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Abstract

The effects of environmental change due to ozone depleting waste products are amongst
the critical issues facing humanity. Therefore, searching for feasible and naturally well-
disposed methods for producing electricity is vital. Among the increasing alternatives
available is the concentrated solar power (CSP) which includes the use of parabolic
trough solar collector (PTSC) technology. Nevertheless, conventional CSP plants that
are based on stream-turbine cycles, which consume large amounts of water, are not
preferable in the gulf region. In order to increase the efficiency of the cycle and still
maintain a low water consumption, Air bottoming Hybrid gas turbine (ABHGT) is used
as an alternative to the recovery of the waste heat with steam-turbines. This thesis will
focus on Energy analysis of gas turbine power plants hybridization using PTSC
technology. Thermo-economic and environmental analyses are done to four models to
illustrate the optimum parameters and performance of power plants. The sensitivity
analysis is applied to the ABHGT power plant to study its economic value and indicate
the most sensitive parameters that have a dominant effect on the economic analysis.
ABHGT running with LPG is analyzed at the sensitivity analysis. Although the natural
gas is cheaper than LPG, it is not recommended to be used in the upcoming years due
to the depletion effect. The levelized cost of electricity (LCOE) of ABHGT at an
optimal annual solar share of 22% is 58.35 (USD/MWh) whereas the LCOE of HGT at
an optimal annual solar share of 22% is 65.37(USD/MWHh). Reducing the CO:
emissions is one of the main objectives in the current thesis. An advanced adiabatic
CAES is integrated with power plants to enhance the annual optimal solar share with
reasonable LCOE. The Performance of Air bottoming Hybrid gas turbine with
advanced adiabatic compressed air energy storage (CAES_ABHGT) is evaluated at 1,
3 and 7.5 hours of storage capacity. Thus, it can be seen that Mode C with a 7.5 hour
storage capacity is the most promising model since it has the highest optimal annual
solar share of 87% with reasonable LCOE of 94.5(USD/MWHh) and a reduction of CO>
emissions by 83%.

Keywords: Air bottoming cycle, solar power, hybridization, CSP, LCOE, PTSC.
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Chapter 1. Introduction

1.1.  Overview

Access to energy is presently like never before at the core of basic monetary,
natural, and social issues confronting the world. On one perspective, world
development and the high request of developing countries to extend their energy
resources lead to an inescapable energy demand. On another perspective, 61 percent of
green gases come from energy generating processes, making the energy sector the
biggest contributing factor to environmental change [1]. Moreover, rising concerns of
shortage of non-renewable energy sources, land acidification, and urban air
contamination pose real issues. Therefore, the look for a sustainable, feasible and clean
well-disposed supply of energy illustrate vital challenges to humanity. Hence, the
advancement of finding other solutions for electrical energy is essentially significant.
Solar power production stands out amongst the most encouraging alternatives for
various nations with adequate insolation and distinctive innovations that use solar
radiation into generating power and is considered as a development in technology. In
spite of the current quick falls in the cost of photovoltaics (PV), concentrated solar
power (CSP) stands out amongst the greatest alternatives and innovative solutions [11].
Despite the present rivalry between the two advancements, it is likely that they will
contribute together to the future worldwide energy production [2].

The real promising advantage of CSP lies in the dispatchability and stability of
power generation which was made conceivable by the incorporation of fuel-solar
hybridization with storage systems. Hybridization is a short term objective technology
that uses solar energy coupled with other sources of energy such as methane (Cha)
which reduce the green gases emitted to the environment. CSP has a lower
environmental impact in comparison to other sustainable power source technologies
[3]. In addition to that, CSP has a low cost of power production and can be
accomplished particularly when introduced in high-temperature zones. Desert areas
such as UAE contain large available areas that are continuously exposed to potentially
useful sunrays. However, since there little to no rain, installing conventional CSP plants
based on steam-turbine cycles will not be efficient since steam turbines require a lot of
water for many purposes such as cleaning of mirror surfaces, cooling of the condensers

and replacement of powerplant cycles.
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Thus, new ideas must be explored keeping in mind the end goal to find a
solution for the reliance on water in future CSP plants [4]. The advancement of high
temperature parabolic trough solar collectors paves the way for the utilization of gas-
turbines with -natural gas hybrid configurations leading to a decrease in reliance of
water and the usage of air as working fluid. Nevertheless, in order to compensate for
the high cost of solar hardware and the utilization of natural gas, the heat provided by
the topping gas-turbine cycle is reused through the heat exchanger to generate more
electricity by the bottoming cycle [5]. The conventional combined cycle configuration
with steam-turbines must be avoided to limit the water utilization and alternative
arrangements of powerplant cycles need to be explored [6]. One promising solution is
to utilize air-based bottoming cycle of hybrid gas turbine power plant (ABHGT) to
recover the waste heat. Thermo-economic analysis of gas turbine power plants

hybridization using PTSC technology is performed on this thesis [1].

1.2.  Thesis Objectives

The focus of this master thesis is placed on the thermo-economic analysis of gas
turbine power plants hybridization using PTSC technology. Thermodynamic
performance, economic and environmental analysis are done for four models.
Therefore, all these aspects need to be taken into consideration to create

environmentally friendly energy.

1.3.  Research Contribution

The global energy system, responsible for most of the greenhouse gases
emissions, is therefore at the heart of global concerns. In particular, the search for a
reliable, sustainable and environmentally friendly means of generating electricity is a
crucial matter with the growing worries of the scarcity of fossil resources, air pollution
and water acidification. For these reasons, the research contributes to overcome the
energy problem through using PTSC technology and save as much natural resources as
possible. The expected outcome considers thermodynamic performance with an
optimum power output in ABHGT, higher efficiency, economic viability, and lower
environmental impact. ABHGT fuel such as Ch4 and liquefied petroleum gas (LPG)
will be illustrated at the sensitivity analysis.

19



1.4, Thesis Organization

The thesis is structured to chapters, sections and sub-sections. Chapter 1
discusses the introduction, thesis objective and research contribution. Chapter 2
provides background about solar energy and concentrated solar power technology.
Moreover, literature review about using solar technology in UAE and a couple of old
power plant configurations is discussed. Chapter 3 discusses the methodology and the
mathematical model of the system. Chapter 4 presents the steady state and transient
results coupled with thermo economic optimisation. Lastly but not least, Chapter 5

concludes the thesis and outlines the recommended future work.
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Chapter 2. Background and Literature Review

2.1. Sun Energy

The advantage of the Sun energy is illustrated in this section 2.1.1, while the
solar radiation and its theoretical are presented in sections 2.1.2 and 2.1.3. In addition,
Selection criteria of CSP projects based on the geographical location is illustrated in

section 2.1.4.

2.1.1. Solar energy. The energy obtainable on Earth is provided from a lot of
different sources. Over 99.9% of this obtainable energy is provided by the Sun. As
shown in Figure 1, the mean solar flux reaching the Earth’s atmosphere is
approximately around 170°200 (TW), but only 10.3 (TW) obtained from geothermal
energy and about 3.2 (TW) are obtained by gravitational energy. On the other hand,
only 47% of the mean solar flux is accessible at the Earth’s surface (80’000 TW). The

atmosphere will either reflect or absorb the rest.

incident solar
radiation
~170000 short wavelength |
T radiation reflected ong wavelength
by clouds, etc. radiation

~110000

1

o J gravitational
am ~ 30000 I energy

~60000|

absorbed by : ‘
atmosphere I _ winds ~3
b (~10000 ||
evaporation ,
convection waves
~50000 | ~1000 ) ocean tides

absorbed ~ -2 |
at surface I Earth's surface . 4
~80000| ~30000/ J l

‘ fossilfuels  absorbed energy re-radiated

0-001‘0-Of at longer wavelengths ‘ 10 ‘ 06 ‘
Earth's Earth's
internal heat internal tides

Figure 1: Earth's Natural Energy Systems and power exchange (TW) [1]
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The world’s Total Primary Energy Supply (TPES) was 12’029 Mtoe in 2007
[2]. Which in turn is equivalent to a continuous power consumption of 16.0 TW. The
mean solar power accessible at Earth’s surface therefor exceeds by 6’000 times our
basic energy needs. Although, this information suggests the abundance of solar energy,
it must be regarded carefully as energy supply and demand are depending on time and
location and their matching remains an ongoing challenge. Solar radiation particularly
is a predominant intermittent source of energy and its conversion into electrical power

can only be done under confined conditions [3].

2.1.2. Solar radiation. The emitted flux by the sun is defined as Solar radiation,
provided by internal fusion reactions. The Sun is a spherical shape that contains hot
gaseous matter (hydrogen and helium mostly) with an average distance from Earth Lf;

and a diameter ds [6]:
Lf, = 1.495 x 10! [m] = 1[UA] and dg = 1.39 x 10° [m] (1)

The structure of the sun is not homogeneous. Whereas the suns core is the hottest, most
dense region. The photosphere, regarded as the solar surface, is the source of most of
the solar radiation and has a temperature that’s varies from 6’600 K (bottom) to 4’400
K (top). The black body effective temperature is about T, = 5778 [K] (the temperature
of a blackbody is approximately equal to the sun temperature) [4].

“The intensity of solar radiation is defined as the energy from the Sun per unit of time
received on a unit area perpendicular to the direction of solar beam” [1]. The radiation
amount decreases with the double of the distance travelled (heat losses are not
considered). The intensity of solar at distance of 1 UA from the Sun, it is also

recognized as the solar constant Gsc, expressed by [5]:

=1376 [ )

G.. = ISTL'dSZ
sc 2

B (21e5)?

The average radiant flux of the Sun I =63.5¥106 [Wm2/] obtained from the

Boltzmann’s law of Sun potent blackbody temperature T5.

Due to the Earth’s orbit being slightly eccentric, the Sun-Earth distance
variation is about 2% during the year. This leads to alterations of exoatmospheric

radiation G,, “(radiation incident on a plane normal to the radiation outside the
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atmosphere) in the range of £3.3%” [1]. An approximate resembling expression for G,
is illustrated by [4]:

GonGop = (1 +0.33 cos (360“)) (3)

365

where n is the number of days. The alterations of G, across the year is illustrated in

Figure 2. The minimum G, is in July whereas the maximum is in January [2].
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Figure 2: Exoatmospheric radiation change during the time of year [2]

2.1.3. Solar radiation availability. Solar radiation arrives the Earth’s surface
in a weakened form, as shown in section 2.1. This is because of two leading mechanisms
known as atmospheric absorption and atmospheric scattering. Figure 3 illustrates an
example of solar radiation attenuation effect. Absorption predominantly happens
because of the presence of water vapor and ozone in the atmosphere and on a lesser
extent due to other gaseous substances such as (O2, CH4, CO, CO2, NO3) [6].

The concentration of water vaper and Oz and other compounds differ in location
and time. The ozone absorbs almost all of the radiation with wavelengths below 290
nm at the upper atmosphere. A peak in the ozone absorption is found at around 600 nm.
Water vapor primarily absorbs bands in the infrared range, “centered at 1100, 1400 and
1900 nm and in thin bands below 1000 nm.” Water and carbon dioxide on the other
hand absorb almost all the radiation over 2500[1]. Scattering is caused by the

interaction between radiation and air molecules, dust and water vapor. The ferocity
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scattering is dependent on the number of particles pumped into by the radiation and the
ratio of particles size to wavelength of the radiation. The particles’ number in which
radiation passes through is dependent on consternation of moisture and dust in the

atmospheric surrounding and radiation optical path length [6].
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Figure 3: Solar radiation attenuation effect [2]

The radiation’s path length is portrayed by the notion of air mass m, which is
the path length in respect to that at the zenith at sea level. An estimation for m, for the
zenith angles that range between 0 and 70°, is expressed by [6]:

1
m= cos(0y) (4)

where the zenith angle denoted as 6z (angle of incidence of beam radiation on a
horizontal surface). On that account, m=1 at zenith and see level. For m=2 and 6,=60°.
The exoatmospheric region by definition, is expressed to be equal to zero. Moreover,

the mass of the air can be lower than one for higher altitudes above the sea level.

