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Abstract

Concentrated solar power (CSP) is an efficient means of renewable energy that makes use of solar
radiation to produce electricity instead of making use of conventional fossil fuel techniques such as
burning coal. The aim of this study is the simulation and characterisation of a CSP plant in order to
gain a better understanding of the dominant plant dynamics. Due to the nature of the study, the
dissertation is divided into two main parts namely the simulation of a CSP plant model and the

characterisation of the plant model.

Modelling the CSP plant takes the form of developing an accurate Flownex® model of a 40 MW
combined cycle CSP plant. The model includes thermal energy storage as well as making use of a
duct burner. The Flownex® model is based on an existing TRNSYS model of the same plant. The
Flownex® model is verified and validated, by making use of a bottom-up approach, to ensure that

the developed model is in fact correct.

The characterisation part of this dissertation involves evaluating the dynamic responses unique to
that of a CSP plant as stated in the literature. This involves evaluating the dominant dynamic
behaviour, the presence of resonant and anti-resonant modes found within the control bandwidth,
and the change in the dynamics of the plant as the plants’ operating points change throughout the

day.

Once the developed model is validated, characterisation in the form of evaluating the open loop
local linear models of the plant is implemented. In order to do so, these models are developed
based on model identification processes, which include the use of system identification software

such as Matlab® SID Toolbox®.

The dominant dynamic behaviour of the plant model, obtained from the developed local linear
models, represents that of an over damped second order system that changes as the operating
points of the plant change; with the models’ time responses and the bandwidth decreasing and
increasing respectively as the thermal energy inputs to the plant increases. The frequency
response of the developed local linear models also illustrates the presence of resonant and anti-
resonant modes found within the control bandwidth of the solar collector field’s temperature
response. These modes however are not found to be present in the mechanical power output

response of the plant.

The use of adaptive control, such as feedforward and gain-scheduled controllers, for the plant
should be developed to compensate for the dynamic behaviours associated with that of a CSP
plant.

Keywords: CSP, mathematical modelling, local linear models, system identification, resonant, anti-

resonant, characterisation.
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Nomenclature

Subscripts
min Minimum value
max Maximum value
HCE Heat collecting element
CG Combustion gasses
p Proportional
I Integral
u Ultimate
GT1 Gas turbine 1
GT2 Gas turbine 2
TESin Fluid entering TES
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Chapter 1: Introduction

Chapter 1 outlines the proposed research problerth its associated objectives and the appropriate
methodology that will be followed in order to coetplthe objectives of the study. Finally a chafggout of
the study will be given.

1.1 Background

Renewable energy by definition is an inexhaustible source of energy that originates from on-going
natural processes. These natural resources include wind-, solar radiation-, hydro- and biogas
energy, which form the various renewable energy sources [1]. Numerous questions have been
raised about renewable energy. The most frequently asked question is whether renewable energy
is the answer to global warming and the declining fossil fuel levels especially in South Africa [2].

According to Science Daily [3], the use of fossil fuels (oil, coal, and natural gasses) in the
generation of electricity, has caused carbon dioxide (CO,) emission levels to increase by 29 % from
the year 2000 up to the year 2008 and it is still increasing by the day. The available amount of
fossil fuels in the world is not precisely known, but experts predict that the fossil fuel reserves will
reach critical levels in the near future. The use of renewable energy can help to both reduce the
carbon footprint as well as the use of fossil fuels [3].

Eskom provides approximately 95 % of South Africa’s electricity and since it is difficult to store
large quantities of energy, it is mostly generated on demand. This demand for electricity grows
each year due to the rapid growth of the economy. Due to this growth, Eskom is forced to start
looking at alternative methods to keep up with the growing demand without increasing the usage of
conventional fossil fuels. Eskom considers concentrated solar power (CSP) as key to the future
energy mix in South Africa. In order to explore the viability of CSP, a pilot plant is planned in the

Northern Cape.
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This renewable energy plan is already in motion. According to Eskom’s fact sheet, the construction
of the CSP plant will start in 2016 [4].

Concentrated solar power is an efficient renewable energy source that makes use of solar radiation
to produce electricity instead of making use of conventional fossil fuel techniques such as burning
coal. CSP is highly effective due to its availability (solar radiation), and its adaptability
(conventional fossil fuel plants can be integrated with CSP technologies) [5].

Figure 1.1 shows a schematic representation of a typical Rankine cycle CSP plant. With the
addition of the source of thermal energy (solar) to the cycle being different, the Rankine cycle CSP
plant resembles that of a conventional coal-fired power plant. The energy source is used to
generate power during the day and at night by using stored thermal energy [5].

Collector Field Turbine

11

Storage e
Tank
; i Solar Steam

ql q] Generator E

Condenser
B Heat Transfer Fluid
Steam

Generator

Figure 1.1: Basic schematic diagram of a Rankine cy  cle CSP plant [6]

1.2 Problem statement

This study addresses the need to develop a complete and accurate model of a concentrated solar
power plant, with the intent of obtaining a deeper understanding of the dynamic responses
characteristic to that of a CSP plant by performing simulations. The insight gained from the study
will be used to gain knowledge on some of the design considerations for a controller for such a
plant.

