmax results in a lower total capital investment and LCOE. For example, for a
combined Brayton/ORC for Pmax=10 MPa, Tmax=900°C and Tmin=32°C, the total power
block capital investment Ctci = 1110 $/kWhnet and LCOE = 27.6$/MWh, while for the

higher maximum cycle pressure Pmax of 30 MPa Crci = 1100 $/kWhet and LCOE =
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25.88/MWh. As discussed in Section 7.2.2, an increase in the total capital investment
occurs for Tmax> 500°C because of the material change. It should be noted that the techno-
economic analysis presented in this section includes the cost of the power block only, i.e.,

the cost analysis of the solar field, tower/receiver, and TES is not a part of this section.
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Figure 7.13. Power block total capital investment ($/kWhet) and LCOE ($/MWh) for a
combined Brayton/ORC cycle.
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The total power block capital investment and LCOE of the RBC and combined

Brayton/ORC cycle for Tmin=32°C are compared in Figure 7.14, where the results are

presented as functions of the maximum cycle temperature for the maximum cycle pressures

of 10 and 30 MPa.
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As the results show, the total capital investment and LCOE for a combined

Brayton/ORC cycle are lower compared to the regenerative Brayton cycle (RBC). As

presented in Section 7.2.3, RBCR has a higher total capital investment and LCOE
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compared to the RBC. For example, for Tmax=550°C and Pmax=30 MPa, LCOE of the
combined Brayton/ORC cycle, is 13$/MWh lower compared to the RBC. As explained in
Section 7.2.2, for Tmax> 500°C there is an increase in the total capital investment because
of the material change.

7.3. Cost Estimation for a CSP-T Plant

For the given power output of a CSP-T plant, thermal efficiency of a power block
(power cycle) affects the required heat input. Since the heat input to the power block is
provided by the solar field, tower/receiver, and TES, its thermal efficiency has a direct
effect on the size of the solar field, the height of the tower/receiver, the size of the thermal
energy storage system (TES), and the cost of these components.

The results concerning LCOE of a CSP-T plant, including the solar field,
tower/receiver, and TES integrated with the power block employing the RBC and

combined Brayton/ORC cycles are presented in this section.

7.3.1. CSP-T integrated with a RBC

The LCOE of a CSP-T plant integrated with the RBC is shown in Figure 7.15 as a
function of the maximum cycle temperature. The results were obtained for the three
working fluids (Air, CO2, and He), for, Pmax of 10 and 30 MPa, and Tmin=32°C. As the
results presented in Figure 7.15 show, a CSP-T plant integrated with the regenerative
Brayton cycle (RBC) using CO: as the working fluid, has the lowest LCOE. For example,
for Pmax=10 MPa and Tmax=650°C, the plant LCOE is 160 $/MWh.

Figures 7.4, 7.5, and 7.15 show that for the selection of the working fluid, thermal

efficiency is more important than the specific net work output. Also, an increase in the
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maximum cycle pressure increases the difference in LCOE for different working fluids. As
discussed before, for Tmax > 500°C the total capital investment and LCOE increase because

of the material change.
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Figure 7.15. LCOE ($/MWh) of CSP-T plant integrated with a RBC.

7.3.2. CSP-T integrated with a combined Brayton/ORC cycle

Figure 7.16 compares LCOE for a CSP-T plant integrated with the RBC and the
combined Brayton/ORC cycle. As the results show, the LCOE for a CSP-T plant integrated
with the combined Brayton/ORC (100$/MWh) is significantly lower compared to the RBC
(135$/MWh): 358/MWh for Tmax=900°C, Pmax=30 MPa, and Tmin=32°C. As discussed

before, for Tmax > 500°C LCOE increases because of the material change.
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Figure 7.16. LCOE ($/MWh) for a CSP-T plant integrated with the RBC and combined
Brayton/ORC cycle.

As discussed earlier, thermal efficiency of the power cycle affects the size and cost
of the power block, solar field, tower/receiver, and TES. For the cost analysis it is,
therefore, useful to determine the ratio of LCOE for the power block and the overall CSP-

T plant. A parameter Ricog, representing this ratio is used in this work. Ricoe is defined as:

LCOE
RLCOE — Power block * 100 (71)
LCOE
CSP-T plant

The results of the cost analysis are presented in Figure 7.17, where the ratio RiLcog,
LCOE for the power block, LCOE for the overall CSP-T plant, and the area of the solar
field are presented as functions of the maximum cycle temperature and thermal efficiency
for Pmax=30 MPa and Tmin=32°C. As Figure 7.17A shows, for the assumptions used in the
analysis, the cost of the power block is between 14 to 28% of the overall cost of the CSP-
T plant, and increases as the maximum cycle temperature is increased. Also, the size of the
solar field decreases as Tmax Is increased. The step change in the solar field area shown in

Figure 7.17A is due to the change of the working fluid from R11 to Ethanol in bottoming
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ORC and the associated change in thermal efficiency of the power block (see section 7.2.4).
More details can be found in Section 6.3 of Chapter 6 and Section 7.2.4.

The effect of the power block efficiency on the total capital investment for the solar
field, tower/receiver, and TES and the size of the solar field are presented in Figure 7.17B.
Both quantities decrease as thermal efficiency of the power block is increased, due to the
lower thermal input to the power block. Since the cost of the solar field, tower/receiver,
and TES is included in the total capital investment shown in Figure 7.17B, an increase in
the power block efficiency decreases the total cost of these components at a higher rate
compared to the solar field area. The effect of the power block efficiency on the total capital
investment for the power block and the overall CSP-T plant is shown in Figure 7.17C. As
the results show, although an increase in thermal efficiency of the power block generally
increases the cost of the power block, it decreases the cost of the overall CSP-T plant
because, the total cost of the solar field, tower/receiver, and TES is a dominant factor

affecting the total CSP-T plant cost.
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TES, C) The effect of thermal efficiency of the power block on the total capital
investment for the power block and the CSP-T plant.

Figure 7.18A shows the effect of a solar multiple (SM) (defined in Section 2.4.2 of
Chapter 2) on the LCOE and capacity factor (CF) for a CSP-T plant integrated with a
combined Brayton/ORC cycle for Tmax=800°C, Pmax=30 MPa, and Tmin= 32°C, and a

constant DNI (defined in Section 2.4.2 of Chapter 2). For example, there is a large decrease



226
in LCOE (75 $/MWh) for SM=1 and 2, which means that adding a TES to the CSP-T plant
results in a significant reduction in the plant LCOE. Also, as the results show, there is no
benefit of having a solar multiple higher than 4. Although the plant capacity factor (CF)
increases with SM, the LCOE for a plant has the minimum value for SM = 4. The effect
of the SM on the CSP-T plant capacity factor (CF) is given by Eqn. (7.2). Based on the
previous studies [92], there is a quadratic relationship between the capacity factor and solar

multiple.

(2.5717+«DNI+694)*(—0.0371*SM?+0.4171xSM—0.0744) (7 2)

CF =
8760

By considering daily variations in DNI, the optimum in solar multiple shifts to a

higher value [92].
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Figure 7.18. Effect of the solar multiple and installed capacity on LCOE and capacity
factor for a CSP-T plant.

Learning curves are used in economic analysis to show the rate of improvement or
the cost reduction of a technology over time [118]. The empirical data show that

improvement correlates to the installed capacity. Thus, as the installed capacity of the CSP-
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T plants increases, the cost decreases due to the “learning by doing” effect, i.e., as more
capacity is installed and a technology improves, manufacturing and construction costs
decrease. Figure 7.18B shows the learning curves (LCOE vs. installed capacity) for a CSP-
T plant integrated with the combined Brayton/ORC cycle for several values of the solar
multiple.