Furthermore, the concentration of moisture and dust in the atmosphere, and air
pollution, is a quantity dependent on time and location. The scattered radiation is
dispersed in all directions, some of which reaches the Earth’s surface while the rest goes
back into space. Accordingly, the overall solar radiation must be differentiated between
this dispersed fraction and the fraction that directly reached the surface. The beam

radiation, also known as direct radiation, indicates the solar radiation received directly
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from the Sun without it being scattered by the atmosphere, While the diffuse radiation,
also known as sky radiation, resembles the radiation received after its direction being
changed due to the scattering of the atmosphere. The sum of these two constituents is
referred to as total solar radiation. This differentiation is vital for CSP systems because
they can only tackle the direct radiation. A necessary indicator is the Direct Normal
Irradiance (DNI), that measures the normal constituent of the direct radiation reaching
the Earth’s surface which can be calculated as following :

DNI = Gon€08(82) TsTgasTozoneTwyTacTel (5)
It is detected from the above DNI equation that the scattering attenuation transmission
coefficients is donated by 7, distributed gases by absorption (predominantly CO. and

02) is expressed as 7,445, Where ozone absorption is donated by 7,,,y,. and water vapor

Twy » aerosol and cloud extinctions are donated by 7,4, , 7 [7]-

2.1.4. Concentrating solar power suitable locations. The aptness of sites for
the production of solar energy can be evaluated by taking the average of historical
data. The Direct Normal Irradiance (DNI) is an appropriate indicator to indicate the
location of the best sites for the generation of solar power. (DNI) is unified over the
course of a year and indicates the total amount of energy collected by direct normal

radiation. A map of the world DNI combined over the course of a year is shown in

Figure 4.
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Figure 4: Annual Direct Normal Irradiation of the world [2]
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It has been revealed that a minimum of 2°000 [KWh/m2. y] is vital for the
installation of CSP plants, 2°500 [kWh/m2. y] being more likely to support
competitiveness [7]. The areas shaded in yellow account for the largest possibility for
the installation of Concentrated Solar Power plants. These areas include Australia, the
Middle East, South Western USA, some parts of South America, Mexico, North Africa,
South Africa and central Asian countries [8].Land factors have to also be taken into
consideration when selecting suitable areas for CSP plants [9]. This is performed by
ruling out all areas that are not suitable due to the structure of the ground, slope,
agriculture, water bodies, shifting sand, areas restricted or protected, forests, etc. The
global exclusion map found below in Figure 5 displays remaining large suitable areas,

particularly in developing countries.
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Figure 5: Recommended sites for construction of CSP Plants [1]
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It is not possible to foretell data for rapid future beam radiation, which would
be the greatest way to evaluate the accomplishment of a CSP system. Therefor, data
incorporated from historical records are very convenient tools. The typical
meteorological year (TMY) group of data is a great example. It is a gathering of
historical meteorological data for a specific site over the course of. The strategy used
includes selecting, for each month of the year separately, the most average month amid
the set of months obtainable. The product is a collection of sets of hour-by-hour DNI
indicating the representative meteorological contrasts and the average DNI combined

over the course of a year [4].

2.2. Abu Dhabi and UAE

Abu Dhabi is chosen for the plant implementation due to its outstanding
suitability for the collection of solar thermal energy. Consequently, it is vital to discuss
and present all the considerable factors leading to its suitability for solar thermal power
generation. That will include its solar radiation and climate. In the following section we
will be presenting Abu Dhabi’s dry bulb temperature, Rate of DNI received every year
and the Abu Dhabi’s relative humidity. In this section: Air temperature, relative
humidity, direct normal radiation, water scarcity, electricity consumption, of Abu
Dhabi, carbon dioxide emissions and concentrated solar power projects in the UAE are
exposed in subsection 2.2.1- 2.2.6 and 2.1.7, respectively[10].

2.2.1. Abu Dhabi air temperature. Table 1 illustrates the mean dry bulb
temperature in Abu Dhabi during the day of each month [29]. It is very clear that the
average temperature reaches its peak during noon with August having recorded the
highest average temperature. Air temperature has a notable effect on the gas cycle
thermal performance; hence it must be considered for creating a combined power plant

with a topping gas turbine cycle.

Poullikkas [8] revealed that the plant’s performance is highly influenced by the
increase the inlet air temperature. In order to improve the plant’s function, an inlet air
cooling system can be installed. The authors proposed a novel inlet air cooling system

integrating desiccant cooler systems and Maisotsenko cooling [2], [11].
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2.2.2. Abu Dhabi relative humidity. Relative humidity is another crucial factor
that highly influences the cycle performance. Poullikkas studied the cycle performance
affect by relative humidity [8], and the results demonstrated that the thermal
performance of the plant’s is diminished due to humidity [12].

In addition, it is noted that even the smallest decrease of power is taken into
consideration nowadays due to that increase in the size of the gas turbine and
establishment of steam injection in gas turbines. Other studies concerning inlet air
humidity ratio growth denote a development for gas turbine power output and
efficiency. Furthermore, the chief purpose behind the difference between the acquired
results can be due to the size of the gas turbine that has been evaluated for investigation.
Nevertheless, it can be asserted that humid climates highly reduce the performance of
humid air turbine cycles [8]. Table 2 illustrates the hourly relative humidity for the
whole year of Abu Dhabi. This data was provided by the National Renewable Energy
Laboratory (NREL) database [2].

2.2.3. Abu Dhabi direct normal radiation. The most vital component that
must be considered for CSP analysis and solar thermal power generation is the
rate of DNI obtainable within the appointed site’s location. Table 3 shows the the
mean rate of DNI available in Abu Dhabi during the day of each month. Therefore,

it can be noted that the Rate of DNI supplied reaches its peak at noon [1].

2.2.4. Abu Dhabi electricity consumption. The highest electricity demand in
the UAE goes to Abu Dhabi [13]. “It is reported that Abu Dhabi’s peak load demand in
August 2008 was 5516 (MWe) whilst 6255 (MWe) was recorded in August 2009 [2].
It can be seen that the electricity demand within UAE reflects the electricity
consumption which is significantly increasing in Abu Dhabi.

Consequently, more power plants and higher electricity production are in high
demand and is the subject of extensive research. Figure 6 illustrates the growth in
electricity consumption in Abu Dhabi which clearly demonstrates the rising demand
for electricity in the coming years. ADWEC predicts the highest electricity
consumption for 2015 will reach 11200 (MWe) in comparison to 6,885 (MWe) in 2010
[14]. Moreover, Figure 7 portrays the peak load demand and electricity capacity for
Abu Dhabi.
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Table 1: Temperature during a day in Abu Dhabi [1].

Time JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp.
(°0) (°0) (°0) (°0) (°0) (°C) (°C) (°C) (°C) (°C) (°C) (°C)
0 15.651 | 16.928 | 19.771 | 23.336 | 26.509 | 28.956 | 30.754 | 31.564 | 29.49 25,535 | 21.88 17.735
1 15.212 | 16.314 | 19.393 | 22.836 | 26.067 | 28.203 | 30.274 | 31.248 | 28.903 | 25.006 | 21.193 | 17.212
2 14.771 | 15.867 | 18977 | 2251 25.696 | 27.843 | 29.729 | 30.290 | 28.45 24293 | 20.67 16.725
3 14.154 | 15735 | 18.787 | 21.976 | 25.077 | 27.303 | 29.348 | 29.832 | 27.896 | 23.693 | 20.11 16.561
4 13.803 | 15.035 | 18.487 | 21.83 24919 | 27.143 | 29.274 | 29.564 | 27.63 23.277 | 19.57 16.103
5 13.654 | 14.464 | 18.141 | 21.34 24.687 | 26.803 | 28.945 | 29.148 | 27.303 | 22.909 | 19.443 | 15.767
6 13.267 | 14.267 | 17.890 | 21.71 25477 | 28.02 29.319 | 29.222 | 27.53 23.132 | 19.136 | 15.548
7 14106 | 15.407 | 19.167 | 24.2 29.106 | 30.89 31.880 | 31.661 | 29.736 | 25.616 | 20.853 | 16.174
8 16.187 | 17.825 | 21.145 | 26.803 | 32.458 | 33.743 | 34.351 | 34.654 | 31.91 28.767 | 23.05 18.241
9 18.277 | 20.342 | 23.103 | 29.03 34.632 | 35.846 | 36.780 | 36.767 | 33.803 | 30.758 | 25.88 20.709
10 20.632 | 22.789 | 25.106 | 30.836 | 36.471 | 37.943 | 38.829 | 39.129 | 36.52 33.151 | 27.873 | 23.119
11 21.806 | 24.546 | 26.396 | 31.763 | 37.471 | 38.846 | 40.158 | 40.641 | 38.196 | 34.741 | 29.03 24.616
12 22.58 25.760 | 26.958 | 32.7 37.335 | 39.216 | 40.693 | 40.874 | 38.816 | 34.683 | 29.796 | 25.045
13 22.945 | 26.196 | 27.125 | 32.046 | 37.054 | 39.13 40.854 | 41.354 | 39.243 | 34.764 | 29.89 25.203
14 23.116 | 25.957 | 26.851 | 31.466 | 36.364 | 38.966 | 40.651 | 40.790 | 38.6 34283 | 29.53 25.054
15 22.661 | 25.7 26.590 | 30.886 | 35.909 | 37.906 | 39.567 | 39.941 | 37.583 | 33.158 | 29.086 | 24.671
16 22.058 | 24.596 | 25.858 | 29.636 | 35.048 | 37.023 | 38.235 | 38571 | 36 32.129 | 27.933 | 23.922
17 20.783 | 23.253 | 24.774 | 28573 | 33.629 | 35.6 36.951 | 37.290 | 34.55 30.764 | 26.726 | 22.603
18 19.516 | 21.960 | 23.367 | 27.313 | 31.732 | 33.856 | 35.812 | 36.112 | 33.516 | 29.535 | 25.513 | 21.377
19 18.751 | 20.917 | 22.403 | 26.456 | 30.416 | 32.44 34516 | 34.896 | 32.486 | 28.371 | 24.753 | 20.535
20 17.983 | 19.878 | 21.983 | 25.716 | 29.635 | 31.576 | 33.509 | 33.9 31.76 27.803 | 23.833 | 19.893
21 17.403 | 18.960 | 21.074 | 25.273 | 28.696 | 30.753 | 32.748 | 33.306 | 31.006 | 27.129 | 235 19.212
22 16.7 18.146 | 20.425 | 24.626 | 27.916 | 30.016 | 32.138 | 32.480 | 30.426 | 26.412 | 22.816 | 185
23 16.1 17.664 | 20.054 | 23.99 27.212 | 29.493 | 31.432 | 31.980 | 29.86 25.806 | 22.403 | 17.887
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Table 2: Relative humidity during a day in Abu Dhabi [1].