1.3 Research objectives

The research problem can be divided into three main objectives that need to be addressed.
CSP plant model development

A methodology is required to develop a simulation model of a CSP plant that produces the correct
steady state as well as the dynamic responses of the plant. Parallel to the process of developing a
model of the plant, a verification methodology is required as to ensure that the model behaves

similarly to an actual CSP plant.



Chapter 1: Introduction 3

CSP plant model validation
Determining whether the model is accurate and correct, requires a method of validating the model.
Dynamic characterisation

The process of obtaining insights into the dynamic responses characteristic to that of a CSP plant,
in order to give inputs into some of the design considerations of a controller for the plant, requires a
methodology for identifying and evaluating these responses.

1.4 Research methodology

The objectives mentioned form an important part in the simulation and characterisation of such a
plant, which would lead to insight gained regarding the influence of the CSP components’
responses with respect to the dynamic responses of the system. The methodology of solving each
of the above-mentioned objectives will now be discussed.

CSP plant model development

The development of a CSP plant simulation model can be implemented by following the steps

shown in Figure 1.2.

CSP plant sizing N Modeling software N Model development N Model verification
methodology selection approaches approaches

Figure 1.2: Model development

In order to develop a model of a CSP plant it is necessary to obtain an understanding of the
structure and operation of such a plant. This is done by investigating existing CSP plant
configurations to decide which configuration suits the study best. After the configuration is
selected, the modelling software will be identified. In order do so the type of model and the physical
domains involved must be determined. Once the modelling software has been selected, a

component sizing methodology must be studied to specify the calculated parameters of the plant.
CSP plant model validation

Ensuring that the developed model is correct, all the different validation procedures available in the
development of a simulation model must be studied to select the appropriate validation
methodology that will be best suited for this study.

Dynamic characterisation

The characterisation process in order to obtain and evaluate the dynamic responses of the plant
can be implemented by evaluating the local linear models of the plant. In order to do so the

following steps shown in Figure 1.3 is implemented.
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Obtain local Evaluate
models models

Figure 1.3: Characterisation process

Once the dynamic responses unique to that of a CSP plant are identified, the local linear models of
the developed model can be obtained. In order to do so a methodology of obtaining each of the
required local linear models, as done in the industry, needs to be identified. A methodology of
evaluating these local models also needs to be identified in order to extract the information

required to comment on the responses unique to that of a CSP plant.

1.5 Dissertation overview

The literature overview chapter (Chapter 2) firstly gives an overview of how solar energy is
collected and stored. Thereafter an overview will be given on the different CSP power plant
configurations. In order to obtain an understanding of what the dynamic responses of a CSP
plant’s components should resemble, when developing the model, some of the main components
of the plant’s dynamic responses will be discussed. After this is done the model development and
the characterisation process will be discussed. Finally, a critical evaluation of all the literature
studied in the chapter will be discussed. Here some form of decision-making will take place in

terms of evaluating which technology will best suit this research problem.

The Brayton cycle model development chapter (Chapter 3) gives the processes followed to select
and size each of the components of the Brayton cycle part of the combined cycle CSP plant. This
includes the literature required to calculate the parametric values of each component used in the
software. After the calculated parametric values have been substituted into each component, the
component is simulated to determine whether the desired response is obtained serving the

purpose of verification.

The Rankine cycle model development chapter (Chapter 4) gives the processes followed to select
and size each of the components of the Rankine cycle part of the combined cycle CSP plant. This

includes the same processes as described in the Brayton cycle model development chapter.

In the model integration chapter (Chapter 5) all the designed components of both the Brayton and
Rankine cycle are integrated to form the complete combined cycle CSP plant. Once all the
components are integrated, validation will take place in the form of a series of simulations where
the developed model of the CSP plant is compared to a benchmark model, which will determine if

the model is correct.

The characterisation chapter (Chapter 6) will discuss the dynamic responses, unique to a CSP
plant, by evaluating the dynamic responses of the entire plant at each of the various operating

points of the plant.



Chapter 2: Literature overview

The characterisation of a concentrated solar po¢&8P) plant can be used to gain insight into sofrhe
plant's dynamic responses through the use of adatdid model. This chapter presents the process of
developing and characterising a simulation modeh &SP plant with some theoretical background an th
generation of electricity through the use of CSRisTchapter will be concluded with important mouhejl

and characterisation decisions.

2.1 Concentrated solar power

Concentrated solar power (CSP) first came into existence around 200 BC when Archimedes made
use of panels of mirrors to concentrate the sun’s rays on the invading Roman fleet, in order to drive
them back. In 1913, the first CSP station came into existence when Frank Schuman made use of
parabolic troughs to power a 60-70 hp pump, which pumped water from the Nile River to cotton
fields [7].

It was since the 1980’'s that CSP started booming, when California constructed nine CSP plants
known as Solar Electric Generating Systems (SEGS), which totalled up to 354 MW, and made use
of steam turbines to generate its power. From 2005 the growth in CSP plant construction is

estimated at 40 % per year [7].

The technology used to concentrate solar energy and to convert it into electricity has remained the
same, with some changes made to the configurations of the plants. To understand the process of
generating electricity through the use of CSP, the process of concentrating solar radiation needs to
be discussed first.
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211 Solar energy collection

The process of collecting solar energy for the generation of electricity is illustrated in Figure 2.1.
Solar rays of the sun are focussed on a receiver or a Heat Collecting Element (HCE) by means of
mirrors angled towards the receiver. The focussed solar rays then heats up some type of Heat
Transfer Fluid (HTF) flowing through the HCE. The heated HTF is then used either to drive a
turbine or to heat up another fluid [8]. The combination of the mirrors and the HCE form the Solar
Collector Field (SCF).