According to the learning curve, the cost of a CSP-T plant may be calculated as:

Log PR

Ce = Co X (o) e (7.3)

where C; is the cost at time t, C, is the cost at the starting year, P is installed capacity at
time t, P, is installed capacity at the starting year, and PR=0.9 (90%) is the progress ratio.
A progress ratio of 90% means that the LCOE is reduced by 10% each time the installed
capacity doubles. The results presented in Figure 7.18B show that LCOE decreases as the
installed capacity is increased. The large difference in LCOE from SM=2 and 3 can be
explained by the slope of LCOE curve in Figure 7.18A. As this figure shows, the slope of
the LCOE curve decreases as SM exceeds the value of 4.
7.4. Validation of Techno-Economic Results for a Simple ORC and RBC

Values of the total capital investment determined in this work were compared to
the results reported by Le et al. [119] and Ho et al. [89] for a simple ORC and RBC,
respectively. The cycle parameters used in the analysis are summarized in Tables 7.5 and

7.6. For the simple ORC and RBC, working fluids R25fa and CO2 were used, respectively.
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Table 7.5. Cycle parameters for simple ORC from Ref. [119].

Parameter Value
Tmax(°C) 119.8

Mass flow rate(kg/s) 48.08
Net power(kW) 1602
Maximum pressure (MPa) 1.92
Minimum pressure (MPa) 0.178

Table 7.6. Cycle parameters for RBC from Ref. [89].

Parameter Value
Tmax(OC) 700
Net power output (MW) 100
Maximum pressure (MPa) 20
Minimum pressure (MPa) 8
Minimum temperature(°C) 55

The results from this study and Refs [89, 119] are shown Tables 7.7 and 7.8. As
shown in Tables 7.7 and 7.8, the total capital investment values obtained in this study are
in an excellent agreement with the results from [119] and [89]. The relative error between
the results obtained in this study and [119] for a simple ORC is 0.034%, while the relative

error between the results for the RBC obtained in this work and [89] is 0.25%.



Table 7.7. Comparison of results for the simple ORC.

229

Cost Result for R245fa Result for R245fa Relative error

from Ref. [119] from EPV-11 (%)

chy (k$) 70.3 70.5 0.3
Churbine (\|$) 378.4 3785 0.02
CEr (k3) 2.16 2.161 0.05
csord (k$) 431.0 431.2 0.05
cmetor (k$) 73.9 74.1 0.3
cgemator () 94.7 94.9 0.21
v (k$) 766.5 767 0.06
CoPaTes (k) 144.2 148.05 2.66
Csite (K$) 206.0 206.26 0.129
Cserve (K$) 206.0 206.26 0.129

Cattoc (k$) 169.3 169.3 0
Ceont (K$) 846.0 847.29 0.152
Cotartup (KS) 554.6 555.44 0.152
Crer (M9) 6.101 6.1099 0.146
Crci/Net power ($/kWnet) 4012 3998 0.34

Table 7.8. Comparison of results for RBC.
Cost Result for CO2 from Result for CO2 from Relative

Ref. [1] EPV-11 error (%)
Cam'” ($/kWe) 230 232 0.87
cigbime ($/kwe) 128 125.7 1.79
cheater ($/kwe) 212 209 1.415
CAHSE ($/kWe) 85 89 4.7
CrectPerator (g/kwe) 243 240 1.234
Total($/kWe) 898 895.7 0.25
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7.5. Techno-Economic Results for a Steam Rankine Cycle
Steam Rankine cycle is a very well-known power cycle. The economic analysis of
a steam Rankine cycle was performed by the Department of Energy (DOE) and National
Energy Technology Laboratory (NTEL) [120]. The results show that for a gross power
output of 110 MW, the cost of a power block operating at the subcritical steam conditions
is 1440%/kWgross. For a steam Rankine cycle operating at the supercritical steam conditions,
the power block cost is higher, 1496 $/kWgross due to the higher cost of materials used for
high-pressure parts of the plant. The cost of each component is summarized in Table 7.9.

More details can be found in Refs. [120, 121].

Table 7.9. Estimated cost for a steam Rankine cycle.

Components Subcritical Supercritical
Turbomachinery and generator($/kW) 275 286
Heat exchangers and pumps($/kW) 255 267
steam generator ($/kW) 130 147
Dry cooling systems($/kW) 330 330
Piping, insulation, valves, and fitting ($/kW) 100 116
Working fluid treatment system ($/kW) 30 30
Electrical system, control system, buildings, fire 320 320

protection system, Mechanical system ($/kW)
Sum ($/kW) 1440 1496




CHAPTER 8: HEAT REJECTION BY DRY COOLING

8.1. Overview

This chapter is concerned with the direct dry cooling system described in Section
1.5.3 of Chapter 1. Since it is expected that the majority of the CSP-T plants will be built
in deserts and other arid areas, the heat rejection will be accomplished by employing a
direct or indirect dry cooling tower (CT) system. To alleviate the negative effects of dry
cooling, a Cold Energy Thermal Storage System (CE-TES) is proposed. The System is
described in Section 8.3. The different configurations of the heat rejection system (wet,
dry, direct, and indirect) were described in Section 1.5.3 of Chapter 1.

The effect of a CE-TES system used in conjunction with the dry cooling and closed-
loop hybrid cooling on net power output of several power cycles was analyzed. A
regenerative steam Rankine cycle with a reheat (RSRC), a simple organic Rankine cycle
(ORC) using R11, a CO2 regenerative Brayton cycle (RBC), and a combined CO:2
Brayton/R11 ORC cycle were selected for the analysis. The results are presented in the
sections below.
8.2. Thermodynamic Power Cycle Modeling

One of the main parameters governing performance of an air-cooled condenser
(ACC) is the difference between the condensing temperature (Tcond) and the inlet air
temperature (Ta,intet), defined as the initial temperature difference (ITD), or as the approach.
ITD = Teona — Tajintet (8.1)

For a given ACC geometry, the heat load Q (W/s) is related to the ITD by

2 = Constant (8.2)
ITD
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For a given heat load, the “size” (i.e., the dimensionless mass transfer size, similar to the
NTU) of an ACC is inversely related to the ITD as
ACC "Size" « 1/ITDF (8.3)
where B is a constant. Thus, a low ITD relates to a large ACC “size”.
The lvanpah CSP plant, located in southern California, was selected as a Reference plant
for the analysis. Annual variation in the ambient temperature (Tamb) at the Ivanpah location
for 2015 is shown in Figure 8.1 [94]. The minimum and maximum daily temperatures in
2015 were -7 and 45°C, respectively [94]. The annual mean temperature of 19.75°C was

chosen as the design [94] temperature or the reference point for the heat rejection analysis.

Ambient temp(°C)

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec E

Time
Figure 8.1. Annual variation of ambient temperature at Ivanpah CSP.

The effect of the ambient temperature on thermal efficiency of a regenerative steam

Rankine cycle with the reheat (RSRC), simple organic Rankine cycle (ORC) using R11,
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CO:z2 regenerative Brayton cycle (RBC), and a combined CO2 Brayton/R11 ORC cycle is
shown in Figure 8.2A. As the results show, an increase in the ambient temperature has a
negative effect on thermal efficiency. Since an ORC is working with a lower maximum
temperature and lower maximum-to-minimum temperature difference compared to other
cycles, it is more sensitive to changes in the ambient temperature compared to other power

cycles. Relative changes in thermal efficiency are calculated by using Eqn. (8.4).

dnth(%) — Uth—nth,ref % 100 (8.4)

Nthref

The quantity n.p . is thermal efficiency of the power cycle at the reference point,
where the minimum temperature was selected to be equal to the annual average of the
ambient temperature at the lvanpah location (19.75°C).