Time | Jan Feb Mar | Apr | May | Jun Jul Aug Sep Oct Nov Dec
(%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%)

81 79.03 | 77.87 | 69.1 | 65.93 | 69.06 | 70.80 | 67.96 | 79.86 | 72.80 | 83.43 | 76.45

82.12 | 80.14 | 79.77 | 69.2 | 66.35 | 71.03 | 71.16 | 67.48 | 81.76 | 74.70 | 84.73 | 77.64

81.80 | 80.92 | 80.12 | 70.66 | 65.67 | 70.03 | 72.70 | 69.70 | 82.93 | 75.25 | 853 | 78.51

83.35 | 80.42 | 80.51 | 73.03 | 67.80 | 70.96 | 72.58 | 69.58 | 84.73 | 76.58 | 86.23 | 77.93

83.54 | 81.10 | 81.58 | 72.36 | 67.35 | 69.3 | 71.54 68 82.8 | 75.70 | 86.96 | 77.83

84.03 | 82.32 | 8287 | 724 | 67.96 | 68.43 | 72.19 | 68.38 | 82.46 | 74.77 | 86.16 | 79.19

8451 | 8157 | 8345 | 724 | 64.90 | 64.06 | 70.58 | 68.22 | 80.63 | 74.16 | 85.36 | 80.29

82.80 | 76.03 | 78.58 | 61.2 | 52.06 | 55.2 | 62.51 | 58.96 | 68.6 | 64.38 | 79.1 | 76.03

0| N o 0o A~ W N | O

77 69.75 | 70.58 | 51.96 | 40.74 | 47.43 | 51.38 | 45.96 | 56.83 | 54.06 | 71.93 | 68.67

9 70.70 | 61.96 | 65.32 | 44.56 | 32.41 | 40.6 | 41.87 | 38.70 | 48.93 | 47.90 | 63.33 | 60.77
10 | 61.41 | 51.64 | 56.29 | 353 | 26.83 | 32.3 | 35.38 | 31.77 | 37.63 | 38.32 | 56.6 | 52.67
11 | 54.70 | 44.25 | 51.96 | 32.3 | 24.61 | 30.06 | 32.45 | 28.22 | 32.63 | 3245 | 51.3 | 48.06
12 | 50.61 | 40.85 | 51.35 | 30.56 | 26.32 | 27.53 | 30.74 | 28.32 | 30.8 | 34.32 | 48.03 | 47.06
13 | 47.80 | 38.21 | 51.38 | 33.13 | 28.93 | 29.1 | 30.22 | 29.22 | 31.4 | 36.25 | 47.86 | 46.06
14 | 47.16 | 40.57 | 51.09 35 | 3012 | 306 | 31.29 | 32.77 | 35.06 | 38.64 | 489 | 47.38
15 | 49.51 | 42.78 | 53.25 | 38.83 32 34.7 | 35.38 | 36.29 | 39.73 | 42.70 | 50.3 | 49.38

16 53.54 | 46.78 | 54.51 | 43.16 | 34.64 | 37.36 | 40.74 | 40.74 | 47.36 | 48.16 | 55.1 | 52.48
17 61.32 | 53.32 | 61.29 | 47.2 | 41.06 | 43.76 | 46.22 | 47.58 | 55.63 | 55.58 | 63.5 | 60.06
18 68.87 | 61.32 | 67.64 | 52.23 | 50.87 | 51.1 | 51.51 | 52.32 | 61.36 | 61.77 | 71.53 | 65.12

19 72.80 | 65.39 72 56.93 | 57.74 | 58.33 | 58.58 | 59.19 | 66.56 | 66.93 | 74.3 | 69.19

20 76.19 | 70.07 | 73.32 | 60.9 | 59.90 | 61.8 | 63.25 | 62.90 | 69.63 | 68.35 | 77.83 | 70.51

21 77.77 | 73.78 | 75.41 | 64.16 | 64.48 | 64.43 | 66.29 | 65.41 | 73.86 | 70.67 | 79.4 | 72.25

22 78.32 | 76.35 | 77.80 | 66.03 | 64.12 | 67.16 | 68.35 | 67.77 | 76.2 | 71.48 | 81.06 | 74.45

23 | 79.74 | 77.46 | 78.06 | 67.8 | 65.22 | 68.4 | 70.06 | 68.32 | 77.83 | 71.80 | 82.63 | 75.67

The economic crisis in 2008 did not restrain the sustained increase in electricity
demand in the UAE, and the country’s supply of the natural gas therefor was inadequate
to generate the required electricity demand those years [15]. Consequently, UAE
officials are investigating multiple solutions to decrease natural gas and fossil fuel
consumption in electricity generation. As a result, the solar thermal power plant is a

prosperous solution to the previous concerns.
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Table 3: Average DNI during a day in Abu Dhabi [1].

Time | JAN FEB MAR APR MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC

DNI DNI DNI DNI DNI DNI DNI DNI DNI DNI DNI DNI

Wzlm wim? | Wim? | W/m? | W/m? W2/m W2/m Wzlm W2/m W2/m W2/m W2/m
0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 19.6 70.7 66.1 235 0 0 0 0 0

7 96.0 | 1413 | 1823 277.2 3324 | 3235 | 237.9 | 222.8 | 188.3 | 197.0 | 211.3 | 102.9

8 2345 | 4166 | 3711 475.6 5726 | 576.6 | 471.2 | 477.0 | 507.9 | 541.9 | 4854 | 367.6

9 5435 | 639.9 | 502.0 596.7 688.2 | 703.0 | 611.1 | 650.6 | 687.4 | 728.0 | 679.9 | 582.3

10 659.4 | 7269 | 5525 629.2 7711 | 793.7 | 7104 | 749.4 | 794.1 | 819.6 | 754.1 | 657.6

11 674.6 | 789.6 | 577.8 661.7 813.6 | 854.6 | 780.7 | 816.6 | 856.8 | 848.4 | 751.8 | 670.7

12 722.0 | 821.0 | 585.6 648.9 836.5 | 859.6 | 794.6 | 830.4 | 867.5 | 833.6 | 735.8 | 660.0

13 709.5 | 809.1 | 580.8 648.3 8344 | 855.1 | 791.3 | 825.6 | 843.6 | 814.6 | 735.8 | 660.7

14 669.0 | 7655 | 583.6 607.8 802.0 | 816.2 | 735.8 | 777.8 | 779.1 | 761.4 | 694.1 | 617.7

15 6055 | 700.2 | 561.5 546.8 7148 | 728.8 | 644.6 | 686.0 | 668.6 | 634.8 | 562.2 | 531.1

16 4432 | 583.1 | 470.3 4521 5747 | 5825 | 508.7 | 506.2 | 417.6 | 365.5 | 308.0 | 341.0

17 102.0 | 253.8 | 2341 217.7 2824 | 288.2 | 2329 | 201.3 | 1015 | 108 0 0
18 0 0 0 0 0 10.6 2.8 0 0 0 0 0
19 0 0 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0 0 0 0 0

2.2.5. UAE carbon dioxide emission. In the UAE, CO2 emission is escalating.
During the last three years, it was revealed that CO2 emissions have increased
dramatically from 26.4 ton/pop to 32.2 ton/pop [16]. Figure 8 demonstrates the
escalating increase in the UAE’s CO2 emission. It can be noticed that the CO2 emission
is increasing rapidly. This means UAE relies more on fossil fuel with the increase of
electricity demand. Investing more on the CSP technology will be one of the solutions

to reduce the CO, emission.
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Figure 6 : Abu Dhabi Electrical consumption Growth [1].
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Figure 7: Abu Dhabi peak load demand and and electrical capaciy [1].

Moreover, the dispersal of CO2 emission from fuel consumption by different
sectors of industry in the UAE is illustrated in Figure 9. Note that 39% of the CO2
emission is correlated with electricity and thermal energy generation. This amount can
be decreased immensely by establishing renewable energy for heat and electricity

applications [17].
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Figure 9: UAE CO2 emission by different industrial sectors [1].

taken into account in power plant designing. Water treatment facilities highly affect the
cost of power plant capital and operating systems. UAE’s annual water consumptions
exceeds the annual rain fall significantly.It is therefor important to build CSP plants
with lower specific water consumption [18].
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2.2.7. Implementation of CSP projects in the UAE. There are various studies
centered on CSP and solar thermal technologies incorporated within the UAE. Shams
1 being the first solar thermal power plant that harnesses CSP technologies in the UAE.
A power plant of 120 MW power output was designed by Shams 1 which is considered
the biggest “single unit CSP integrated solar thermal power plant in the world” [19],
located at Madinat Zayed. This power plant uses 768 solar collector assemblies which
is around (258,048 mirrors) to heat up the oil inside the tube receivers [20]. With oil
temperature varying from 293°C to 393°C inside the tubes. The heated oil is utilized in
the steam generator to provide the desired thermal input for the plant’s operation [21].
Moreover, the first thermal power plant integrated with CSP tocology was done by
Shams 1 to reduce the reliance on water consumption by implementing dry cooling
techniques [22]. In order to superheat steam temperature from 380°C to 540°C it uses a
supplementary heater enhancing the plant overall efficiency. The supplementary heater
that works by employing fossil fuels generates approximately 45% of the power.
Another ongoing project in the UAE is Beam-Down Solar tower. It is exploring new
designs for heliostat field collectors and solar towers [23]. This project includes Masdar
Institute of Science and Technology, Japan Cosmo QOil, and Tokyo Institute of Science
and Technology. In fact, A preliminary plant with a 100 KWe capacity has already been
built near Masdar City [24]. The submitted arrangement appoints a set of secondary
mirrors that shares the solar radiation through receiver on the ground [25]. Thirty-three
mirrors on the ground are employed in the pilot plant alongside two axis tracking

systems [26].

2.3. Concentrating Solar Power

In this section, a description of general and distinctive features of CSP
technologies is given alongside a comparison with other solar technologies (2.3.1),
followed by a presentation of the different CSP technologies available (2.3.2). A history
about the parabolic trough solar collector (PTSC) technology will be illustrated at
(2.3.3). Moreover, power and related work configurations will demonstrated at (2.3.4)
and (2.3.5).

2.3.1. Concentrating solar power features. Inthe current time period, Various

technologies are accessible to change solar radiation into electrical power.
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They can be categorized into two groups photovoltaics (PV) and solar thermal
power technologies. Photovoltaics transforms solar radiation into DC electricity based
on semiconductors displaying the photovoltaic effect. Solar thermal power technologies
on the other hand convert solar radiation into thermal energy. This heat is thereafter
transformed into mechanical energy by a thermal engine. Which is then converted into
electrical power using a generator. Recently, both of the technologies rapidly developed
and there are attempts to decrease their cost. Even though there is a clear competition
between the two technologies, there is no doubt that both technologies will be used
more in the future in order to take further steps in decreasing CO2 emissions and our

dependence on fossil fuels [27].

Solar Thermal Power Technology is portrayed by a variety of concepts. These
concepts are divided into non-concentrating and concentrating solar power systems
(CSP). The non-concentrating systems refer fundamentally to solar combined plants
and solar updraft tower which are still on demonstration stages. CSP Systems on the
other hand are more mature systems. The method of generating electricity by CSP
systems are comprised of the following vital steps:

« concentrator solar power systems are used to store the direct normal irradiance (DNI).
» concentrator solar power receivers are used to increase the flux density radiation and
convert it into thermal energy [28].

* Turbine engines are used to convert thermal energy to mechanical energy [29].

* Generators are used to transfer mechanical energy into electricity energy.

In order to collect high energy density on the receiver, concentration of solar
radiation is needed. High operating temperatures, which are necessary to reach high
thermal efficiencies of the power generation cycle, are therefore obtained by this
technique. By reducing the area in which thermal energy is lost, these high temperatures
can be acquired. That is achieved by introducing an optical device between the source
of radiation and the receiver. The concentration ratio can be defined as the ratio of
concentrator aperture area to the receiver area which illustrates a good estimate of the
factor by which radiation flux is heightened on the receiver. It is demonstrated by the
following [2]:

(6)



where the aperture area of the concentrator is donated by A, and area of the receiver by
Arec-

Based on the type of receiver and concentrator, the power cycles can be
categorized as Stirling or gas/steam turbine cycle. As mentioned in this section, the DNI
concentration is the main factor to allocate the suitable locations for CSP. Additionally,
conventional power cycles using concentrating solar power plants (hybridation) are
more dispatchable, either by supporting solar power input by burning certain fuels or
by producing thermal energy in order to convert it to electricity and deliver it at peak
load [30].

2.3.2. Concentrating solar power configurations. Concentrating solar power
systems are usually differentiated by some type of concentrator. In the current times,
there are mainly four types of CSP technologies [9], as displayed in Figure 10:

a. Parabolic Trough Solar Collectors (PTSC)
b. Linear Fresnel Reflectors (LFR)

c. Heliostat Field Collector (HFC)

d. Parabolic Dish Collectors (PDC)

Sun rays Receiver

Receiver detail Receiver L\
Glass Parabola
cover ~_ P
- N\
~a/ \
| )
~ < Tracking Tower

Sun rays

mechanism
N "
Receiver
tube

Mirrors

Parabolic trough collector Linear Fresnel reflector

Heliostat field collector Parabolic dish reflector

Figure 10: The Four Types of CSP Configurations [1].