Absorber Lot L
tube ,f

Solar field
piping

Figure 2.1: Solar Collector Field [2]

There are currently four different topologies of a SCF: Fresnel trough, dish/engine, solar tower and
parabolic trough topology [2].

The energy balance of a HCE consists of energy being absorbed and radiated. Depending on the
time of year, the magnitude of change in temperature of the HTF, from entering to exiting the HCE,
varies. The temperature of the HTF exiting the HCE is not only a function of time, but also of the

following: Direct Normal Irradiance, Radiation incident angle (&), Declination angle (J), Hour
angle (ha), Zenith angle (8,), Incidence angle modifier (IAM), Row shadowing (RS), End losses
(EL) and SCF efficiency [9].

The thermal energy gained from the SCF heating up the HTF can be used to generate electricity,

as well as to store a portion of the thermal energy, which has advantages of its own. The next

section will discuss the concept of storing thermal energy and the advantages associated with it.
2.1.2 Solar energy storage

The storage of solar energy takes the form of making use of Thermal Energy Storage (TES) tanks,
where the solar energy is converted into thermal energy. The storage of thermal energy proves to
have advantages that increase the effectiveness of CSP plants. Before discussing the advantages
of thermal energy storage, the process of storing thermal energy will briefly be discussed. Two
main concepts used to store thermal energy will now be discussed:

21.21 Passive heat storage

In passive heat storage, thermal energy is stored by making use of a fixed storage medium,

normally bedrock or concrete, with the HTF flowing over it to transfer its thermal energy. The
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charge/discharge process of the TES involves the hot/cold HTF flowing over the storage medium

transferring its thermal energy to/from the medium through convection [10].
2122 Active heat storage

Active heat storage can further be divided into two separate concepts including: direct active and

indirect active heat storage.

Direct active heat storage: In this concept the HTF serves as the storage medium. The charge
process of direct active TES involves the HTF inside the tank mixing with the hot HTF flowing into

the tank, which results in an increase in the average temperature of the HTF inside the tank [10].

Indirect active heat storage: With indirect TES, the storage medium, which is also a fluid, is
separated from the HTF through the use of a heat exchanger. The charge process of indirect
active TES involves circulating both the hot HTF on the primary side and the cold storage medium
through the secondary side of the heat exchanger, which results in the energy transferred from the

HTF to the storage medium [10].
2123 TES connection configuration

Depending on the configuration that the TES tank is connected to the SCF, series or parallel, the

advantages of making use of TES differ.

Series connection: Connecting the TES in series with the SCF, as seen in Figure 2.2(a), has the
advantage of damping fluctuations in the output temperature of the SCF which allows for a stable
power generation. The fluctuations, caused by a number of factors including clouds moving past
and reflective mirrors not functioning properly, can be seen in the yellow highlighted area of Figure
2.2(b). The use of TES to damp these fluctuations results in a temperature profile with some delay

as seen in the “energy in storage” line of Figure 2.2(b) [11].

Collector Field Sunlight
Energy in Storage
| | 7
[ Storage ':'?. /
Tank 3
| -
@
]
[ [[] I ]l midnight‘ noon ' ! midnlight
Time of day
a) Series TES connection b) Effect of series connection

Figure 2.2: TES connected in series with the SCF [1 1]

Parallel connection: The parallel connection of TES, as seen in Figure 2.3, has the advantage of
allowing the selection between the sources of thermal energy to the plant (SCF or TES). This is

primarily implemented by controlling the flow of the HTF flowing through both the TES as well of
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the SCF. The parallel connection also allows for the manipulation of the amount of energy
transferred to both the TES as well as to the rest of the plant during the day by changing the ratio
of the HTF flowing through the TES to the HTF flowing through to the rest of the plant [12].

Collector Field

U
%
| [;] |

Figure 2.3: Parallel TES connection

2.2 Concentrated solar power plant configurations

Now that the process of both collecting and storing solar energy is discussed, the conversion of
solar energy to electricity can be explained. The generation of electricity using solar energy, utilises
the same three power generation cycle configurations used in normal coal-fired plants, with the

exception of a few modifications made to their source of thermal energy and the use of TES.

A CSP plant can be configured using the Rankine cycle, the Brayton cycle or a hybrid of the two.
Each one of these configurations proves to have its own unique advantages and disadvantages.
The operation of the three configurations, together with its respective advantages and

disadvantages are discussed next.
221 Rankine cycle CSP plant configuration

A Rankine cycle configured CSP plant, as seen in Figure 2.4(a), can be explained by discussing
the Rankine cycle itself and the function of each component in the cycle, by making use of the

ideal temperature vs. entropy curve of the Rankine cycle as seen in Figure 2.4(b).
T

/
(3 ¥
Turbine -
_" 1 Ed Grid Boiler
-~ (a) (b)
| - | ‘xh Turbine
wee [ L] L1 1) Boiler | (4)
800 -
Cooler Pump
(W) (4)
Fiu{?p |‘ / Cooler
ey e
(2) (1)

a) Simple Rankine cycle CSP plant b) Ideal temperature vs. entropy curve

Figure 2.4: The simple ideal Rankine cycle [13]
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The operation of the Rankine cycle CSP plant is discussed by dividing the plant into its five main
components namely the water pump, boiler, SCF, steam turbine, and the cooler; with a brief

discussion on the function of each of these components in the cycle.
2211 The water pump

The water pump of the Rankine cycle has the function of both circulating the water through the
cycle as well as to increase the pressure and temperature of the water entering the boiler without
changing the phase of the water. The increase in the temperature of the water can be seen in
Figure 2.4(b) between points (1) and (2).