The results of the performance analysis performed for the selected power cycles
presented in Figure 8.2B show that variation in the ambient temperature corresponding to
the Ivanpah location would change thermal efficiency of an ORC by up to £21.5% or +4%-
points. Of the analyzed power cycles, the least sensitive cycle is the RBC; the ambient
temperature variation corresponding to the Ivanpah location would change its thermal

efficiency by up to £7% or 2%-points.
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Figure 8.2. Effect of the ambient temperature on thermal efficiency of the analyzed
power cycles.

8.2. Dry-Cooled Power Cycles Coupled with a CE-TES
8.2.1 Dry-cooled regenerative steam Rankine cycle with the reheat

A schematic representation of a dry-cooled RSRC coupled with the cold thermal
energy (heat) storage system (CE-TES) is presented in Figure 8.3. In a dry cooling system,
the power cycle is cooled by air instead of water (more details can be found in Section
1.5.3 of Chapter 1). The cycle operating parameters are summarized in Table 8.1. The gross
power output of the cycle of 100 MW corresponding to the maximum steam temperature
of 550°C and heat rejection at the reference temperature of 19.75°C was used in the

analysis.
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Figure 8.3. Schematic of a dry-cooled RSRC coupled with a CE-TES.

Table 8.1. Operating Parameters of a Dry-Cooled RSRC.

Power cycle parameter Value
Tmax(°C) 550
ITD (°C) 17
Tmin(Tl) (OC) Tamb+|TD
Pmax(MPa) 20
Pump isentropic efficiency 0.85
Turbine isentropic efficiency, HP 0.88
Turbine isentropic efficiency, LP 0.917
Steam Mass flow rate(kg/s) 80.02
Gross Power, Net power(MWe) 100, 97.3
Fan efficiency 0.55 to 0.85

Air side pressure drop in heat exchanger and air-cooled
condenser (mbar)

0.75 (0.301 In H,0)
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8.2.2 Dry-cooled simple ORC
A schematic representation of a dry-cooled ORC coupled with a CE-TES is
illustrated in Figure 8.4. Due to the technical issues related to the EPV-11 graphical user
interface (GUI), the symbol used for the ACC in a simple ORC is different from the symbol
used for the same component (ACC) in a RSRC. The cycle operating parameters are
summarized in Table 8.2. The gross power output of the ORC of 10 MW corresponding to
the maximum cycle temperature of 300°C, heat rejection at the reference temperature of

19.75°C, and R11 as the working fluid was used in the analysis.

r
—©
ERL N

ACC

1  feed pump
& —

V3 :
Tamb >+ @] 62 @ 4

CE-TES HEX V2
Tamb 7 =N | @
5 % —
Out J%
Cold Tank . é Lf V2
In % In
_I % o . Hot tank

Figure 8.4. Schematic of a dry-cooled simple ORC coupled with a CE-TES.
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Table 8.2. Operating Parameters of a Dry-Cooled Simple ORC.

Power cycle parameter Value
Tmax(°C) 300
ITD (°C) 8
Tmin(Tl) (OC) Tap+ITD
Pmax(MPa) Psat
Pump isentropic efficiency 0.80
Turbine isentropic efficiency 0.87
Steam Mass flow rate(kg/s) 117.6
Gross Power, Net power(MWe) 10,9.01
Fan efficiency 0.55 to0 0.85

Air side pressure drop in heat exchanger and 0.75 (0.301 In H,0)
air-cooled condenser (mbar)

8.2.3 Dry-cooled COz2 regenerative Brayton cycle

A schematic representation of a dry-cooled CO2 RBC coupled with a CE-TES is
presented in Figure 8.5. Due to the technical issues related to the EPV-11 GUI, the symbol
used for ACC in the RBC is different from the symbol used in the RSRC. The cycle
operating parameters are summarized in Table 8.3. The gross power output of the cycle of
100 MW corresponding to the maximum cycle temperature of 900°C, heat rejection at the

reference temperature of 19.75°C, and COz as the working fluid was used in the analysis.
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Figure 8.5. Schematic of a dry-cooled RBC coupled with a CE-TES.

Table 8.3. Operating Parameters of a Dry-Cooled RBC.

Power cycle parameter Value
Trmax(°C) 900
ITD (°C) 17
Tmin(T1) (°C) TamptITD
Prax(MPa) 20
Pump isentropic efficiency 0.80
Turbine isentropic efficiency 0.9
Steam Mass flow rate(kg/s) 326
Gross Power, Net power(MW,) 100, 52.5
Fan efficiency 0.55 to 0.85
Air side pressure drop in heat exchanger and aircooled 0.75 (0.301 In H,0)

condenser (mbar)

8.2.4 Dry-cooled CO: regenerative Brayton/ORC cycle

A schematic representation of a dry-cooled combined Brayton/ORC cycle coupled
with a CE-TES is shown in Figure 8.6. Due to the technical issues related to the EPV-11
GUI, the symbol for ACC in the combined Brayton/ORC cycle is different from the symbol

used in the RSRC.
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Figure 8.6. Schematic of a dry-cooled combined Brayton/ORC coupled with a CE-TES.

The operating parameters for the topping and bottoming cycles are summarized in

Tables 8.3 and 8.4, respectively. The analysis was performed for the optimal pressure ratio

of the topping cycle. The gross power output of the cycle of 100 MW corresponding to the

maximum cycle temperature of 900°C, heat rejection at the reference temperature of

19.75°C, and CO2 and R11 as the working fluids for the topping and bottoming cycles was

used in the analysis.

Table 8.4. Bottoming cycle properties of a combined Brayton/ORC cycle.

Power cycle parameter Value
Tmax(°C) 268
ITD (°C) 8
Tmin(Tl) (OC) Tamb+|TD
Pmax(MPa) Psat
Pump isentropic efficiency 0.80
Turbine isentropic efficiency 0.87
Steam Mass flow rate(kg/s) 220
Gross Power, Net power(MW¢) 15.473,14.2
Fan efficiency 0.55 to 0.85

Air side pressure drop in heat exchanger and
air-cooled condenser (mbar)

0.75 (0.301 In H,0)
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The control valves V1, V2 and V3 in Figures 8.3 and 8.6 should be open or closed

during the system charging and discharging (see Section 8.3). Table 8.5 shows the

operation status of control valves V1, V2, and V3 during the system charging and
discharging, and during the normal (regular) operation when CE-TEs is not used.

Table 8.5. Operation of different control valves for different power cycles.

Control valve Operation status
V1= Closed, V2=0Open, V3=Closed Discharging
V1= Open, V2=Closed, V3=Closed Charging

V1= Closed, V2=Closed, V3=0Open Normal operation (Without using CE-TES)

8.3. CE-TES Coupled with Dry Cooling

As shown in Figures 8.7 and 8.8, the CE-TES system includes the Warm and Cold
Tanks. During the night, when the ambient air temperature is much lower compared to the
day-time temperature (especially in deserts and arid regions), the heat storage fluid from
the Warm Tank is pumped through the air-to-water heat exchanger (HEX), cooled by the
cold ambient air, and stored in the Cold Tank as shown in Figure 8.7. This operating mode
is referred to as charging. During the CE-TES charging, the heat is rejected from the power
cycle by the ACC. The water-glycol mixture is proposed as the heat storage fluid due to its
low cost, high specific heat capacity, and low corrosiveness. Performance of the heat
storage system may be improved by using encapsulated phase change materials (PCHS)

immersed in the Cold Tank.
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Figure 8.7. CE-TES charging Process.
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Figure 8.8. CE-TES discharging process.