This project’s scope is limited to parabolic trough. However, there is a vital
difference between towers/dishes and parabolic troughs/Fresnel reflectors that allows a
greater comprehension of central receiver systems. The difference exists in the way

they concentrate solar radiation. Fresnel reflectors and Parabolic troughs undergo
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concentration of solar beams on a linear receiver. Since they are two-dimensional then
they can be rotated around a single axis of rotation. Conversely, towers and dishes must
be able to move around two axes since they are there dimensional. They focus solar

beam on a central receiver [2]:

1
sin B4

(7)

Cideal,ZD =

1
sin 652

(8)

Cideal,3D =

where the half angle substended by the sun 6,= 0.027° . Based on the second law
of thermodynamics and granted that the receiver temperature T,... is equal to the Sun
blackbody temperature T's [6], the maximum concentration ratios for two-dimensional
concentrators Ciz.q:2p (Fresnel/parabolice) and three-dimensional concentrators

Cigear3p (dishes/tower) are acquired [31].

Therefore, parabolic troughs and Fresnel reflectors’ maximum concentration
ratio is Cigeqr2p=212, whilst the one for dishes and towers is Cigeq;3p =45000.In
practice, there must be an increase in the acceptance angle of the concentrator which in
turn leads to a decrease in achievable concentration ratios. Nonetheless, as portrayed in
Table 1, the concentration ratio range for dishes and towers continues to be more

significant than parabolic troughs and Fresnel reflectors [32].

These greater concentration ratios allow higher operating temperatures which
lead to more efficient power cycles. To be able to achieve high concentration ratios, the
collectors must be aligned to track the Sun in order for the direct radiation to be reflected
onto the receiver surface, hence sun-seeking or programmed systems are a necessity.
As mentioned earlier, single tracking system is needed for parabolic troughs and Fresnel
reflectors, while two-axis tracking systems is needed for towers and dishes [33]. Table

4 will illustrate the Specification Comparison of the Four CSP Technologies.

Table 4: Specification Comparison of the Four CSP Technologies [4].

CSP Type PTSC LFR HFC PDC
Concentration ratio 50-90 25-50 600-2000 | Up to 3000
Operating temperature (C°) | 200-1000 450 500-1000 600-800
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2.3.3. Parabolic trough solar collector. The parabolic trough solar collector
(PTSC) is one of the most developed concentrated solar power innovations around the
world which broadly utilizes the thermal energy as the main source of power. For
example, Solar Energy Generating Systems (SEGS) in California is a pure solar energy
power plant to generate electricity built in 1984. SEGG power plant, which is located
in Mojave Desert, California consists of nine solar power plants with total capacity
output of 354 MW.

It is considered as the second largest solar power plant in the world. The PTSC
main parts are the collector, receiver (absorber tube) and glass cover. The collector has a
parabola shape manufactured by reflective material (mostly Aluminum) which plays as
reflective surface for parallel rays to be reflected on to the receiver. The receiver consists
of a black meal tube that is painted on black to absorb more heat than it reflects. To be able
to reduce the heat losses through radiation and convection glass cover is used to cover the
receiver and reduce these losses. The operating temperature of the PTC starts from 50°C
and goes to temperatures as high as 1000°C. This temperature range is suitable for the
Brayton cycles applications which leads to a relatively decent thermal performance and
moderate efficiency. Nevertheless, a higher operating temperature is needed for
integration the gas turbine power plants with CSP technology. The heat transfer fluid
(HTF) is the fluid which passes through the receiver and collect the thermal energy
obtained from solar and deliver it to the gas turbine engine. The heat transfer fluid
flowing through the receiver conveys the thermal energy acquired from solar radiation
to operate a heat engine. Synthetic oil and Pressurized water are the most commonly
used HTF in PTC collectors. Table 5 shows variety of HTF can be used on PTSC such
as Therminol VP-1, molten Nitrate salt, air and Helium [34]. Moreover, Table 5
illustrates the HTF with its corresponding optimal mass flow rate and operation
temperature ranges. Air is selected as HTF since the cycle is operating at higher
temperature and the arability of air without additional costs. The approach method is to
utilize air to directly generate thermal heat within the receiver. This method is referred
to as direct heat generation (DHG). It can be noticed that the optimal mass flow rate of
air is about 0.2 kg/s which is smaller compared to other HTFs. The reason behind is
that the heat capacity and thermal conductivity of air is smaller than the other most
commonly used HTFs. Increasing the mass flow rate of air will lead to higher pressure
losses and therefore decreasing the exergy efficiency of the collector. The reason behind
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the significant drop of pressure while increasing the mass flow rate is that air has lower
density compared to other HTFs. However, using the recommended optimal mass flow
rate has showed a good thermal energy and exergy efficiencies compared to the other
HTFs [34].

Table 5: Heat transfer fluid used on PTSC [34].

Working fluid Moptim (KB/S) Temperature range (K)

Pressurized Water 2 300 - 550
Therminol VP-1 2 300 - 650
Molten Nitrate Salt 4 550 - 800
Sodium Liquid 2 400 -1100
Air 0.20 300 - 1300

CO, 0.20 300 - 1300

He 0.03 300 - 1300

Figure 11 shows the thermal energy efficiency of air at different mass
flow rates. It can be noticed that mass flow rate ranges from 0.2 kg/s to 0.5
kg/s have acceptable thermal energy efficiencies. Moreover, Figure 12
illustrates the exergetic efficiency of air at different mass flow rates. It can be
shown that the optimal mass flow rate is 0.2 kg/s to obtain a maximum
exergetic efficiency. Furthermore, an air mass flow rate of 0.1kg/s can be an
alternative solution, although this solution is eliminated due to its lower

thermal performance [35].

2.3.4. Power generation configurations. It is important to recall that Figure 4
shows that UAE deserts are the most suitable places for implementing CSP technology,
these locations are suffering water scarcity [36].
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Figure 11: Thermal energy efficiency of air at different mass flow rates [34].
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Figure 12: Exergetic efficiency of air at different mass flow rates [34].

The drawback of integrating PTSC with Rankine cycles, is that these
configurations rely on water for a number of purposes. Firstly, a lot of water is lost at
the blow- down of steam drum. Moreover, the condenser needs regular cooling,
particularly at the evaporative cooling systems. Furthermore, cleaning the mirrors of
PTSC technology requires water to maintain a high reflective surface. To overcome
these problems, Brayton cycle configurations are introduced to reduce the reliance on
water. For example, gas turbine cycle with intercooler and recuperator was introduced
by Sandoz [37].

The configuration diagram of the proposed cycle was illustrated in Figure 13
[2]. This solution was not feasible long time ago since complication were countered in
designing and manufacturing heat recovery, and intercooled recuperator that can sustain
high temperatures. The heat exchanger that was used in the introduced configuration is
air to air flat plate heat exchanger. Thus, building models similar to these configurations
will lead to reduce the dependency on water resources where limited water is needed to

be used for compressors washing and mirrors cleaning [38,39,40].
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Figure 13: Intercooled-Recuperated Solar gas turbine Configuration [2].

2.3.5. Related work configurations. Three models from literature will be
presented and brief tabulated results of these models will be illustrated. Furthermore, a
proposed model for the project will be demonstrated on the upcoming chapter.
Thermodynamic results related to the cycle performance, for the three literature

bottoming cycles, are illustrated in Table 6.

The steam bottoming cycle (SBC) and steam air bottoming cycle (S-ABC)
generate almost the same power output. Where SBC generate around 44120 kW and
(S-ABC) generate around 44686 kW, whereas the conventical air bottoming cycle (C-
ABC) delivers 41106 kW. Nevertheless, the S-ABC is the less efficient cycle in terms
of energy and exergy. S-ABC topping cycle improves the cycle power by 28%, but it
reduces the cycle efficiency from 36.56% to 31.87%. On the other hand, the more
efficient cycle in terms of energy and exergy goes to SBC, where its energy efficiency
is about 46.78%, SBC topping cycle energy increased by 10.21 % with the addition of
the bottoming cycle. Where the topping SBC cycle efficiency is about 41.60%, the

addition of bottoming cycle based on the SBC improved the energy efficiency by 5%.
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Moving to the exergy efficiency effect, the addition of bottoming cycle to the SBC and
C-ABC increase their cycle exergy efficiency from 34.36% to 44.66% and 41.60%,
respectively. Whereas the S-ABC exergy efficiency slightly decreased to 33.82% by
the addition of air bottoming cycle. Furthermore, it can be noticed that the S-ABC
exergy efficiency is greater than its energy efficiency. Figure 14 and 15 represents the
configuration cycle of SBC and C-ABC [13].

Table 6: Summary of the parameter of the three-bottoming cycle [13]

Parameters S-ABC [13] C-ABC [13] SBC [13]
Net power output (KW) 44686 41106 44120
Energy Efficiency (%) 31.87 43.63 46.78
Exergy efficiency (%) 33.82 41.60 44.66
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Chapter 3. Methodology (Model Configurations and Mathematical Model)

Two models without compressed air energy storage (CAES) technology are
presented with the mathematical model of each component. Another two models with
(CAES) technology are presented at chapter 4 to improve the performance of the

system.

3.1. Proposed Configurations

Figure 16 displays the first model which is a simple hybrid gas turbine cycle
configuration (HGT) with integration of PTSC technology for air preheating in the
topping gas turbine cycle. Ambient air is drawn into the topping cycle compressor (1)
where it is compressed adiabatically (1-2). After compression, air enters the parabolic
trough where it is preheated with the available solar flux at the receiver (2-3). Next, air
goes through the combustion chamber and heat is added to the air fuel mixture in an
isobaric process (3-4). In the next stage, flue gases departing the combustion chamber

are expanded adiabatically in the gas turbine for power generation through generators.

| Parabolic trough
L
LA Ii solar collector

—
3
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Figure 16: Simple hybrid gas turbine cycle configuration (HGT)
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The second model concept shown in Figure 17, conceived for hybrid-solar
applications, integrates an air-based bottoming cycle (ABHGT). A process flow
diagram of this cycle is shown in Figure 17. The top Brayton cycle and the solar system
in this model are similar to those of the hybrid solar gas-turbine power plant with a
combined cycle. The bottoming cycle on the other hand, is replaced by a low-
temperature intercooled-recuperated gas-turbine cycle similar to the one described in
Figure 13. For this reason, the concept is called air-based bottoming cycle for hybrid
gas-turbine power plant (ABHGT). In the top cycle, Ambient air is drawn into the
topping cycle compressor (1) where it is compressed adiabatically (1-2). After
compression, air enters the parabolic trough where it is preheated with the available
solar flux at the receiver (2-3). Next, air goes through the combustion chamber and heat
is added to the air fuel mixture in an isobaric process (3-4). In the next stage, flue gases
departing the combustion chamber are expanded adiabatically in the gas turbine for
power generation (4-5). Exhaust gases from the topping gas turbine go through the air
heat exchanger where a portion of the available waste heat is recovered by the
bottoming cycle air flow (5-6). In the bottoming cycle, ambient air is drawn into the
bottoming cycle compressor (7) and it is compressed adiabatically (7-8). It is then
intercooled through an intercooler and enters the high-pressure compressor (9-10).
Afterwards, it is heated up successively by heat exchanged with exhaust air from the
topping and bottoming turbines through waste heat recovery and recuperator
respectively (10-11). It is finally expanded in the turbine and cooled down in the

recuperator (11-12).

3.2. Mathematical Model

3.2.1 Parabolic trough solar collector (PTSC). In this section, the Parabolic
trough solar collector (PTSC) mathematical modeling will be illustrated based on
energy and exergy analysis. The PTSC main parts as shown in Figure 18 are the
collector, receiver (absorber tube) and glass cover. The collector has a parabola shape
which plays as reflective surface for parallel rays to be reflected on to the receiver.
The receiver consists of a black meal tube that is painted on black to absorb
more heat than it reflects. To be able to reduce the heat loss through radiation
and convection glass cover is used to cover the receiver and overcome these
losses [41].