2.2.1.2 The boiler

The boiler of the Rankine cycle is responsible for changing the phase of the saturated water
flowing through the cycle into superheated steam. Heating is generally done by making use of

three heat exchangers connected in series, each with its own function [13].

The first heat exchanger, known as the economiser, has the purpose of heating up the water
flowing through it without changing the phase of the water. This process can be seen in Figure
2.4(b) between points (2) and (a). The water is heated up to its maximum temperature before

changing its phase [13].

The next heat exchanger, known as the evaporator, changes the phase of the water flowing
through it from water to steam. This can be seen in Figure 2.4(b) between points (a) and (b). As
the water, at point (a), flows through the evaporator it changes its phase to steam as it approaches
point (b), whilst maintaining a constant temperature [13].

The third heat exchanger is the super-heater. It has the function of increasing the temperature of
the steam flowing out of the evaporator up to such a value that the steam is considered to be "dry".
Making use of “dry” steam to rotate the turbines has the advantage of both increasing the efficiency
of the cycle as well as reducing the risk of fluid build-up on its blades, which causes problems such
as rust [13].

2.2.1.3 The Solar Collector Field (SCF)

The primary side of the boiler forms the source of thermal energy to the Rankine cycle.
Conventionally, in a coal-fired power plant, this source of thermal energy would be provided by a
combustion chamber with coal particles burned and its thermal energy transferred to the water of

the Rankine cycle through the boiler.
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In the case of a Rankine cycle CSP plant the combustion chamber is replaced with the SCF with
the heated HTF circulating through both the SCF and the boiler which in turn transfers the induced

thermal energy from the SCF to the water circulating through the Rankine cycle.
2214 The steam turbines

The turbines of the Rankine cycle have the purpose of converting the thermal energy of the
superheated steam entering the turbine into rotational (mechanical) energy, which rotates the shaft
connected to a generator [13]. This process results in a decrease in the pressure and temperature
of the steam, without changing phase, which is due to the energy reduction of the steam. This can
be seen in Figure 2.4(b) between points (3) and (4). At point (4) in Figure 2.4(b), any further
decrease in pressure in the steam would result in turbine damage due to fluid build-up.

The efficiency of the cycle is increased by directly connecting the high-pressure turbine to an
intermediate-pressure turbine and a low-pressure turbine. This ensures maximum energy transfer

from the steam to the turbines [14].
2215 The cooler

The cooler of the Rankine cycle converts the steam exiting the low-pressure turbine back to
saturated water by transferring the remaining energy of the steam to another fluid by means of a
condenser. The process can be seen in Figure 2.4(b) between points (4) and (1) where the steam
entering the cooler, at point (4), changes phase, with the gas to fluid ratio decreasing as it moves

towards point (1) where only fluid is present in the mixture [13].

The condenser of the cooler has a fluid flowing through its secondary side, which extracts thermal
energy from the steam flowing through the primary side of the condenser. In order to cool down the
cooling fluid flowing in the secondary side of the condenser, a cooling tower is used. The cooling
tower has the function of transferring thermal energy from the cooling water to the air at ambient
temperature [15].

2.2.2 Brayton cycle CSP plant configuration

The operation of a Brayton cycle configured CSP plant, as seen in Figure 2.5(a), is discussed by
making use of both its ideal temperature vs. entropy curves, as seen in Figure 2.5(b), and the

components constituting that of a Brayton cycle CSP plant.
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Figure 2.5: The simple ideal Brayton cycle [13]
The operation of the Brayton cycle CSP plant is discussed by dividing the plant into its four main
components namely a compressor, heater, gas turbine, and a cooler; with a brief discussion on the
function of each of these components in the cycle.

2221 The compressor

The compressor of the Brayton cycle pressurises air, at ambient temperature, entering the
compressor. This pressure increase results in a slight increase in the temperature of the air as
seen in Figure 2.5(b) between points (1) and (2) [13].

2.2.2.2 The heater

The pressurised air exiting the compressor is then heated to an even higher temperature, as seen
in Figure 2.5(b) between points (2) and (3), by making use of the heater. In a conventional coal-
fired plant, the air is heated by making use of a combustion chamber where the energy from the

burning coal is transferred to the air flowing through the chamber [16].

Heating in a Brayton cycle configured CSP plant on the other hand makes use of the HCEs of the
SCF to raise the temperature of the air exiting the compressor by letting the compressed air flow
through the HCEs, instead of making use of a combustion chamber. The air exiting the SCF is then
heated to a temperature dependent on the amount of thermal energy transferred from the

concentrated solar radiation to the compressed air [17].
2.2.2.3 The gas turbine

The gas turbine is responsible for producing the necessary mechanical work to drive both the
compressor and the generator. The heated, compressed air exiting the heater then expands upon
entering the gas turbine, transferring its thermal energy into mechanical energy, rotating the turbine

shaft. The air then exits the gas turbine at a lower pressure and temperature due to the energy
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transfer from the air to the turbine. This process can be seen in Figure 2.5(b) between points (3)
and (4) [18].