During the hottest period of the day, the hot ambient air is cooled in the air-to-water
HEX prior to entering the air-cooled condenser (ACC) by the cold heat storage fluid
pumped from the Cold Tank. The warm heat storage fluid leaving the HEX is stored in the

Warm Tank, as shown in Figure 8.8. This operating mode is referred to as discharging.
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The charging and discharging modes of operation, superimposed on a daily
variation of the ambient temperature, are presented in Figure 8.9. To illustrate the operating
principle of the CE-TES and evaluate its performance, the analysis of the CE-TES
performance was performed for the hottest day of the year (July 11" for the lvanpah
location).

As presented in Figure 8.9, on July 11™ the sunrise and sunset times are 5:36 AM
and 20:01 PM, respectively. During the night when the ambient air temperature is much
lower compared to the day-time temperature, the Cold Tank is charged with the heat
storage fluid cooled by the ambient air in the air-to-water HEX. As shown in Figure 8.9,

charging starts at midnight (12:00 AM) and ends at sunrise.

45 —
Sunrise time Sunset time
L ]
° ®
[ ]
. . .
Discharge time
40 [~ [} °
TZ
— L4 ®
@)
o
-__/Q | 'Y [ ]
S
|_“5 35 b
I Tcold ¢
b J
° L ]
L ]
30.,Charge tim% ¢
[
® ®
Y r .4 o1 | TR |
00:00 04:00 08:00 12:00 16:00 20:00 00.00

Time
Figure 8.9. Variation of the ambient temperature, CE-TES charging, and discharging on
July 111,
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The temperature of the heat storage fluid in the Cold Tank, i.e., the Cold Tank

temperature (Tcold) after the system charging is calculated by using Eqgn. (8.5), where n is

duration of the charging time interval in hours. For the charging time interval of 6 hours

shown in Figure 8.9 and the approach® [122] (temperature difference between the ambient

air entering the air-to-water HEX and the cold heat storage fluid leaving it and entering the
Cold Tank) of 5°C, the Cold Tank temperature is equal to 33.4°C.

_ Z?=1 Tamp (l)

Teota = Z=1-452 4 4T

_ 29.4428.7+27.9427.24+28.1429.1
- 6

+5=285+5= 33. 4°C (8.5)

During the hottest period of the day, the hot ambient air is cooled in the air-to-water
HEX prior to entering the ACC by the cold fluid leaving the Cold Tank at temperature
Teold. The warm heat storage fluid leaving the HEX is stored in the Warm Tank. Figure 8.8
show schematic of the discharging process.

Accounting for the approach dT, the temperature of the air leaving the air-to-water
HEX, i.e., the ACC inlet temperature Tacc,n can be determined from the following
expression:
Taccin = Teora + AT (8.6)

For the Cold Tank temperature of 33.4°C calculated by Eqn. (8.5) and the approach
of 5°C, Tacci,in is equal to 38.4°C. This is the minimal air temperature at the ACC inlet than
could be achieved on July 11* for the 6-hour charging interval shown Figure 8.9 and the

approach of 5°C.

3 In general, the approach is defined as the temperature difference between the leaving process fluid and the
entering service fluid.
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The air temperature Tacc,in determines the beginning of the system discharging time
interval and its duration, because for the CE-TES to be effective, the ambient temperature
Tamb has to be higher than Tacc,in. The discharging time interval for July 11" is presented
in Figure 8.9.

By combining Eqgns. (8.5) and (8.6), the minimal difference between the ACC inlet
temperature and the average ambient temperature during the CE-TES charging can be
defined as:

AT =2 +dT (8.7)
AT is an important parameter since, during the CE-TES discharging, it determines the
minimum temperature of the cooling air at the ACC inlet, and thus the turbine back-
pressure and its power output, and thermal efficiency of the power block. A lower value of
AT increases the power output due to the lower turbine back-pressure, and generation due
to the lower value of Tacc,in and longer discharging time interval. However, the HEX size
and its cost increase exponentially with AT [122].

To determine the mass flow rate of the heat storage fluid (water-glycol mixture), the HEX
energy balance needs to be performed. The energy balance for the HEX is:

Mair Cp,air Tamp-T2) = Myater Cp water (Twarm-Tcota) (8.8)
The HEX effectiveness of 0.85 was assumed. According to the HEX theory [83], the heat

exchanger effectiveness is defined as

£=— MairCp,air(Tamp-Tz) — 0.85 (89)
mwaterCp,water(Tamb—Tcold)

Since ¢ and T, are known, the flow rate of the heat storage fluid (111,,4:¢-) Can be obtained.
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The analysis of the power cycles described in Section 8.2 was performed to
determine the increase in the daily and annual electricity (energy) generation that would be
achieved by using the CE-TES system at the lvanpah location.
The daily and annual increases in energy generation dEday and dEyear Were
calculated by using Egns. (8.10) to (8.13):

dEqq, (kWh) = Total energy generation with TES for aday —

Total energy generation without TES for a day (8. 10)

Total ener. eneration with TES for a day—Total ener. eneration without TES for a da;
dE 4y (%) = 9y g i y 9y g i Y 100 (8.11)

Total energy generation without TES for a day
AEyeqr (kWh) = Total energy generation with TES for a year —
Total energy generation without TES for a year (8. 12)

Total energy generation with TES for a year—Total energy generation without TES for a year % 100 (8 13)
Total energy generation without TES for a year '

dEyear (%) =

It was assumed that a CSP plant is operating from the sunrise to the sunset. The net
power output of the analyzed power cycles is presented in Figure 8.10 as a function of time
(0 to 24 hours) for July 11" for the case without the CE-TES (the Base Case) and the case
with the CE-TES in operation (as described previously). As the results show, without the
CE-TES (Base Case), the CSP power output changes throughout the day as the ambient
temperature varies; it decreases as the ambient temperature increases, reaches the minimum
value during the hottest time of the day, and increases as the ambient temperature decreases
toward the end of the day — forming a typical “U-shape”. With the CE-TES system, the
cycle power output is constant during the discharging time interval since the ambient air is
cooled by the heat storage fluid from the Cold Tank to a constant temperature Tacc,in. Since

during the discharging time interval the power output is higher compared to the Base Case,
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daily energy generation is also higher. The results on net power output presented in

Figure 8.10 account for the CE-TES fan and pump power requirements.
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Figure 8.10. Net power output of the analyzed power cycles with and without the CE-
TES on July 11,

The daily energy generation increase for the analyzed power cycles is summarized
in Table 8.6 for July 11™. As the results show, the increase in the daily energy generation
is the highest for the ORC and the lowest for the RSRC. The fan power requirements for

the CE-TES are the lowest for the RBC, compared to other analyzed power cycles. As it
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can be seen in Table 8.6, about 75% of the required CE-TES power is used by the discharge
fan (see Figure 8.8) during the discharging process, while the rest is used during the
charging process.

Table 8.6. Daily energy generation increase for analyzed power cycled on July 111,

Cycle dEday  dEday Total energy Energy required Energy required
(kWh) (%) required for CE- for discharge fan for charge fan
TES fan (kWh) (kWh) (kWh)

RSRC 1858 0.14 2944 2178 765

ORC 1053 0.96 600 450 150

RBC 4453 0.55 178 135 43
Combined 4822 0.48 1778 1333 444

Brayton/ORC

Since the ACC inlet temperature and flow rate, and effectiveness of the air-to-water
heat exchanger (HEX) are known, the mass flow rate of the heat storage fluid (water-glycol
mixture), Mwater, CAN be obtained from Eqn. (8.8).