45



| Parabolic trough |

> 1 solarcollector |
3
v
—
2
cc
4
11_"_)_'_._,_...--""'
C [ T
Heat exchanger{waste recovery) Rae N
1
Recuperator
10 12
1
8 A
I L—
CLP [ [| CHP [I 0T G
i_,_,..--r""'" LH
7
3
\r_.—"'
Intercoller

Figure 17: Model of gas Turbine using low temperature intercooled recuperated air
bottoming cycle (ABHGT)

46



GLASS COVER

COLLECTOR

Figure 18: Parabolic trough solar collector schematic diagram [42]

Starting with modelling the collector output which is the useful
energy output that is collected from the collector. It can be noticed that the
radiation reflected by the collector surface had some losses since the receiver
(absorber tube) is located away from it, which leads to a decrease on the
radiation concentration. Thus, the difference between heat absorbed by heat
transfer fluid and the indirect or direct loses represent the useful energy rate
Q, in (W) that is produced by the parabolic trough solar collector (PTSC).
The useful energy rate Q,, can be Calculated [3].

Qu = F;‘(IbAa — AU (T; — Tamb)) (9)

where (T,np) IS the ambient temperature of the surrounding in K, (T;) is the inlet
temperature in K ,(Fr) is the heat removal factor, (4,) is the aperture area in (m?), (I,,)
is the beam radiation in (W/m?), (4,) is the receiver surface area in (m?), and (U,) is

the overall heat loss coefficient [43].

To be able to calculate this useful energy rate (Q,), All useful energy rate
variables needed to be known. Therefore, analysing each variable is needed to be able
to calculate Q,, . The aperture area, the receiver area and the beam radiation can be
calculated by the below equation [3]:

= (w-— Dco)Lpara (10)

Ar = (Do Lpara) (11)
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Iy = Igny (12)

where (w) is the collector width, (D,) is the outer diameter of the glass cover in (m),
(L) is collector length in (m), (D,,) is the outer diameter of the pipe receiver in (m), (I4)

is the direct radiation in (W/m?) and (n,.) is the efficiency of the receiver[44].

Moving on to other variable, which is the overall heat loss coefficient (U;) in

(w/m?.K) that depends on several variables listed on the below equation [3]:

Ay 1 ]‘1
(hcca+hrca)Ac hTCT

U =| (13)

where (4.) is the glass cover area in (m?), (h.cq) is the convection heat transfer
coefficient in (w/m?.k), (h,.,) is the radiation heat transfer coefficient between the
ambient and the glass cover in (W/m2.k) and (h,.,) is the radiation heat transfer
coefficient between the receiver and the glass cover in (w/m2.k)[45]. To be able to
calculate the overall heat loss coefficient (A.), (heeq), (Rreq ) @and (h,..-) need to be

calculated. These variables can be computed using the below equations [3]:

_ Nuckgir

heca = =5 (14)
Ac =1(DeoLpara) (15)

where (Nu,) is the Nusselt number, (k,;;-) is the thermal conductivity of air in (%)
heca = €c0(Te + Tamp) (Te? + Tamp”) (16)

where, (o) is the Stefan-Boltzmann constant in ( v ) ,(g.) is the glass cover

m2 K4
emissivity, (T,) is the glass cover temperature in (K)[3]:

_ o(Te+Tr)+(T2+T2)

e = )

&r Ac &

(17)

where (Tr) is the receiver temperature in K and (g, is the emissivity of the receiver.
The Nusselt number (Nu,) is computed using the below equation which depends on the
(Re) Reynolds number as the air around solar collector could be laminar or turbulent.
knowing the Reynolds number is essential to be able to calculate Q,, [3]:

Nu, = 0.4 + 0.54(Re)%® (18)

where the Re is computed using the following equation [3].

Re — Vwincho (19)

Vair
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where (V,,inq) is the wind velocity in (m/s) and (v,;,) in (m?/s) is the kinematic viscosity

of the air.

Knowing the properties of air at a mean temperature which is found using
T, = w the Reynolds number is calculated, and the flow is computed to be

turbulent as Re>4000. After finding the Reynolds number the nusselt number (Nu,) is
easily computed. By getting the (Nu.), the (h..) is calculated. By getting all these

values the overall heat loss coefficient is computed [3].

To continue computing (Q,,), one variable is left to calculate which is the ().

To be able to calculate (Fr) the following equation is used [3]:

r

c (_ ArUF >
B =ty 227 [1 — e\ Mairtpar ] (20)

where (mh;,-) is the mass flow rate of air in the receiver tube, (C,4;-) is the heat capacity

of the air and (F) is the collector efficiency factor [3,46].The collector efficiency factor

can be computed using the following equation:

F=2 (21)

=
where (U,) is the overall heat coefficient in (W/m? k), which is calculated by the
equation below [3]:

1 Dro

_ (L 4 —Pro | Pro) gy, (Pro)] ™
Uo = [(Ul T RerinDri T ZKT) In (Dn-)] (22)
where (Kr) is the receiver thermal conductivity, (k) iS the convection heat transfer

coefficient that occurs inside the receiver tube and the (D,;) is inside diameter of the

receiver [3,47].

The (hgpin) in (W/m?.K) is computed using the general equation below.

_ Nug Ky

hcrin - Dyi (23)

The Nusselt number in the overall heat coefficient formula for turbulent flow is
computed as shown below [3,48]:
Nug, = 0.023Re,*8pr,0* (24)

where Prandtl number (Pr.= 0.687) and to be able to compute the Nusselt number,
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Reynolds number (Re,) need to be calculated first which is given by following equation
[3]:

Rer — pairVWindDTi (25)

Hair

where (1) Which is the dynamic viscosity of air in (kg/m.s) and the (p,;;-) which is

the air density in (kg/m®), (V,,inq) is the wind velocity in (m/s).

Finally, by obtaining all the required variables for F, the collector efficiency
factor (F) can be computed. As the last variable (F) is known the useful energy (Q,,)
can be calculated. After computing Q,,, the overall efficiency of the parabolic trough
solar collector (nprsc) can be computed by the ratio of the useful energy rate to the total

energy received from the sun as shown for the equation below [3,49].
Nprsc = %Lfb (26)

The outlet temperature (T,) in (K) at the end of the tube can be also computed

by the equation below [3]:

To =T+ —2— 27)

(mair)cpair
to calculate the useful energy rate (Q,.0cq;) Needed, the number of parabolic troughs

(Nprsc) is essential to be considered [3,50].

134

Nprs¢ = — (28)

Mgjr

Qutotal = NPTSCQu (29)

The exergy efficiency is defined as the ratio of the output exergy to the input exergy.
In case of the parabolic trough solar collector, the exergy output (Xout,PTSC) is the exergy
that is stored by the heat transfer fluid (air) that passes through the receiver tube, while the
exergy input (X, prsc) is the exergy of the solar radiation absorbed by collector inside the
PTSC [3,51].

Xout,PTSC

Necprsc =3 — (30)
. . Tam
Xout,PTSC = Qutotal (1 - T_Tb) (31)
y 1(Tam 4 4 (Tam
Xinprsc = IpAq [1 +3 (T_Sb) -3 (T_Sb)] (32)
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where exergy destruction X s prsc is the difference between (X, prsc) and (Xoue prsc)-

Exergy destruction can be calculated by the following equation.

Xdes,PTSC = (Xin,PTSC) - (Xout,PTSC) (33)

3.2.2. Gas turbine models for ABHGT and HGT.

3.2.2.1. Compressor. For the Proposed configurations, the first model
includes one compressor for the topping cycle and the other model include three
compressors for topping and bottoming cycles. The working fluid on these compressors
is air. Their pressure ratios rely onthe specified topping and bottoming cycle
compression ratios. The compressor’s specific work and outlet temperature are

calculated based on these equations [1,52]:

Sco = Sc,i + RIn(1;) (34)
Sco = Tscpo (35)

Teo =T + ssao el (36)
w, = Cp.avg(nTl\c/[,o_Tc,i) 37)

where s. , and s ; represent the isentropic outlet and inlet entropies of the compressor
in ki/kg.K, 7. is the compressor pressure ratio. T, ; is the compressor air inlet
temperature in K, T, , and T, , and are the outlet actual and isentropic air temperature

at the compressor in K, C.

p,avg 1S the compressor specific heat capacity for average

temperatures in ki/kg.K, n_ is the isentropic efficiency of the compressor , n,, is the

mechanical efficiency, and W,. is the compressor required specific work input in kJ/kg.

3.2.2.2. Turbine. For the Proposed configurations, the first model includes one

Turbine for the topping cycle.

The other model include two turbines for topping and bottoming cycles with
different gas pressure ratios. Accordingly, full attention should be given to different
specific and working fluid properties calculation. A turbine’s specific work output and

outlet temperature are calculated based on these equations [1,53].

Sto = St; + RIn(r;) (38)
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St,o - Tst,o (39)

Tio =T + T]t(Tt,i — Tst,0) (40)
Wt — Cpavg(Tt,i_Tt,o) (41)
™M

where s, , and s, ; represent the isentropic outlet “and inlet entropies of the turbine in
kJ/kg.K, ; is the turbine pressure ratio. T, ; is the turbine air inlet temperature inK, T ,
and T, , and are the outlet actual and isentropic air temperature at the turbine in K,
Cp,avg 18 the turbine specific heat capacity for average temperatures in kJ/kg.K, n, is
the isentropic efficiency of the turbine , n,, is the mechanical efficiency, and W, is the

turbine work output in kJ/kg[1].

3.2.2.3. Combustion chamber. In the combustion chamber, different fuels can
be used for combustion purposes. The aiming turbine inlet temperature (TIT) can be
achieved through the required fuel and exhaust gases mass flow rates, and the heat rate

supplied to the combustion chamber through the below equations [1,54].

e = n'1acpg,avg(To,cc_Tref)_I’i'lancpa,avg(_Tref) (42)
s TlccAhiofuel_cpg,avg(To,cc_Tref)

nig = nig + ni (43)
: + o
Qcomp = mfAhl fuel (44)

The exergy rate (Eq, fuel+) from the fuel can be obtained from the equation below

[2]:
. + . o
Eq,fuel = Tan'lC fuel (45)

where th, , M, and g, are air mass , fuel, and exhaust gases flow rates respectively
in Kg/s, cpg.avg aNd Cpqavg are gas and air average specific heat capacities, T, .. and
T; .. are outlet and inlet temperatures at the combustion chamber in K, Tref illustrates
the reference temperature state that is associated with the LHV of the fuel in K, ne

is the combustion chamber efficiency, Ahi‘}uel is the specific lower heating value of

the fuel in kJ/kg, Q'Comb+ is the heat rate supplied to the combustion chamber and,

Ak‘}uel is the specif exergy of the fuel in kJ/kg .
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3.2.2.4. Heat Exchanger and intercooler fan. ABHGT model has an air to air
heat exchanger. It consists from three main parts which are waste heat recovery,

intercooler, and recuperator.

Heat waste recovery and recuperator are responsible for heat transfer (exhaust
gasses) from topping cycle to the bottoming cycle. The most significant design factors
in heat exchanger are low pressure drop and heat exchanger effectiveness [55]. Low
density and high temperature of gases complicate the design procedure. As the heat
exchanger effectiveness (¢) is selected, the outlet heat exchanger temperature of cold
and hot sides can be calculated. In order to maximize the heat exchanger heat transfer
with minimum exergy loses, the temperature variance between cold and hot fluids
should be constant equal to a constant value point. This point is called the pinch point,

where ATy, = ATpinch. The air heat exchanger can be modeled by the below equations

[2]:

ATmin
RO o
To,L = Ti,H + ATpinch (47)
To = Ty — Z2irelTus) 49)

ey
where (¢) is the heat exchanger effectiveness. T, ; and T; ; are the lower heat capacity
stream outlet and inlet temperatures on the heat exchanger in K, T, ;; , and T; j; are the
higher heat capacity stream outlet and inlet temperatures on the heat exchanger in K,
mc, ;, and mc, 4 are lower and higher stream heat capacities in kJ/K, and ATpinch is
the pinch temperature which is the minimum difference temperature between the hot
and cold streams in K. By reducing ATpincn , €Xergy losses are reduced however the
area (A) and the cost of the heat exchanger will increase. The heat exchanger pressure
loss can be expressed by the output pressure equation and an electric fan is needed for

the intercooler to blow the air and cool it down [2]:

Pour = pin(1 - fAPhe) (49)
fAP;-Patm

Cran’ = ——— 50

fan PairNfanNele ( )

where efq, ™ is the specific power of the intercooler fan in kw/kg, fap, and p;, are

specific pressure drop and inlet pressure in the heat exchanger, f,p,. is specific pressure
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drop in the intercooler, p,:y, IS the atmospheric pressure, p,;- IS the air density, 1 ,

and n .y, are the electric and fan efficiencies respectively.