2224 The cooler

The cooler of the Brayton cycle has the function of cooling down the exhaust air exiting the gas
turbine, which can be seen in Figure 2.5(b) between points (4) and (1). The methodology used to
cool down the exhaust air depends on whether it is a closed or open cycle configured Brayton
cycle. In an open cycle configuration, such as the one in Figure 2.5, the exhaust air is cooled by
the atmosphere, whereas in a closed cycle, cooling is implemented by making use of a heat

exchanger transferring thermal energy to another working fluid [19].
2.2.3 Combined cycle CSP plant configuration

The operation of a combined cycle configured CSP plant, as seen in Figure 2.6, forms a
combination of the operation of both the Rankine and the Brayton cycle, which together forms a
plant that combines the advantages of both cycles, and helps solve some of the shortcomings
associated with each of these cycles.
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Figure 2.6: Basic schematic diagram of a combined ¢ ycle CSP plant [13]
The operation of the combined cycle CSP plant can be discussed by dividing the plant into two
separate Operating Scenarios (OS) under which the plant functions. These operating scenarios
include the operation of the plant during the day and at night. In both of these operating scenarios
the configuration of the plant varies slightly. The configuration and working of the plant at each OS
will now be discussed. Important to note is the additional use of a duct burner. Although it is not
one of the essential components of the plant, it does however play an important role in the system

itself.
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2231 Operating scenario 1 (daytime)

The sun supplies thermal energy to the plant through the SCF. Placed in series with the SCF is a
duct burner, which has the function of providing additional thermal energy to the plant by injecting
combustion gasses (burnt methane and oxygen mixture) into the system.

The additional thermal energy from the burner is introduced to optimise the operation of the plant
by increasing the temperature of the air exiting the SCF. This is due to the fact that the Brayton
cycle can function at temperatures that exceed those produced by the SCF. Since the energy
produced by the SCF changes arbitrary due to external disturbances, the duct burner also serves
the purpose of maintaining a constant power output by manipulating the amount of energy of the

air entering the gas turbines.

The mixed gases (HTF mixed with combustion gasses) exiting the burner then enters the gas
turbine which rotates the generator and the compressor as discussed in the Brayton cycle
configured CSP plant. The exhaust gasses exiting the gas turbine is then divided between the
parallel connection of both the boiler of the Rankine cycle and the TES tank with the ratio

determined by the demand.

During this operating scenario the TES tank charges at a rate depending on the ratio of the mixed
gasses divided between the TES and the boiler, which also supplies thermal energy to the Rankine
cycle side of the plant.

2.2.3.2 Operating scenario 2 (night-time)

During operating scenario 2 the configuration of the plant changes slightly since the source of
thermal energy from the SCF is unavailable, which results in the isolation of the SCF from the rest
of the plant. This results in the further isolation of the rest of the components of the Brayton cycle,
with exception of the parallel connection of the boiler as well as the TES. The configuration of the

plant at operating scenario 2 is shown in Figure 2.7.
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Figure 2.7: Combined cycle CSP plant configuration at OS 2
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As seen in Figure 2.7, the TES tank forms the source of thermal energy to the rest of the plant with
its gasses circulating through the boiler, which transfers thermal energy from the gasses to the

water. This process results in the TES to discharge.

The combination of the two cycles provides more than just an increase in the overall efficiency of

the plant. It also has the following benefits:

One major benefit of combining the two cycles includes the temperature limitations under which the
two cycles can function. This is especially important in CSP plants since some of the solar collector
technologies can produce working fluid temperatures of up to 1200 °C such as the power tower
technologies [2]. The Brayton cycle has no problem with functioning under temperatures such as
that of the power tower since it can function at temperatures of up to 1500 °C. The Rankine cycle
on the other hand has a much lower limit on its maximum operating temperatures, ranging
between 500 °C and 600 °C. Using the combined cycle eliminates this problem. This is since the
output temperature of the gas turbine can easily be lowered to temperatures suitable for the
Rankine cycle [20].

It is important to note that the duct burner is only used for supplementary and control purposes and

that the SCF remains the main source of thermal energy to the plant.

With the process of generating electricity using solar energy explained above, the process of
creating a simulation model of a CSP plant, so as to implement simulations for characterisation
purposes, will be discussed. Before doing so, let us first consider some of the dynamic responses
characteristic to that of a CSP plant and the importance of developing a transient model of the

plant.

2.3 Concentrated solar power plant dynamics

The characterisation of any model requires a model to be developed which reflects all of the most
important dynamics of that system. Evaluating the dynamic responses of each of the major
components of the CSP plant can aid in obtaining a better understanding as to how the system
should respond when altering some of its input signals. In the next section some of the major

dynamic responses that will be used to aid in developing a model of the plant will be discussed:
231 Dynamic responses of power stations

It is a known phenomenon that the responses of components are not linear due to the physical
nature of the components. This means that a sudden increase or decrease in the input signals to a
component results in some type of delay before the response of the component settles around a
static value. In power stations, the same type of dynamic responses can be expected from its

components. These dynamic responses are due to a humber of factors including the structure of
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the components and the configuration that the components of the plant are connected in. These

factors, including others, cause a delay in the response of the plant’'s components [21].