For the analyzed case, the Hot Tank temperature and the total amount of the heat

storage fluid required for the CE-TES, calculated by using Egns. (8.14) and (8.15) are:

Thor = 2i=mihot@ _ 4 6goc (8.14)

i=1Mi
Meorar = Loty 1y = 4446 "Tg = Megrar = Meorar * 3600 = 16,005,600 kg (8.15)
where n is duration of the discharging time interval in hours.
The analysis procedure applied for July 11" may be repeated for other days in a
year to determine the annual energy generation increase. The size of the storage tanks
needed for the CE-TES system will be governed by the highest daily storage requirement

in a year.
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8.4. Closed-Loop Hybrid Cooling

As presented in the previous section, the CE-TES system integrated with a direct
dry cooling method results in a better power block performance during the hottest time of
the day, thus increasing the daily (and annual) electricity generation. However, as the
results presented above show, the proposed CE-TES system configuration is only
moderately effective in increasing the generation. This is because the heat is being
exchanged twice between the heat storage fluid and the ambient air.

During charging, the heat is transferred from the warmer heat storage fluid to the
colder ambient air via the air-to-water heat exchanger (HEX). Due to the finite value of the
approach dT, the Cold Tank temperature is higher compared to the temperature of the
ambient cooling air. During discharging, the hot ambient air is cooled by the cold heat
storage fluid from the Cold Tank prior to entering the ACC. Due to the finite value of the
approach, temperature of the cooling air entering the ACC is higher compared to the Cold
Tank temperature. Since the heat is transferred twice, the minimal overall temperature
difference AT between the cooled cooling ambient air at the ACC inlet during the day and
the cold ambient air during the night is equal to 2dT. Assuming the approach of 5°C, the
overall temperature difference is 10°C, i.e., Tacc,in is considerably higher compared to the
ambient air temperature at the night time. The high AT has a significant negative effect on
performance of the CE-TES system and, thus on the power block performance.

A closed-loop hybrid method is proposed to alleviate the negative effect of a high
temperature difference AT associated with the dry cooling method. As presented in Figures

8.11 and 8.12, during the CE-TES discharging, the cold heat storage fluid from the Cold
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Tank is circulated through to the ACC tube bundles without exchanging heat with the ACC

cooling air. The CE-TES charging process is the same as for the dry cooling system.

Charging Process

Tamb

b4 : @'u" U

Teolg=Tamp+dT

Cold Tank & |_' Hot Tank

Figure 8.11. Charging and discharging processes for the closed-loop hybrid cooling
system.

Air

Cooling
water
Cold tank

STEAM )

TUBE
BUNDLES

CONDENSED
WATER

A) Schematic of ACC B) Schematic of tube bundles.
Figure 8.12. Schematic of the air-cooled condenser and a modified ACC tube.
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The design of the standard ACC tube bundles will need to be modified to include
the concentric inner tube for the cold heat storage fluid. With the modified design, the
steam will be cooled and condensed by the cold heat storage fluid flowing through the
inside tube during the discharging time and by the ambient air flowing on the outside of
the ACC tube during the normal operating time, as shown schematically in Figure 8.12B.
After passing through the ACC tube bundle, the warm heat storage fluid will be stored in
the Warm Tank completing the hybrid cooling loop.

Since the heat transfer coefficient during the phase change (condensation, in this
case) is very high, the temperature difference between the heat storage fluid and
condensing steam is very small. Thus, neglecting the heat conduction through the inner
tube wall, it can be assumed that the overall temperature difference AT for the closed-loop
hybrid cooling system is approximately equal to the approach associated with the air-to-
water heat exchanger (HEX) during the system charging, i.e.

ATyhyprig = dT (8.16)

To illustrate the operating principle of the closed-loop hybrid CE-TES, evaluate its
performance, and compare it to the dry cooling system described in Section 8.4, the
analysis was performed for the hottest day of the year (July 11" for the lvanpah location).
Also, the amount of the heat storage fluid and the size of the storage tanks were assumed
to be the same as for the dry cooling system. Therefore, duration of the discharge cycle is
shorter compared to the dry cooling system. Since the heat storage fluid is used for direct
cooling, the discharge fan for the cooling air and the air-to-water heat exchanger (HEX)

are not used during the discharge cycle. The only power required during the discharge cycle
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is the power for the circulating pumps, which is much smaller compared to the fan power.

Also, since in the closed-loop hybrid cooling system the heat between the ambient air and

cooling fluid is transferred only once, the overall temperature difference AT is equal to one

half of the overall temperature difference for the dry cooling system. Therefore, as the

results presented in Figure 8.13 and Table 8.7 show, the closed-loop hybrid cooling system

is significantly more efficient, compared to the dry cooling system and the increase in

generation is considerably higher despite shorter discharge time.
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Figure 8.13. Net power output of the analyzed power cycles with and without the closed-
loop hybrid cooling system on July 11%.
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As the results presented in Figure 8.13 show, the net power output of the analyzed
power cycles varies during the day as temperature of the ambient air changes. As described
before, for the Base Case, the net power output decreases as the ambient temperature
increases, reaches the minimum during the hottest period of the day, and increases toward
the end of the day as the ambient air temperature decreases. With the closed-loop hybrid
cooling system in operation, i.e., during the discharging period, the cold heat storage fluid
from the Cold Tank is circulated through the ACC tube bundles, as presented in
Figure 8.12B, assisting in steam condensation, and lowering condensation temperature
compared to the dry cooling system. The lower condensation temperature results in a lower
turbine back-pressure, and thus in higher power output and higher generation.

As mentioned before, since the amount (volume) of the heat storage fluid used for
the closed-loop hybrid and dry cooling was assumed to be the same to allow for a direct
comparison of the two systems, duration of the discharge period for the hybrid system is
shorter compared to the dry cooling system and, as shown in Figure 8.9, it is centered
around the hottest time of the day (from 10:00 AM to 17:00 PM on July 11™). However, if
the amount (volume) of the heat storage fluid in the CE-TES were increased, duration of
the discharge period would increase, resulting in a larger increase in energy generation.
The optimal volume of the heat storage fluid in the CE-TES system could be determined
by performing economic analysis to determine the site-specific cost-benefit tradeoffs.

The daily increase in energy generation for the analyzed power cycles coupled with
the dry and closed-loop hybrid cooling systems is compared in Table 8.7 for July 11™. As
the results show, the daily increase in energy generation for a power block cooled by the

closed-loop hybrid system is significantly higher compared to the dry cooling system, and
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is the highest for the ORC system for the reasons discussed in Section 8.3. Increasing the
volume of the heat storage fluid would further increase the difference between the two
cooling systems.

Table 8.7. Comparison of the increase in daily energy generation between the dry and
closed-loop hybrid cooling systems.

Cycle dEdaydry OdEdaydry  dEdayhybria (KWh) dEday,hybrid (%0) Relative increase
(kwh) (%) from dry to
hybrid cooling
(%)
RSRC 1858 0.14 7065 0.51 380
ORC 1053 0.96 2298 21 218
RBC 4453 0.55 6779 0.84 152
Combined 4822 0.48 8862 0.89 183
Brayton/ORC

As discussed in Section 8.3, the analysis procedure used for July 11" to illustrate
the CE-TES concept and quantify its benefits may be repeated for other days in a year to
determine the annual increase in energy generation. The size of the cold and warm storage
tanks will be determined by the highest daily storage requirement.

8.5. Results and Discussion
8.5.1 Charging time and duration — Charging scenarios

As presented in Figure 8.9, the ambient air temperature varies during the day and,
for the Ivanpah location, it is generally the lowest between the midnight and sunrise (3 AM
on July 11™). The duration and the onset of the charging period affect the Cold Tank
temperature at the end of the charging period. The analysis was performed for July 11%"
where the onset and duration of the charging period (charging time, CT) was varied to
determine the effect on system performance. The following charging scenarios were

investigated:
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1. Scenario 1: Charging from 12:00 AM (midnight) until sunrise (5:36 AM)

2. Scenario 2: Charging from 01:00 AM until sunrise (5:36 AM)

3. Scenario 3: Charging from 02:00 AM until sunrise (5:36 AM)

4. Scenario 4: Charging begins 1hr before the time of the minimum ambient

temperature and ends 1hr after the time of the minimum ambient temperature.