3.2.2.5. Plant performance for ABHGT and HGT. plant performance of
ABHGT can be calculated by connecting the bottoming to topping cycle. New
parameter is called mass flow ratio which is referred to the bottoming cycle mass flow
rate over the topping cycle flow rate [1]:

MFRR = ZeE (51)

Ma,T

where my g, my ¢ are the botting and topping cycles mass flow rate in kg/s.

Net power output and overall energy and exergy efficiencies of the HGT model:

A _ . (maTWCT)

Whetner = [Nmc(gwer) — T | Netec (52)
Wnet HGT
€HeT = 7+, (53)
Qcomb 1Csol
_ V.Vnet,HGT
TNHGT = 3 o (54)
Eq,fuel +Xdes,PTSC

Net power output and overall energy and exergy efficiencies of the ABHGT
model:

A _ . . (MarWer+MapW1cB+MaBW2cB)
WhetaBuer = MM (MgWir + MapWeg) — Nele,c  (55)

nM,G
WnetABHGT
€ABHGT — 7=+ - _ (56)
Qcomb 1+0Qsol
_ Whet ABGHT
NABHGT = 7 T (57)
Eq,fuel +Xdes,PTSC

where w.r and w;r are the topping cycle compressor and turbine specific work in
kJ/kg, likewise, w; .5, Wo5, and w,g are the bottoming cycle first compressor ,second

corepressor and turbine specific works in kJ/kg, Ny g, and neje g, are the mechanical
and electrical efficiencies, Q,,; is the solar thermal rate input (useful power) in
KW,Qcomp IS the heat rate supplied to the combustion chamber in KW l~'7q,fugl+ is the
fuel exergy rate in KW, X prsc is the PTSC distraction exergy rate in KW , Wyt ygr
and Wiye agncr are the ABHGT and HGT total net power output in kW, € and n are

the overall energy and exergy efficiency of the plant.
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3.3. Economic Model

Economic model analysis gives a better overview of ABHGT and HGT power
plants. The most efficient power plant design isn't really the most cost competitor.
Hence, cost evaluation and economic analysis are demonstrated. A mathematical model
for economic analysis of each component on ABHGT and HGT is illustrated on this
section. Given that the mathematical model for economic are gotten from different
publishers with different publication dates. To improve the accuracy of the economic
model, chemical engineering plant cost index (CEPCI) is used to account for inflation
on equipment cost. Each component is multiplied by this index factor which is

illustrated by the below equation below [1].

CEPClz013g

CEPClyef (58)

f CEPCI =

3.3.1. Compressor. The economic mathematical model for the air compressors

that is used in the gas turbine topping and bottoming cycle [1]:

39.5Mg cT¢
c = \——— ) In(r;
Z ( : )z (1) (59)

0.9-m¢

where m,, . is the air mass flow rate of the compressor in (kg/s), . is the compressor
pressure ratio, n. is the isentropic efficiency of the compressor and Z. is the

compressor capital cost in US $.

3.3.2. Turbine. The economic mathematical model for the gas Turbine that is

used in the gas turbine topping and bottoming cycle [1]:

266.31M;

Zgs = (0_92_nt) In (Tit) [1+ exp(0.036T,; — 54.4)] (60)

where 1, is the mass flow rate passing through the Turbine in (kg/s), r; is the turbine

pressure ratio.

n¢ is the isentropic efficiency of the turbine, T, ; is the turbine inlet temperature

and Z; , is the gas turbine capital cost in US $.
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3.3.3. Combustion chamber. The economic mathematical model for the

Combustion chamber that is used in the gas turbine topping cycle [1]:

25.6Mg,

Zee = (@) [1+ exp(0.018T, . — 26.4)] (61)
’ P

i,cc

where ni, 7 are the topping cycle mass flow rate in (kg/s), P, . , P; ¢ are the exhaust
gases pressure at the combustion chamber exit and the air pressure at the combustion

chamber entry in (KPa), Z.. is the combustion chamber capital costin ~ US $.

3.3.4. Air heat exchanger. The economic mathematical model for the air heat
exchanger that is used in the gas turbine topping and bottoming cycle [2]:

Zanx = fBM(10K1+K210g (A)+K3(logA)2) (62)

where fg), is instillation of equipment bare module factor, A is the area of air heat
exchanger in m?, K;,K,,K5 are heat exchanger constants.

The bare module factor can be illustrated by the below equation [2]:

fem = By + (Bzfmfp) (63)

where f,, is the pressure factor, f,,, is the material factor, B;,and B, are heat exchanger
constant coefficients.

The pressure factor can be determined by the following equation [2]:
fig = 10C1+C210g (P—Pg)+C3(log (P—Py))? (64)

where (P — P,) is the operating pressure change of the heat exchanger,C;, C,, C5 are
heat exchanger constant coefficients.
The material factor can be expressed by the below equation [2]:

2.4

Th.:
fn = () (65)
where Ty, is the hot fluid inlet temperature in (K) of the heat exchanger. It can be

noticed from Table 7 that waste heat and recuperate are modeled as Flat plate heat

exchanger whereas the intercooler is modeled as Air cooler.
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Table 7: Heat exchanger constant coefficients [2].

Exchanger K, K, K; C, C, Cs B; | B,
Type

Air cooler 3.6418 | 0.4053 |0 -0.06154 | 0.0473 |0 153 | 1.27
Flat plate 3.8528 | 0.4242 |0 0 0 0 153 | 1.27

Hence, evaluating constant coefficients to the main economic mathematical

model for air heat exchanger lead to the simplified expression below [2].

Th. 2.4
Zaux = 1.53 + 1.27 (5;) (103.8528+0.424210g (A)) (66)

3.3.5. Intercooler fan. The economic mathematical model for the Intercooler

fan that is used in the gas turbine bottoming cycle [2].

Zic = fBM(10K1+K210g (VIC)+K3(109VIC)2) (67)

Where V, is the volumetric flow rate of the intercooler fan in (m?/s).

fem = fmfp (68)

Therefore, evaluating constant coefficients, shown in Table 8, to the main economic

mathematical model for Intercooler fan lead to the simplified expression below [2].

VA = 2.86 & 24 (102.9471+O.330210g (VIC)+O.1969(logV1C)2) 69
AHX — 4- 623 ( )

Table 8: Intercooler fan constant coefficients [2].

Fan Type K, K, K, fm fp
Axial Vane 2.9471 |0.3302 |0.1969 | 2.2 1.3

3.3.6. PTSC field. The economic mathematical model for the PTSC field that
is used as a solar power at the gas turbine bottoming cycle, is divided to three parts
which are PTSC solar field cost, thermal energy storage system and heat transfer fluid

(HTF) cost.

However, the ABHGT and HGT models don’t have energy storage systems and

the HTF cost is neglected since air is used as heat transfer fluid. The economic
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mathematical model for the PTSC is obtained from the National Renewable Energy

Laboratory [3].

Zprsc = AsaCprsc + QrankCres + AsaCurr (70)

The simplified economic mathematical model form after neglecting the energy
storage systems and HTF cost [3].

Zprsc = AsaCprsc (71)
Where A, , is the PTSC aperture area in (m?) and Cprsc is the PTSC fixed cost that

equal to 245 (US b )

m2

3.3.7. Generator and auxiliary equipment. The economic mathematical
model for the generator and its auxiliary equipment’s that are used in the gas turbine
topping and bottoming cycle [1,55].

. 0.7
Z; = 6 x 106 (L> + Z6 qux (72)
net,ref
W, 0.7
7 aupd X 106 (—f) (73)
’ Whet,ref

Where Z;, Z; 44y are the capital cost of the generator and its auxiliary equipment in
US $, W, is the net power output of the cycle in (MW). Wnet’ref is the reference

nominal power output which is equal to 160 (MW). Hence, the simplified economic
mathematical model of the generator and its auxiliary equipment can be defined as:

Z; = 6% 10 (%)0'7 +4 % 106 (%)0'7 (74)

160 160

3.3.8. Civil engineering. The capital project cost required for a new building
and site infrastructure for ABHGT and HGT needed to be taken in consideration.
Hence, the economic mathematical model for civil engineering can be calculated by the
below equation [1,56]:

Wne 0.8
Zewn = 7.6 % 10° (22) (75)

where ZCivil is the civil engineering capital cost in US $ and WW,,,,, net power output

of the cycle in (MW). However, ABHGT civil engineering capital cost is doubled.

58



3.3.9. Fuel network branching. Natural gas or LPG is required to be carried
out to the power plant by a new pipeline branch that connects the high-pressure gas
network to the power plant. Therefore, the total capital cost of branch station needed
for the fuel gas delivery to the combustor through the pipeline [1,57]:

: 0.8
Zpranen = 1.3 X 106 (M) (76)

14.4

where Zgqncn i the branch station capital cost in US $ and i, is fuel mass flow

rate in kg/s.

3.3.10. Miscellaneous equipment. ABHGT and HGT power plants have
miscellaneous equipment that consist of control systems, auxiliary equipment, and
transforms. The cost function of miscellaneous equipment can be expressed by the

below equation [1,58]:

Wnee) "’
Zimis = 7.6 X 106 (2222) 77)

where Z,,,;s is the miscellaneous equipment capital cost in US $ .

3.3.11. Overall gas turbine cost. Topping and bottoming gas turbine cost can

be calculated by the following equations:
Lere =Zc+Zot +Zoe +Zg (78)
Lerp =2XZ.+Zge + Zg (79)
where Zsr . and Zsr 5, are the topping and bottoming overall gas turbine cost in US §$.

3.3.12. Total additional cost. The total additional cost of ABHGT and HGT
can be calculated by the following equation:

Zaaa = Zaux t Zic + Zciwvit T Zvranch T Zmis (80)
where Z,4,4 is the total additional cost in US $.

3.3.13. Project contingencies. Occurrence of unexpected technical difficulties

during in the regulation of construction process could result in additional capital cost.

Additional costs associated with the aforementioned factors can be expressed

by contingency factor f..,.. = 1.1 [2].
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3.3.14. Total capital cost. The total capital cost can be calculated by the
addition of overall gas turbine cost, PTSC field cost, total additional cost multiplied
by both the inflation and contingency factor. In conclusion, the total cost can be
expressed by the following equation [2]:

Zrce = (Zore + Zerp + Zprse + Zaaa) frontfcepct (81)

where Z;c is the total capital cost in US §$.

3.3.15. Decommissioning. Dismantling, replacing and restoring the site of the
power plant by the end of its lifetime are the main concerns for a sustainable
development. Hence, 5 percent of the total capital is counted as a decommissioning

cost. Furthermore, decommissioning costs can be calculated by the following equation

[1]:
Zgec = 0.05(Z7¢c) (82)
where Z . is the decommissioning cost in US $.

3.3.16. Operation and maintenance costs. Operation and maintenance costs

are vital aspects in accounting for economic model of ABHGT and HGT.

Operation and maintenance costs consist of fuel and water consumption costs,

repairs and spare parts costs, service contracts and labor costs [58].

3.3.16.1. Fuel and water consumption. Annual fuel cost can be expressed by
the following equation [2]:

Ziyer = CfuelmfAkofuel (83)

where cr,0; 1S the specific fuel cost in Y58 The water consumption in ABHGT and
f MWh

HGT can be divvied to two main sources which are water consumption associated with
mirror washing from the PTSC components and compressor washing. water

consumption of mirror washing can be expressed by the following equation [2,59]:
Vwmw = 0.054p75cNprsc (84)

where V,, . is water consumption of mirror washing in m*. The water consumption of

compressor washing can be calculated by the following equation [2]:
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Viy.ew = 365[0.09 + 0.000577, | (85)

where V,, ., is the water consumption of compressor in m*. The water annual cost of

ABHGT plant can be expressed by the following equation [2,60]:

Zwater = Cwater(Vw,cw + Vw,mw +2 X Vw,cw) (86)

where Z,,4:er 1S the annual cost of water consumption of ABHGT in US $, ¢, 4¢er IS the

specific water price which is about 1.2 %_f
3.3.16.2. Repairs and spare parts. The repairs are spare parts need to be taken

in account while calculating the power plant investment.