Two of the main factors influencing the dynamic responses of the components of a power plant
include both the temperature and the mass flow rate of the fluid flowing through the components.
Since it is not always easy to alter the temperature of the fluid entering a component, the mass

flow rate of the fluid is usually altered [21].

Let us discuss the dynamic responses which should be reflected by the developed model of the
SCF, TES, Brayton cycle and the Rankine cycle by investigating the influence the mass flow rate of
the fluid has on its dynamic responses starting with the SCF.

2311 Solar collector field dynamic behaviour

One of the main responses measured from a typical SCF is its temperature response. To simulate
the dynamic behaviour of a SCF, the mass flow rate of the HTF flowing through it is altered. Figure
2.8 gives a typical temperature response of a SCF with a step response of the mass flow rate of

the fluid flowing through the component simulated [22].
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Figure 2.8: Solar collector field dynamic response [22]
From Figure 2.8 it can be seen that the response of a SCF can be modelled as an over damped
second order system model with a negative gain, since an increase in the mass flow rate of the
HTF flowing through the SCF would result in a decrease in the temperature of the HTF exiting the
SCF. To improve the response of the cycle, a controller can be used to control the mass flow rate
of the HTF.

23.1.2 Thermal energy storage dynamic behaviour

One of the main responses measured from a TES tank is its temperature response, more
specifically, the rate at which it is charged. This rate is defined as the change in the average

temperature of the fluid inside the tank over a period of time. To simulate the dynamic behaviour of
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a TES tank, the temperature of the fluid inside the tank is simulated with a step response of the
mass flow rate of the HTF flowing through the tank. This can be seen in Figure 2.9 where a
passive heat storage system with a HTF flowing over pebbles, which in turn melt the pebbles’

content at a certain temperature, is simulated [23].

The measurements taken from the simulation includes the duration it takes for the content of the
pebbles to start melting. The TES is fully charged when the fluid inside the tank is fully melted. This
represents the idea of a TES tank charging (melting of the content of the pebbles) and discharging
(content of the pebbles returning to its solid state).
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Figure 2.9: TES dynamic response [23]
From Figure 2.9 it can be seen that the response of a TES can also be modelled as an over
damped second order system. To improve the response of the cycle, a controller can be used

which alters the mass flow rate of the HTF.
2.3.1.3 Brayton cycle dynamic behaviour

The main measured response of the Brayton cycle includes the power output of the gas turbine
and compressor combination. To simulate the dynamic behaviour of the Brayton cycle, the mass
flow rate of the fluid flowing through the turbines is altered by changing the position of the air
control valve. Figure 2.10 gives a typical open loop mechanical power output response of the
Brayton cycle with a step response simulated of the mass flow rate of the fluid flowing through the

cycle.
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Figure 2.10: Brayton cycle power output step respon se [21]

From Figure 2.10 it is noted that the power output response of the Brayton cycle generates non-

minimum phase behaviour with a step response in the mass flow rate of the air flowing through the

cycle. To improve the response of the cycle, a controller can be used to alter the mass flow rate of

the fluid.

23.14 Rankine cycle dynamic behaviour

The main measured response of the Rankine cycle includes the power output of the steam
turbines. To simulate the dynamic behaviour of the Rankine cycle, the mass flow rate of the fluid
flowing through it is altered by changing the speed at which the boiler feed pump rotates. Figure
2.11 illustrates a typical open loop mechanical power output response of the Rankine cycle with a

step response of the mass flow rate, of the fluid flowing through the cycle, simulated.

1

~- step0.2
7] —— step03
step 0.5

Mechanical power (p.u.)

L
50 70 80 90 100 110 120
Time (s)

Figure 2.11: Rankine cycle power output step respon  se [24]

From Figure 2.11 it can be seen that the power output of the steam turbines forms that of an over
damped second order system when introducing a step response in the speed of the boiler feed
pump. To improve the response of the cycle, a controller can be used to alter the mass flow rate of
the fluid.

Changing the magnitude of the input signals to the components, results in the plant operating at
different controlled conditions (operating points), which alters the dynamic response of the
components. This can be seen in the TES simulation example (Figure 2.9), where the TES was

simulated at different mass flow rate levels, which resulted in the settling time of the component to
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change accordingly [25]. To optimize the efficiency of the components of the plant, the two critical
parameters of the cycle, which include the temperature and the mass flow rate input, must be
controlled [26].

The development of a simulation model of a CSP plant, which conforms to the responses
mentioned, requires a transient model, capable of producing the same dynamic responses, to be
developed. This is since constructing a steady state model would leave out important information
concerning the dynamics of the model, whereas a dynamic model can be used to extract
information concerning the dynamic behaviour of the plant [26].

The next section will discuss the details on how to develop a model that produces the same type of
responses as mentioned.