Expressing the time of the day as a function of the ambient temperature, the

charging time may be defined as:

t(Tampmin) — 1hr < CT(hr) < t(Tumpmin) + 1hr (8.16)

5. Scenario 5: Charging time is set for 1 hour at the time of the minimum ambient

temperature.

The analysis was performed for the approach dT of 5°C and the CE-TES coupled
with the dry-cooled RSRC power block. The results are presented in Table 8.8, as a specific
increase in energy generation (i.e., the increase in energy generation per unit volume of the
heat storage fluid in the system) as functions of the Charging Scenarios 1 to 5 described
above. The specific increase in energy generation is a good indicator of system economics:
the higher the increase in energy generation per unit volume of the heat storage fluid in the
system, the better the economics. The results show that Charging Scenario 4 (charging
begins one hour before the minimum ambient air temperature and ends one hour after) is
the best choice for the Ivanpah location, resulting in the highest specific increase in daily

energy generation. Charging Scenario 5 is the second best.

The subsequent analyses were performed by using the best charging scenario

(Charging Scenario 4) both for the dry and closed-loop hybrid cooling systems.
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Table 8.8. Increase in daily energy generation per volume of heat storage fluid used in the
system for different charging scenarios.

Charging Scenario dE gaiy/Amount of heat storage fluid (kWh/m?®)

00:00<ct<Sunrise 0.115
01:00<ct<Sunrise 0.128
02:00<ct<Sunrise 0.135
t(Tm|n)'1< Ct<t(Tm|n)+1 0156
At t(Tmin) 0.150

8.5.2 Approach dT

As discussed before, the value of the approach, dT, has a significant effect on
performance of the CE-TES system. Figure 8.14 shows the effect of dT on a number of
transfer units (NTU) of the air-to-water heat exchanger (HEX) used in a CE-TES coupled
with the RSRC, and the increase in the daily energy generation dEday (%) for July 11%. As
the results show, a decrease in the dT results in an exponential increase in the daily energy
generation (due to the lower Tacc,n), but also in an exponential increase in the heat
exchanger size (NTU). Thus, there is a tradeoff between the size and cost of the heat

exchanger and the increase in energy generation.

12

10

NTU
dE,, (kWh)

I A
dT(°C)
Figure 8.14. Effect of dT on NTU and dEday (%).
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8.5.3 Performance of the dry cooling and closed-loop hybrid cooling systems

The results concerning the annual generation increase determined for the four
analyzed power cycles coupled with the dry cooling and closed-loop hybrid cooling
systems are presented and compared for the range of design parameters (approach, fan
efficiency, and maximal variation in daily temperature). For the efficient operation of the
CE-TES system, the following three conditions have to be satisfied:

A) Tmaxday-Tminday > 2*dT for dry cooling and 1*dT for closed-loop hybrid cooling

B) Tcold+dT < Tmax,day

C) Whet, with ce-Tes > Whet, without CE-TES, 1.€., the increase in gross power generated by

CE-TES should be higher than the power required for the CE-TES fans.

The amount (volume) of the heat storage fluid (water-glycol mixture) required for
the operation of the CE-TES system coupled with the four analyzed power cycles (power
blocks) is presented in Figure 8.15 as a function of the heat exchanger effectiveness for the
values of the approach in the 3 to 6°C range. As the results show, a CE-TES coupled with
the RBC cycle requires the lowest volume of the heat storage fluid. The required volume
of the heat storage fluid is the highest for the combined Brayton/ORC. For the heat
exchanger effectiveness of 0.8 (80%), the volume of the heat storage fluid required for a
100 MWjgress RBC and combined Brayton/ORC cycle is 4,000 and 41,000 m® and,
respectively. Also, lower values of the approach dT require larger volume of the heat
storage fluid because of the longer duration of the system discharge.

For the higher values of the approach dT, the three conditions presented above are

satisfied over shorter periods of time, compared to the lower values of the approach.
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Therefore, the CE-TES system can be used over a shorter period of time, i.e., duration of

the system discharge is shorter, requiring smaller volume of the heat storage fluid.

For all four analyzed power cycles, the heat exchanger effectiveness and the amount

of the heat storage fluid are inversely related. As stated before, the amount (volume) of the

heat storage fluid used for the closed-loop hybrid and the dry cooling was assumed to be

the same to allow for a direct comparison of these two systems.
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Figure 8.15. Volume of the energy storage fluid required for the CE-TES system as a

function of the approach for the four analyzed dry-cooled power cycles.
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8.5.3.1. Dry cooling system
The absolute (MWh) and relative (%) annual increase in energy generation that
could be achieved by using a CE-TES coupled with the dry cooling method are shown in
Figures 8.16 and 8.17. The effect of the heat exchanger effectiveness on the annual increase

in energy generation increase is small and can be neglected.
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Figure 8.16. Absolute annual increase in energy generation (MWh) by using a CE-TES
coupled with the dry cooling method for the four analyzed power cycles.
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Figure 8.17. Relative increase in annual energy generation (%) by using a CE-TES
coupled with the dry cooling method for the four analyzed power cycles.

As the results show, an increase in the fan isentropic efficiency results in a higher
increase in the annual energy generation because of the lower fan power requirements. The
effect of the fan efficiency on the annual energy increase is larger for lower values of the
approach. For dT=3°C and fan isentropic efficiency of 0.55, the increase in the annual
energy generation for the RSRC, ORC, RBC, and combined Brayton/ORC cycle is 0.85,

2.25, 2.05, and 1.87%, respectively. The corresponding total annual energy generation for
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the RSRC, ORC, RBC, and combined Brayton/ORC cycle is 427,845, 37,781, 255,859,
and 317,468 MWh, respectively.

The annual increase in energy generation for the four analyzed power cycles
achieved by using a CE-TES coupled with the dry cooling method is compared in
Figure 8.18. As the results presented in Figures 8.16, 8.17, and 8.18 show, the positive
effect of CE-TES is the highest for an ORC, and ranges from 2.2 to 3 %. Also, the effect
of fan efficiency on the annual generation increase is the highest for the ORC. The effect
of a CE-TES on the annual increase in energy generation is the lowest for the RSRC; less

than 1%, and is virtually independent of the fan efficiency.

45~
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Figure 8.18. A comparison of the annual increase in energy generation for the four
analyzed power cycles using CE-TES coupled with dry cooling.

Variation of the maximal daily difference in the ambient temperature (4Tmax = Tmax
- Tmin) for the Ivanpah location and its effect on the daily increase in energy generation for
a dry-cooled RSRC with the CE-TES are shown in Figure 8.19. The performance results

were obtained for dT=3°C, fan isentropic efficiency of 0.55, and heat exchanger
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effectiveness of 0.9. As the results show, for the lIvanpah location 4Tmax is between 11 to
18°C for most days in a year. Also, a higher ATmax results in a higher increase in the daily
energy generation. Thus, it follows that a CE-TES system will be more effective in deserts
and other arid areas where temperature difference between the day and night is larger and
more frequent.
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Figure 8.19. Effect of Maximal Daily Temperature Difference (ATmax) on Daily Increase
in Energy Generation for a Dry-cooled RSRC with a CE-TES.

8.5.3.2. Closed-Loop hybrid cooling system

Since a heat exchanger is used only during the charging cycle of a CE-TES system
coupled with the closed-loop hybrid cooled power block, the effect of the heat exchanger
effectiveness and fan isentropic efficiency on the annual increase in energy generation is
small and can be neglected.