The turbomachinery components spare parts and repairs costs are assumed to
be 2% of the total capital cost. Moreover, PTSC components spare parts and repairs
costs are calculated to be 3% of the total capital cost. Furthermore, fuel network
branching, and civil engineering cost are expressed by 1 % of the total capital cost
[1,61].

3.3.16.3. Labor cost. To enhance the accuracy of the economic model, the
power plant employees and managers need to be taken in consideration. The number of
employees and managers with their corresponding salaries are shown in Table 9. The
number of solar field technicians and control room operators can be calculated by the
following equations (87,88). Three solar field technicians and two control room
operators per 100000 m? of PTSC field are assumed [1,62]:

Table 9: Required labors with corresponding salaries [1]

Staff Salary US$/year Required Employees

Plant Manager 142000 0.25
Plant Engineer 92000 1
Maintenance supervisor 72000 1
Power block technician 60000 1

Solar field technician 50000 Ntec
Operation manager 125000 1

Control room operator 60000 Nopr

61



3
Niee = mAPTSCNPTSC (87)

2
Nopr = 100000 AprscNprsc (88)

where Nie, N,y are the number of solar field technicians and control room operators.

3.3.16.4. Contracts services. The Contracts Services are essential factor to

account for economic model of the power plant.

Three sets of contracts are needed for maintenance costs which are control

system, mirror washing and ground keeping contracts. The control system contract

fixed cost is 100000 ;e—sai . The ground keeping and mirror washing contracts services

costs can be calculated by the following equations [1,63]:

AprscN 0.5
Zesge = 10° (i) @)
7 — 35% 105 (M)O'S (90)
csmw T 854000

where Zcg gk » Zcsmw are the ground keeping and mirror washing contracts services

costs in US $.

3.4. Plant Performance
Three indicators need to be taken in consideration to evaluate the plant

performance, which are economic, environmental and thermodynamics indicators.

3.4.1. Economic indicators. One of the most popular economic indicators for
power plants performance is the levelized cost of electricity (LCOE). LCOE is used to
measure the cost of electricity produced. It can be also defined as the cost of electricity
sale which makes the net present value (NPV) of the investment equal to zero. The
investment of the project would be more profitable if the LCOE is lower. So, the LCOE
of the power plant need to be less than the actual price of electricity sold to declare that

the net present value is positive; and the investment is profitable.

Hence, there is clear internal relation between the LCOE and NPV.
Nevertheless, electricity market is competitive and got affected by many factors such
as fuel price and the power plant location. Levelized cost of electricity (LCOE) can be

calculated by the following equation [1,2]:
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aZrcct+BZgectZfueltZom
Wnet

LCOE = (91)

where  Zrcc, Zgee Zruer, Zo,m are the total capital cost, decommissioning cost, fuel

cost, and operation and maintenance cost in US $. « and 8 are the capital cost and

decommissioning recovery factors.

The total capital cost can be converted to a fixed cost by using the capital

recovery cost a through using paid over the lifetime period of the investment [1,65]:

_r@+nt
T (1+r)n-1 @ ins

(92)

where r is the interest rate and r;, is the annual insurance rate and n is life period of

the investment.

The capital recovery cost « is used to transfer the decommissioning cost to fixed

annual costs paid over the lifetime period of the investment [1].

T
'B T A+ - (1+7)

(93)

Another popular economic indicator for power plants performance is the net
present value (NPV). NPV is used to evaluate the investment potential by determining

the investment growth over the lifetime period of the investment.

It can be also illustrated as the addition of all the cash flow over the lifetime
period of the project. Accordingly, an investment is only profitable as long as the NPV
is positive value, where positive cash flows (revenues) overcomes negative cash flows
(investment total costs) [1].

Net present value (NPV) can expressed by the following equations [1,2].

NPV = _ZTCC (1 + Tins ) __ Zdec + Z?:l R-=Zom—Zfuel (94)

a—Tins (1+r)ntl a+r)n

Where R is the annual revenue obtained by the electricity sale.

The investment is worth taking if NPV is positive. Moreover, a zero NPV

means that the investor not losing nor gaining revenue [2,67].
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3.4.2. Environmental indicators. Reducing the CO2 emissions is one of the
main objectives in the current thesis. Reducing the CO2 emission means less reliance
on fossil fuel that has large impact on the climate change. The specific of CO, amount
per unit of electricity emitted by the plant (fcoz) is one of the key factors to the

environmental indicators.

The specific of CO, amount per unit of electricity can be calculated by the
following equation [2]:

_ 44 Ccfuelmf
feo, =15 (W) (95)

where c./“¢! is the fuel carbon content, iy is the fuel mass flow rate in (kg/s) and Wet
is total power output of the plant in (MW).

One of the main objectives of using Brayton cycle combined with air bottoming cycle
is that does not rely on water consumption. Hence, using ABHGT power plants requires
less water consumption compared to other conventional power plants. One of the
important factors is the specific water consumption per unit of electricity (fy,o) which

can be illustrated by the below equation [2]:

_ Vwater
frizo = (96)

where V4., IS that total water consumption by the power plant in mq.

3.4.3. Thermodynamic indicators. Overall energy and exergy efficiencies,
PTSC solar share and the capacity factor of the power plant are the main core of the

thermodynamic indicators [2].

Overall energy efficiencies of the power plant can be calculated by the below equation

[1].

97)

€ _ V.Vnet
- ¥ .
overall Qcomb *+CUsol

Overall exergy efficiencies of the power plant can be calculated by the below equation

[1].

Whet

(98)

Noverall = = e
Eq,fuel +Xdes,PTSC
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PTSC Solar share of the power plant can be calculated by the below equation [2].

. +
Qu'solar

fsotar = ¥ (99)

N F -
Qcomb +Qu'solar

The capacity factor (CF) of the power plant can be calculated by the below equation

[1].

t..
fo Wnet dt
Whet t

CF = (100)

The capacity factor indicates the availability of the power plants to
produce electricity during the day. It can be defined as the ratio between the
actual working load of the power plant over the full working load of the power
plant [3].

3.5 Model Optimization

Model optimization is an essential factor to determine the optimal
characteristics and parameters of ABHGT and HGT. Moreover, it helps to estimate and
compare the thermodynamic, economic and environmental performance of each model.
Nevertheless, an optimal model can be determined by following certain optimization
algorithm techniques. An optimization problem usually contains sets of design
variables with aforementioned subjected constraints to optimize a certain given
objective function. An optimization problem of power plants can have a distinctive
objective function of minimizing the total capital cost, the levelized cost of electricity,
C0, emissions. Moreover, typical sets of design variables can be number of PTSC
units, aperture area of PTSC field, and minimum approach temperature on the heat
exchanger. Optimization problems can be categorized based on the complexity of the
system. A typical power plant system is classified as nonlinear and discontinuous model
with real and mix of integer design variables. For instance, the number of PTSC units
is classified as an integer design variable whereas compressor pressure ratio is real
design variable. Therefore, optimization problems of power plants classified as a mixed
integer nonlinear problem. Furthermore, the implemented algorithm that is used to fit
these criteria’s is multi-objective evolutionary algorithms. This algorithm is used since

optimization process requires an analysis of multi objective functions [64,65].
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3.5.1. Multi-objective evolutionary algorithm of ABHGT and HGT. The
power plant models as disused are categorized as multi objective problems (MOP).
The optimization algorithm that is used for ABHGT and HGT is multi-objective
evolutionary algorithm [65].

3.5.1.1 Pareto optimal front algorithm. The multi objective algorithm method

that is used in this project is the Pareto optimal front method shown in Figure 19.

This method has less draw backs over the other methods. The advantages of
using this method as it gives clear sign of the tradeoff curve between the objective
function in the objective space. For example, using Pareto optimal front method on
ABHGT plant would illustrate clear indication of the tradeoff curve between total
capital cost and cost of CO, emissions. Moreover, it gives multi-solutions which satisfy
the convergence of the of the optimization problem. Pareto optimal front method
defines a pareto optimal point when there are no better objective points on the objective
space. Therefore, moving away from Pareto optimal point leads to worse ranking of the
objective points [65,66].

Pareto Optimality of a vector at objective space can be defined as:
“A vector u €EF €R™ is said to be Pareto-optimal in F if Zz € F such that:

vy <u, Vk=1,...mand v, <u, foratleastone k” [65,67].

Pareto Optimality of a Vector at search space can be defined as:

“Given a search space Se R™, an objective function space F€R™ and an objective function
f:S— F={f(x: x €S)}, avector xeS is said to be Pareto-optimal in S and f if 2y € F such
that f, ) < fi, (x) Vk=1,...mand f, (y) < fi (x) for at least one k" [65,68].

Paetro dominance vector at the search space can be defined as:
“A vector v = (Vq, ..., Uy ) IS said to dominate a vector u if and only if

vk € {1, m} S Vg < Uy N3k € {1, m}, Vg < Uy " [65,68]

It can be simplified as a given two individuals represented by x; and y1 and their
corresponding objective function values vi and uz. It can be noticed that x; dominates

y1 if vi dominates ui. By agreement, this is symbolized by x <'y.

On the other hand, Paetro non-dominance vector can be defined as:

“An individual X* is non-dominated in a population of | individuals if and only
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If Vi €{1,...m}:x! < x*"[65,69].

It can be simplified as for a given population of individuals; the non-dominance
set (NDS) vector is the approximation of pareto optimal front (POF). It can be noticed
from Figure 19 that the function (f) transforms the vector from search space (S) at the
left to the objective space (F) at the right, (S — F), where SER™ and FE R™.The
vector (x) in the search space transforms to the equivalent vector (u) in the objective
function through multi objective function (f).Moreover, it can be said that the vector u
is Pareto optimal vector if it lies on the POF line. Also, Paetro dominance vector at the
search space can be illustrated as: x2 is dominated by x: at the search space when the
corresponding ui has lower value than uz on the objective space. Thus, the best
individuals which are found in the search space will be lining on the non-dominance set
(NDS) line [65, 70].

3.5.2. Queueing multi objective optimizer. Queueing multi objective
optimizer (QMOO) is used as optimization method for this project. QMOO

optimization uses the Pareto optimal front algorithm [65].

The fittest individuals of the population are selected by applying POF and NDS
methods. The duration of the optimization problem depends on the number of iterations
needed for convergence. More iterations at the optimization problem are needed for the

NDS to achieve convergence towards the POF.

>
F

1

Figure 19: Pareto optimal front (POF) method: solution space (left) objective space
(right) [65].
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QMOO needs to be coupled with the model developed interface. Moreover,
MATLAB optimization interface called OSMOSE is built to link the thermo-economic
analysis of the model with QMOO in order to selects the suitable decision variable that
satisfies the objective function problem. The optimization process of the model is

illustrated by a flow chart shown in Figure 20.

The optimization setup process can be explained by simplified flow chart steps
shown in Figure 20. The model interface collects the input data from the steady state
results file (step 1), create an input file supported with weather data for the transient
analysis which is done by TRNSYS (step 2), collects data from transient results file
(step 3). Moreover, the model interface reads the transient analysis results and lunches
an input file for the economic analysis (step 4) and collect the cost and model’s
performance indicators results analysis (step 5). The model interface sends all the
results to MATLAB optimization interface called OSMOSE (step 6). The optimization
problem is defined by an input file containing the objective functions, decision variables
and optimization specifications. The optimization problem input file is sent to QMOO

(step 7).
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Figure 20: Flow chart of ABHGT and HGT optimization process.
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OSMOSE interface sends the result file as input file to QMOO (step 8). QMOO
selects an optimal decision variable according to the optimization problem by applying
pareto optimal front (POF) algorithm method and send it back to OSMOSE interface
(step 9). Finally, OSMOSE interface collects the results and send them as an external
output result file (step 10). These procedures are repeated every computational iteration
(step 10i) till the system achieve convergence or the simulation of the optimization

model is stopped by applying a pre-restrained numbers of iterations.