2.4 CSP plant modelling

The development of a simulation model can be implemented by first obtaining a simulation platform
capable of modelling the required responses mentioned in section 2.3. Once a suitable simulation
platform is selected, a methodology for developing the model must be selected. After this is done,
the model needs to be validated by the appropriate validation methodology. The next three
sections will discuss some of the available selections used in the industry that can be used for the

purpose of this study.
24.1 Model sizing techniques

The sizing of the CSP plant model can be implemented by making use of a number of
methodologies; each dependent on both the type of data as well as the simulation platform
available. This usually results in an approach where parameter values need to be determined for
components of a model. To produce accurate results of the plant, some simulation software types
require detailed information which is not always readily available to simply substitute into the model
[28].

24.1.1 Model sizing through the use of baseline specificat ions

The sizing of a model can be implemented by the use of plant specifications, if all the specifications
required for the plant are given. This can be information such as the size of the plant (power
output) and the energy storage requirements (in hours) [29]. Table 2.1 shows an example of such
specifications:
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Table 2.1: Baseline plant specifications

Baseline Plant Conditions
Nameplate Capacity 100 MW,
Thermal Storage (operating time
at nameplate capacity) 6 hours
Solar Multiple 2.0
Heat Transfer Fluid Synthetic oil
Storage Fluid Binary Na/K nitrate salt
Thermal Storage System Indirect “2-tank” system [6]
Power Cycle Superheated steam Rankine cycle with wet cooling
Location Daggett, CA
Air-cooled system of same nominal capacity &
Variation (1) storage

Sizing a model of the plant in such a way proves to be difficult to validate, if an existing model/plant
is unavailable to compare the resulting responses with one another.

24.1.2 Model sizing through assisting software

A model of a plant can also be sized by making use of the general knowledge of the components
that can be expected to be in a CSP plant and make use of a program such as Solar Advisor
Model (SAM), which allows for designs at a schematic level during the development of a potential
project [30]. Here it is difficult to design the plant since there is no actual model that can be used to
validate the developed model, but it does however allow for the model to be verified in terms of the

type of responses expected of the model.
2.4.2 Model development approaches

The development of a model can be implemented by making use of one of three approaches.
These approaches include: developing a model from first principles, making use of system
identification techniques and by making use of pre-programmed models. A brief discussion of each

approach will now be given:
2421 First principle models

A first principle model is developed by using the laws of physics. This may result in a set of
differential-algebraic equations. Modelling from first principles ensures a deeper understanding of
the system dynamics. However, modelling from first principles is time consuming due to the fact
that it takes longer to derive the differential equations of the system by hand [30]. This is especially
the case if the system is of a complex nature and/or if the person who is deriving the model is

inexperienced where the model can also be prone to human error.
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Some examples of simulation platforms, which enable the user to simulate a model from first

principles, include: Matlab’, Mathcad’ , Symscape, and EES.
24.2.2 System identification models

A model can also be derived based on a grey box model approach, with the function of each of the
components in the plant known, except for the mathematical expression describing the various
components. System identification can be used to derive a model by measuring the responses of
an existing model with certain input signals simulated, and by making use of sophisticated signal

processing software to develop the same model [31].

Some examples of system identification software to develop a model include: Matlati’ and

LabVIEW™
2423 Pre-programmed models

One can also make use of pre-programmed models to develop a system containing a number of
pre-programmed models, all interconnected to form a system of models. The use of conventional
Computational Fluid Dynamic (CFD) models explains the principle of pre-programmed models

best:

CFD analysis: CFD software components can be simulated without developing the mathematical
model of the component since it has built-in model libraries. This allows for a detailed analysis of
specific components, with the user only having to specify the parameters of the component [32].
The use of CFD software however is very limited to the number of components it can simulate

simultaneously since it is very simulation intensive.
Some examples of simulation platforms which enable the user to simulate a model by making use

of CFD software include: FIowWTHERM™ |, and Trelis CFO" .

Simulating an entire CSP plant however, can result in large computational power required since an
entire network of interconnected components needs to be simulated simultaneously. This can more
easily be implemented by making use of systems CFD software.

Some examples of simulation platforms which enable the user to develop a model by making use

of systems CFD analysis software include: Flownex’ , TRNSYS, and GSE.
24.3 Model verification approaches

The verification of a model can be seen as a form of debugging; checking to see if the model
developed is performing as it is intended to. The verification of a plant is usually used in parallel

with the development of each of the components of the plant where the response of each
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component is compared to the response theoretically expected from the component. There are
several different types of techniques in existence today to verify a model. Some of these

techniques will now be discussed:

Seed independence: The verification of a model, based on seed independence, involves
simulating the model with random input values, which are within the limits of the model. If the
model responds incorrectly to the specific random values used, then the model is incorrect.

Different seed values must also be used [33].

Continuity testing:  Verification through continuity testing, involves simulating the model
continuously with slight changes made to its parametric values. If the model responds as expected,
then the model is verified, but if the small changes made in the input to the model results in

abnormal deviations in the responses of the model, then the model needs to be revised [33].

Structured walk-through/one-step analysis: This involves explaining the development of the
model to peer persons in terms of its function and the aspects of the model. By doing so, the
developer will become aware of the mistakes that he or she has made by simply revising the model
itself [33].

2.5 Model validation

For a plant to be considered accurate and correct, the model must be validated. As mentioned
above, the first step in validating the model is to determine if the model produces the correct type
of response as is expected. The next step in the validation of the model is to determine whether
the results obtained from the model represents the reality [34]. The validation of a model can

constitute a number of techniques, including:

Model comparison: Here a series of simulations of the model is implemented to extract the

system responses, which are compared to the results of another validated model’s results [35].