The annual increase in energy generation achieved by using a CE-TES coupled with

a closed loop hybrid cooling is presented in Figure 8.20 for the four analyzed power cycles.
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As the results show, similar to the dry cooling, a CE-TES coupled with a closed-loop hybrid
cooling has the highest effect on the ORC, where (depending on the approach) the
improvement in annual energy generation ranges from 2.3 to 7.1. For the RSRC, the
improvement is smaller, 0.9 to 2%. Also, the value of the approach dT has a dramatic effect
on the annual increase in energy generation, which increases as dT is reduced. A CE-TES
system coupled with a closed-loop hybrid cooling results in the annual increase in energy
generation of 8,500, 2,700, 8,100, and 10,400 MWh for the RSRC, ORC, RBC, and

combined Brayton/ORC cycle, respectively for dT=3°C.

RBC
—-———.—  Combined Brayton/ORC 8

12000 -
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e
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Figure 8.20. Annual increase in energy generation by using CE-TES with a closed-loop
hybrid cooling for the four analyzed power cycles.

A comparison between the dry and closed-loop hybrid cooling systems for the four
analyzed power cycles is presented in Figure 8.21. The cooling system (dry cooling or
closed-loop hybrid) has the largest effect on performance of the ORC and RSRC. For the

ORC, dT=3°C, and fan isentropic efficiency of 0.55, the annual increase in energy
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generation achievable by employing a CE-TES coupled with the dry cooling and closed-

loop hybrid cooling on the relative scale is 2.2 and 7%, respectively. On the absolute scale,

the use of the closed-loop hybrid cooling instead of the dry cooling results in the annual

increase in energy generation up to 4,700 (1%-point), 1,900 (4.9%-point), 2,800 (1.2%-

point), and 4,200 (1.4%-point) MWh for the RSRC, ORC, RBC, and combined

Brayton/ORC, respectively.
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Figure 8.21. The comparison between the dry and hybrid cooling systems for different
power cycles.
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8.6. Conclusions

An improvement to the direct dry cooling, involving the cold energy storage system
(CE-TES), has been proposed to improve the cooling efficiency and performance of the
dry-cooled power plants. Two configurations of the CE-TES are proposed: the dry cooling,
and the closed-loop hybrid cooling systems. The closed-loop hybrid system is more
efficient in improving the power output and generation of the power block, compared to
the dry cooling system; however, further development of the proposed concept is needed
to verify the assumptions used in the analysis.

For the analyzed CSP plant location (Ivanpah site), employing a CE-TES with the
dry cooling system could increase energy generation of the RSRC and simple ORC power
block by 1 to 3%, respectively. The large overall temperature difference? is, however, the
main drawback of the CE-TES. This is because the heat is exchanged between the air and
the energy storage fluid twice, first during the system charging and, second during the
system discharging, resulting in the overall temperature difference being twice the value
of the HEX approach.

In a closed-loop hybrid cooling system, heat is exchanged only once, during the
CE-TES charging. During the system discharging, the cold heat storage fluid is used in
conjunction with the cooling air for the direct cooling, i.e., condensation of steam in the
ACC. Thus, the overall temperature difference is equal to the HEX approach, resulting in
a lower steam condensation temperature, lower turbine back-pressure, higher power

output, and higher generation (up to 2.2% for the RSRC, and up to 7% of the ORC).

4 Temperature difference between the cooling air at the ACC inlet during the system discharging and the
ambient air during the system charging.



CHAPTER 9: SUMMARY AND CONCLUSIONS

9.1. Introduction

This chapter discusses the contribution of this study to the relevant body of
literature, summarizes the main results, and provides recommendations for future work.
9.2. Contributions

The main contributions of this research work are the following:

9.2.1. Selection the best working fluid(s) and power cycle(s)

Selection of working fluids resulting in best performance (thermodynamic
efficiency or net specific work output) of the simple and combined power cycles, such as
Brayton, ORC, Brayton/ORC, and Rankine/ORC for the specified cycle operating
conditions (maximum temperature and pressure, heat rejection temperature, and others) is
typically a time-consuming and arduous task. The commonly used approach involves
performing a large number of parametric calculations which are carried out over a range of
operating parameters for a number of candidate working fluids for the power cycle under
consideration.

A novel and systematic multi-step method was developed for the selection of best
working fluids for the commonly considered power cycles. The first step involves
development of a thermodynamic cycle model using the semi-perfect gas assumption
(defined in Section 3.3 of Chapter 3) to develop theoretical expressions for thermal
efficiency, heat input, and net specific work. The detailed models of the power cycles are
developed in the second step using EBSILON Professional version 11 (EPV-11) power

systems modeling code. The EPV-11 models are exercised over a range of operating
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conditions and a multitude of working fluids to generate results on cycle performance. The
statistical regression analysis is used in the third step to develop correlations for the cycle
efficiency and net specific work of the same form as theoretical expressions developed in
Step 1.

The last step in the process involves construction of performance maps, where
performance parameters, such as thermodynamic efficiency and net specific work output
are presented as functions of the cycle operating conditions. The performance maps are
constructed by using an extremum seeking algorithm which, for the specified cycle
operating conditions, identifies the working fluid resulting in the best cycle performance
from the results generated by the EPV-11 power cycle models. The performance maps
typically contain several zones and identify the best working fluid for each zone.

Finally, the performance (thermodynamic efficiency or net specific work output)
and the cost of the single and combined cycles are compared to select the best power
cycle(s) for a CSP-T plant. Using the best power cycle lowers the cost of a CSP-T plant.
9.2.2. Heat rejection

An improvement to the direct dry cooling, involving the cold energy storage system
(CE-TES), has been proposed to improve the cooling efficiency and performance of the
dry-cooled power plants. Two configurations of the CE-TES are proposed: the dry cooling,
and the closed-loop hybrid cooling systems.

9.3. Summary of the Research
This study focuses on the CSP-T technology integrated with power cycles such as

Rankine and Brayton. Selection of the power cycles, working fluids, and heat rejection
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systems was analyzed with the objective to improve conversion (mirror-to-electric
generator) efficiency and reduce the cost.

9.3.1. Selection of the best working fluid(s)

Thermodynamic performance (thermal efficiency and specific net power output) of
power cycles was analyzed for different working fluids. To avoid safety issues and adverse
effects of a working fluid on the environment, environmental and safety characteristics of
working fluids, such as: GWP, ODP, toxicity, flammability and corrosiveness were
considered during the fluid selection process. The expressions for thermal efficiency, net
specific work output, and specific heat input are proposed based on the thermodynamic
analysis and EPV-11 model results in terms of the relevant cycle parameters. Performance
maps were developed for the analyzed power cycles as guides for the selection of the best
working fluid(s) for the specified (selected or given) set of cycle operating conditions.
9.3.1.1. ORC

The results show that for all working fluids, thermal efficiency increases as the
maximum pressure is increased. However, for high pressures (higher than critical), thermal
efficiency becomes virtually independent of the maximum pressure. The effect of turbine
inlet temperature (TIT) on thermal efficiency depends on the type of working fluid. The
results show that for an ORC operating with a wet working fluid, thermal efficiency
increases with an increase in the turbine inlet temperature (TIT) due to the divergence of
the isobaric lines with temperature. Since for the dry fluids the isobars converge with
temperature, thermal efficiency decreases as the maximum cycle temperature is increased
in ORC applications with such fluids. For the isentropic fluids thermal efficiency is,

however, relatively independent of TIT. The results show that efficiency of an ORC



268
operating with isentropic working fluids is higher compared to the dry and wet fluids; also
working fluids with higher specific heat capacity provide higher cycle net power output.

For a subcritical ORC without the superheat, thermal efficiency is a linear function
of the figure of merit (FOM). However, the coefficients in this linear function are quadratic
functions of the ratio of evaporation and condensation temperatures. For the superheated
subcritical ORC, the relationship between thermal efficiency and a modified Jacob number
(Jar), proposed in this study, is also linear. For the supercritical ORC, thermal efficiency is
a linear function of the dimensionless temperature and the ratio of evaporation and
condensation temperatures.
9.3.1.2. Brayton cycle

The developed expressions show that real gases produce lower net work output for
the same heat input in comparison to the perfect gases.

The analysis of a Brayton cycle shows that for the optimum pressure ratio outside
the Critical Zone and maximum temperatures higher than 500°C, thermal efficiency is
virtually independent of the working fluid properties. Regenerative Brayton cycle has
higher efficiency compared to a simple Brayton cycle and, thus would be a better choice
for the CSP applications.

However, for the optimum pressure ratio inside the Critical Zone, thermal
efficiency of a Brayton cycle is a function of the working fluid properties. In this case,
different working fluids give different values of thermal efficiency, with sCO2 resulting in
the highest thermal efficiency of all analyzed working fluids. This is because operation

inside the Critical Zone in the “liquid-like” region results in a significant decrease in the
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specific compressor work, leading to the higher net work output and higher thermal
efficiency.

The performance map for efficiency shows that at the optimal pressure ratio,
depending on the cycle operating conditions, either N2 or COz are the best working fluids.
For high maximum temperatures and low maximum pressures, Nz is the preferred working
fluid, while for higher maximum pressures or lower maximum temperatures CO2 gives the
highest efficiency. The performance map for the net specific work output shows that
helium is the best working fluid over the entire range of cycle operating conditions
investigated in this study.
9.3.1.3. Combined Brayton/ORC cycle

In case of a combined regenerative Brayton/ORC cycle, the results show that CO2
and air are the best working fluids for the topping cycle. Depending on the exhaust
temperature of the topping cycle, Iso-butane, R11 and Ethanol are the preferred working
fluids for the bottoming ORC cycle, resulting in highest efficiency of the combined cycle.
However, for the maximum cycle temperature higher than 600°C, there is virtually no
difference in performance of different working fluids.
9.3.1.4. Combined steam Rankine/ORC cycle

In a combined steam Rankine/ORC cycle ammonia followed by R11 and R141b is
the preferred choice for a working fluid in the bottoming ORC. However, Ammonia and
R11 are toxic and phased out, respectively. Thus, R141b is the best choice for a bottoming

ORC in the combined steam Rankine/ORC cycle.
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As the results show, adding an ORC to the Brayton cycle can increase thermal
efficiency of the system around 15%-points, while adding an ORC to the steam Rankine
cycle can increase the thermal efficiency by less than 2%.

9.3.2. Selection of the best power cycle(s)

The best power cycles giving the highest thermal efficiency or highest net power
output for the low-, medium, and high maximum cycle temperature ranges were identified
in Chapter 6 of this study

The results show that for the maximum cycle temperatures lower than 300°C, the
ORC has the highest thermal efficiency. For the medium maximum cycle temperatures
(300 to 800°C), the combined Rankine/ORC and the regenerative Brayton cycle with
recompression (RBCR) are the best choices. For the maximum cycle temperature higher
than 800°C, the combined Brayton/ORC cycle gives the highest thermal efficiency.

The results also show that for the low and medium maximum cycle temperatures,
the regenerative steam Rankine cycle with reheat (RSRC) gives the highest specific net
work output, followed by the combined Brayton/ORC cycle using Helium as the working
fluid in the topping cycle and Ethanol in the bottoming ORC. For the maximum
temperature of higher than 650°C, the combined Brayton/ORC cycle using Helium as the
working fluid in the topping cycle and Ethanol in the bottoming ORC gives the highest
specific net work output.

9.3.3. Techno-economic analysis of CSP-T plants

The results of the techno-economic analysis performed for a simple ORC, a

regenerative Brayton cycle, a regenerative Brayton cycle with recompression, and a

combined Brayton/ORC cycle are presented in Chapter 7.
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As discussed in Section 6.3 of Chapter 6, information on the power cycle cost

metrics, such as the total investment cost (Crci) and the levelized cost of electricity (LCOE)

is needed in addition to the performance data to make an impartial and objective selection

of the best power cycle for the given plant and power block operating parameters.

The results of techno-economic analysis are summarized as follows:

a)

b)

d)

As the results show, for a specified (selected) cycle, higher thermal
efficiency results in a lower capital investment and lower LCOE. Thus, for
the selection of a working fluid for a power cycle, thermal efficiency is more
important parameter than the specific net work output.

The RBCR has higher thermal efficiency compared to the RBC. However,
RBCR has higher capital investment cost and higher LCOE compared to the
RBC.

The total capital investment cost and LCOE for the combined Brayton/ORC
cycle are lower compared to the regenerative Brayton cycle (RBC).

For the analyzed CSP-T plant —power block configurations the cost of the
power block is between 14 to 28% of the overall cost of the CSP-T plant,
and increases as the maximum cycle temperature is increased. Also, the size
of the solar field decreases as the maximum cycle temperature is increased
because of the higher power block efficiency.

Although an increase in thermal efficiency of the power block generally
increases the cost of the power block, it decreases the cost of the overall
CSP-T plant because, the total cost of the solar field, tower/receiver, and

TES is the dominant factor affecting the total CSP-T plant cost.
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9.3.4. Heat rejection

An improvement to the direct dry cooling, involving the cold energy storage system
(CE-TES), has been proposed to improve the cooling efficiency and performance of the
dry-cooled power plants. Two configurations of the CE-TES are proposed: the dry cooling,
and the closed-loop hybrid cooling systems.

The closed-loop hybrid system is more efficient in improving the power output and
generation of the power block, compared to the dry cooling system.

For the analyzed CSP plant location (Ivanpah site), employing a CE-TES with the
dry cooling system could increase electric energy (electricity) generation of the RSRC and
simple ORC power block by 1 to 3%, respectively. The large overall temperature difference
is, however, the main drawback of the CE-TES because the heat is exchanged between the
air and the energy storage fluid twice.

In a closed-loop hybrid cooling system, the heat is exchanged only once, during the
CE-TES charging. Thus, the overall temperature difference is equal to the HEX approach,
resulting in a lower steam condensation temperature, lower turbine back-pressure, higher
power output, and higher generation (up to 2.2% for the RSRC, and up to 7% of the ORC).
9.4. Recommendations for Future Research

The effect of using pure working fluids on thermodynamic performance of a power
cycle was investigated in this work. It is recommended that analyzing the effect of a
mixture of working fluids on the performance of power cycle be considered.

The working fluid and power cycle selection analysis (Chapters 4, 5, and 6) was
performed by assuming constant ambient temperature. However, in a real operation, the

ambient temperature changes throughout the day, seasonally and annually. The variation
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in the ambient temperature results in the off-design operation of the power cycle, which
impacts its performance and output. Thus, the effect of variation in ambient temperature
should be considered in future research. It should be mentioned that the ambient
temperature effect was included in the techno-economic analysis of a CSP-T plant (Chapter
7) and investigation of the effect of CE-TES system on performance of the power cycle
(Chapter 8).

A closed-loop hybrid cooling system was proposed in this study and
thermodynamic analysis of its performance was performed as described in Chapter 8.
Although the proposed system increases the power output and generation, a techno-
economic analysis needs to be performed to determine its actual economic benefits. Also,
a more detailed modeling of the proposed modification to the ACC cooling tube design
needs to be performed for a more precise determination of the reduction in the condensation
temperature, turbine backpressure, and the associated thermodynamic and economic

benefits.
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