Face validity: Here the validation of the plant is based on the knowledge of experts in the field.

The expert will examine the model and its responses and decide whether the model is valid [35].

Historical data validation:  Historical data validation involves making use of historical data of a
plant that was specifically selected for the testing and building of the plant model and dividing it into
two parts of data. One part of the plant data is used to develop the model, with the other part used
to validate the model [35].

The validation procedure of each of the above mentioned techniques can be implemented by
making use of either a top down or bottom-up implementation. This method is used since the

internal components of the plant must also be verified and validated. The plant itself may be able to
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produce the correct responses at system level, but some important responses at component level

may not be correct which will also cause the model not to be valid.

Validating the plant with a bottom-up methodology can be implemented by first simulating each of
the components of the plant separately in order to verify that the correct responses are obtained
from each of the components. Once this is done, the plant is simulated with all the components
integrated, to verify that the correct responses are obtained.

Validating the plant with a top down methodology is the exact opposite in terms of where the
validation is started. Here the simulations to validate the system are made first, followed by

simulations to facilitate validation of the model's components.

2.6 CSP plant model characterization process

The characterisation of a plant in order to obtain insights into some of its dynamic responses that
are characteristic to the plant can be implemented by evaluating local linear models of the plant,
which accurately describes the dynamics of the plant. To obtain a deeper insight into the dynamic
responses of a CSP plant requires a study on the various dynamics characteristic to that of a CSP
plant.

26.1 CSP plant characteristic responses

The construction of a CSP plant is of such a nature that there exists certain dynamic responses
which influences the design considerations for a controller of the plant. Some of these responses
include:

26.1.1 Change in dynamic behaviour

Research indicates that the dynamic responses of a CSP plant changes throughout the day as the
thermal energy input to the plant changes. As the thermal energy input to the plant increases, the
plant responds faster to changes made to its control variables, which increases the performance of
the plant. This is due to the increase in temperature as well as the pressure of the fluids flowing
through the system, which ultimately then leads to the components responding faster [36, 37].

2.6.1.2 Resonant and anti-resonant modes

It is shown in the literature that nonlinearities exist in the dynamic responses of a CSP plant.
Occurrences known as resonant and anti-resonant modes, from the frequency response of
distributed solar collector field CSP plants, are found situated at frequencies within the control
bandwidth of these models. These modes influence the performance of the entire plant since it

causes the responses of the system to change abruptly [36, 37].
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The design of a controller for the plant should thus include the possibility of controlling the plant
with changing dynamics as the thermal energy input changes throughout the day, as well as be
able to control the plant with the presence of resonant and anti-resonant modes found within its
control bandwidth [36, 37]. The next section will discuss some of the controllers used in the

industry:
2.6.2 CSP plant controller evaluation

Due to the dynamic responses of the plant including nonlinearities in its responses as mentioned
above, most of these types of power plants are controlled by making use of adaptive controllers to
optimise the performance of the plant. Two of the most common controllers used in the industry

include:
2.6.2.1 Gain-scheduled control

The use of a gain-scheduled controller can optimise the operation of the plant by changing the
controlled variables as the operating point of the plant changes. Figure 2.12 illustrates a schematic
design of a closed loop gain-scheduled controller for the plant [36].

Controller Operating

parameters conditions
SCHEDULER f¢e———
r(t)
—_—
conTRoLLER |4 PLANT y()
Figure 2.12: Basic gain scheduled controller scheme [36]

From Figure 2.12 it can be seen that the different operating points to the plant, which includes the
thermal energy input to the plant, is used to calculate the control parameters of the plant for each

operating point.
2.6.2.2 Feedforward control

Some CSP plants also make use of feedforward controllers to control its responses. The
responses of a feedforward-controlled plant are controlled by measuring the disturbance signals of
the plant, and by calculating the value that the controlled variable should be specified at to produce
the required response according to the setpoint. The closed loop control configuration of a typical

feedforward-configured controller for a CSP plant can be seen in Figures 2.13(a) and 2.13(b)
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Figure 2.13: Basic feedforward control schemes [36]
From Figure 2.13(a) and 2.13(b) it can be seen that the solar radiation as well the temperature of
the fluid entering the SCF both form an input to the plant as well as to the feedforward controller.
Although the temperature input of the SCF is considered as a disturbance input, in most cases it is

ignored due to its influence being significantly small.

The process of characterising the plant by evaluating its open loop local linear models with the

intent of identifying the dynamic responses unique to that of a CSP plant will now be discussed.
2.6.3 CSP plant model characterisation approach

To obtain open loop local linear models of the plant, there are two possible methodologies, which
both depend on the approach followed during the development phase of the plant model. The next

sections will discuss these two approaches:
2.6.3.1 Characterisation based on a first principle model approach

Making use of the modelling approach discussed in 2.4.2.1, where the model is developed from
first principles, allows for an accurate model to be characterised. The characterisation of a first
principle model would involve making use of the defined models of the entire plant and evaluating

only the models relevant to the study.
2.6.3.2 Characterisation based on model extraction approach

Characterising a model based on a pre-programmed model development approach, as discussed
in 2.4.2.2, involves the use of system identification procedures where the desired components are
characterised by perturbing each of the relevant input signals of the components