3.5.3. Optimization setup. The optimization problem is evaluated based on an

optimization setup of choosing an objective function, decision variables and constants

3.5.3.1 Objective functions. The selected objective functions in this thesis are
conflicting to each other’s as they give clear sign of the tradeoff. The objective
functions are minimizing the total capital cost (Z¢.) of the power plant and the specific
amount of CO, per unit of electricity emitted by the plant (fcoz). Accordingly,

minimizing the specific of CO, amount requires more solar equipment to provide more

solar share, which leads to an increase in the total capital cost.

3.5.3.2. Decision variables. The topping cycle parameters will be validated by
Siemens SGT-800 and Siemens SGT-A45 so the data will be collected from the steady
state analysis. However, the bottoming cycle paraments need to be optimized to obtain
the optimal value. The heat exchanger minimum approach temperature needs to be
optimized to acquire the optimal capital-energy trade off. The heat exchanger
components in this model are heat waste, recuperator and intercooler. Table 10
illustrates the decision variables selected for the optimization problem with their

corresponding validation ranges.

Table 10: Decision variables selected for the optimization problem.

Decision Variables Range
Number of PTSCs (Nprsc) (unit) [100-1000]
Aperture area of PTSC Aprgc (m?) [100-150]%10°
Bottoming Compressor ratio [1.5-3]

Heat waste Minimum approach Temperature (C°) [5-40]
Recuperator Minimum approach Temperature (C°) [5-40]
Intercooler Minimum approach Temperature (C°) [5-40]
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3.5.3.3. ABHGT and HGT operating mode. The ABHGT and HGT power
plants are both flexible on operating mode since they are hybrid power plants.
Therefore, running the system without thermal storage at night would increase the CO;
emissions since the power plant will be running purely by fuel. Consequently, the
LCOE will increase at night. In addition, the electricity demand of Abu Dhabi at night
is lower than daytime. Hence, running the power plant during the day would be more

efficient since the demand is high.

Furthermore, the price of electricity sale is higher when the demand on
electricity is high. Therefore, running the power plant with partial load will improve the
NPV of the investment. Accordingly, the ABHGT and HGT power plants will be
working with partial load. The Gas turbine power plants will be working from 6:30 am
till 9:30 pm and turned off from 9:30 pm to 6:30 am.

3.5.3.4. Economic parameters of the optimization. The economic parameters
of the optimization problem is illustrated in Table 11. It can be noticed the fuel and
water cost are fluctuating through the years. For simplicity, these values are assumed
to be constants for the sake of the optimization problem. Moreover, the fluctuation in

these permeates will be studied in the sensitivity analysis.

Table 11: Economic parameters of the optimization problem.

Economic parameter Value
Annual insurance rate (r;,s) in % 1
Interest rate (r) in % 7
ice in (453 1
Water price in (m3 )
. . (US$ 10
Natural gas price in (—MWh)
Plant lifetime in (years) 25
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Chapter 4: Results and Discussion

In this chapter, all the acquired results and discussions for the proposed
configurations are presented and discussed. Initially, the steady state model is presented
and validated with literature models. Then, dynamic models for transient operation are
presented. Furthermore, optimization setup, results, and convergence are presented.
Lastly, comparative thermo economic and environmental analyses are presented for the

four proposed power plant configurations.

4.1 Steady State Analysis

4.1.1 parabolic trough solar collector. The parabolic trough solar collector
heat transfer fluid (HTF) is air. Table 12 illustrates the parabolic trough solar collector
nominal parameters and results. It can be noticed that 827 units of PTSCs is needed to
achieve the required useful energy rate to be transferred to the turbine. These nominal
values can be changed after the Thermo-economic optimization process to obtain the
optimum values. All the thermal properties of air are selected from HTF literature

shown in Table 13 [34]. Appendix A and B illustrate the steady analysis methodology.

Table 12: Parabolic trough solar collector nominal parameters and results

Parameters Symbols Values
Useful energy rate (MW) o 65.12
Inlet Temperature (K) T; 723
Outlet Temperature (K) Tout 1173
Total mass flow rate of air (kg/s) Mair total 134
mass flow rate of air per PTSC (kg/s) Myir 0.1622
Number of PTSCs (Nprsc) (unit) Nprsc 827
Aperture area Aprsc (m?) Aprsc 124050
Pipe receiver outside diameter (m) D, 0.05
Receiver inside diameter (m) D, 0.04
Glass cover outer diameter (m) D, 0.09
Collector width (m) w 10
Collector length (m) Lpara 15
Receiver thermal conductivity (%) kr 15
Receiver temperature (°C) Tr 260
Receiver emissivity & 0.92
Receiver efficiency 1, 0.75
Glass cover emissivity & 0.87
Stefan-Boltzmann constant (#) o 5.67 x107°
Sun temperature K T 5770
Ambient temperature °C Tomp 25
Glass cover temperature°C T 64
Atmospheric pressure Kpa Piim 101.325
Wind velocity (m/s) v 5
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Table 13: HTFs thermal properties for different working Temperatures [34].

Tin Pressurized Therminel Molten Liquid .
P rt A co H
(°c) roperty Water vP-1 salt Sodium r 2 €
k (W/mK) 0.628 0.135 - - 0.036 0.031 0.160
200 p (kg/m?) 294 1046 - - 0.769 1.098 0.146
C, (I/keK) 1164 1577 - - 1021 1004 5193
P
wu{Pas) 5.9-10° 3.2-107% - - 2.5-10° 2.3-10° 2.1-10°
k (W/mK) 0.674 0.124 - 26.9 0.042 0.037 0.191
200 p (kg/m?) 226 964 - 918 0.632 0.939 0.112
C, (I/keK) 4277 1860 - 1370 1040 1057 5193
P
u (Pa s) 1.9-107° 6.6-107° - 5.9-10° 2.9-10° 2.6-10° 2.5-10°
k (W/mK) 0.622 0.109 - 79.8 0.049 0.044 0.221
500 p (kg/m?) 813 878 - 896 0.537 0.813 0.091
C, (I/keK) 4741 2128 - 1332 1062 1104 5193
P
u (Pa s) 1.1-10™ 3.2-10™% - 4.1-10"% 3.2.10° 3.0-10° 2.9-10°
k {(W/mK) - 0.091 0.506 73.4 0.054 0.051 0.251
600 p (ke/m?) - 775 1880 873 0.467 0.713 0.076
C, (J/kgK) - 2392 1504 1300 1086 1145 5193
u (Pa s) - 2.0-10* 2.7-10° 3.2-10° 3.5-10° 3.3-10° 3.3-10°
k {W/mK) - 0.069 0.525 67.8 0.059 0.057 0.281
200 p (ke/m?) - 641 1216 851 0.412 0.633 0.066
C, (J/kgK) - 2768 1521 1276 1108 1180 5193
P
u (Pa s) - 1.3-10°  1.6-10° 2.6-10° 3.8-10° 3.6-10° 3.7-10°
k (W/mK) - - 0.545 62.7 0.064 0.064 0.310
800 p (ke/m?) - - 1752 827 0.371 0.568 0.058
C, (J/kgK) - - 1539 1260 1129 1211 5193
P
W (Pas) - - 1.2-107 2.3-10° 4.0-10° 3.9-10° 4.0-107
k (W/mK) - - - 58.1 0.069 0.070 0.338
900 p (ke/m?) - - - 804 0.336 0.515 0.052
C, (I/keK) - - - 1252 1148 1238 5193
P
u (Pas) - - - 2.0-10°% 4.3-10° 4.2-10° 4.4-10°
k (W/mK) - - - 54.1 0.073 0.076 0.366
1000 P (kg/m™) - - - 780 0.307 0.471 0.047
C, (1/kgK) - - - 1252 1164 1262 5193
P
u (Pas) - - - 1.8-10% 4.5-10° 4.5-10° 4.7-10°

4.1.2. Gas Turbine plants (HGT and ABHGT). A thermodynamic status at
each point on the cycle is simulated through (EES) which can be illustrated at Table 14
while Figure 21 illustrates the temperature entropy diagram for both cycles. The
ambient air is compressed adiabatically through compressor (1-2). After compression,
air enters the parabolic trough where it is preheated with the available solar flux at the
receiver (2-3). Next, air goes through the combustion chamber and heat is added to the
air fuel mixture in an isobaric process (3-4) where the firing temperature reaches 1673
K. In the next stage, the mixture of gases departing the combustion chamber are mixed
with cooled air and expanded adiabatically in the gas turbine with TIT of 1515 K for

power generation.

Exhaust gases from the topping gas turbine go through the air heat exchanger
where a portion of the available waste heat is recovered by the bottoming cycle air flow
(5-6). In the bottoming cycle, ambient air is drawn into the bottoming cycle compressor
(7) and it is compressed adiabatically (7-8). It is then intercooled through an intercooler

and entered into the high-pressure compressor (9-10). Afterwards, it is heated up

72



successively by the heat exchanger with exhaust air from the topping and bottoming
turbines that passed through waste heat recovery and recuperator, respectively (10-11).

It is finally expanded in the turbine and cooled down in the recuperator (11-12).

Table 14: Cycle thermodynamic properties analysis of ABHGT through EES

Stage Pi Si Ti[K] hi
No [KPa] | [KI/Kg.K] [KJ/Kg]
1 101.3 6.83 298 300.4
2 2137 6.9 723 738.1
3 2135 7.5 1173 1246
4 2120 7.9 1515 1846
5 2035.6 7.9 848 875
6 105.5 7.4 573 578.8
7 101.3 7.35 300 300.4
8 253.8 7.37 373 374
9 246.8 7.15 323 323.6
10 617 7.17 423 424.6
11 580 7.84 798 819.8
12 105.4 7.95 523 526.9
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Figure 21: T_S diagram of ABHGT model
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To be able to apply thermo-economic and environmental analysis on HGT and
ABHGT, nominal parameter selection and steady state results need to be illustrated at
the beginning. These steady state analyses are done through MATLAB and EES. It can
be noticed that the main difference between HST and ABHGT plants is adding a
bottoming cycle. So, HGT represents the same plant of ABHGT but without its

bottoming cycle. Table 15 represents the nominal parameter selection of the power

plant.
Table 15: Gas Turbine nominal parameters and constrains:

Parameter Assigned values
Natural gas lower heating value (kJ/kg) 50000
LPG lower heating value (KJ/kg) 46607
Top turbine exhaust air Mass flow rate (kg/s) 134.2
Fuel ch4 mass flow rate(kg/s) 1.5
Gas mixture flow rate (kg/s) 135.5
Bottom cycle Air Mass flow rate (m/s) 138
Reference temperature (K) 298
Combustion chamber efficiency 98%
Combustion chamber pressure drop 4%
Top Compressor pressure ratio 21.1:1
Bottoming LP compressor pressure ratio 2.5:1
Bottoming HP compressor pressure ratio 2.5:1
Compressor isentropic efficiency 85%
Compressor mechanical efficiency 99%
Turbine isentropic efficiency 85%
Turbine mechanical efficiency 99%
Generator electrical efficiency 99%
Generator mechanical efficiency 98%
Minimum approach temperature of Heat exchanger (°C) 30

The main nominal results and specification comparison of HGT and ABHGT

are summarized and illustrated at Table 16. The simulation analyses are done through
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MATLAB for both top and bottoming cycle. It can be noticed the characteristics and
specification of HGT is the same as ABHGT but without its bottoming cycle.

Table 16: Gas Turbine models’ nominal specifications and results (for HGT and

ABHGT).

Parameters HGT ABHGT
Top Compressor pressure ratio 21.1:1 21.1:1
Top Turbine pressure ratio 19.2:1 19.2:1
Top Turbine Exhaust gas temperature (K) 848 848
Top Turbine Exhaust gas mass flow rate (kg/s) 134.2 134.2
Fuel mass flow rate (kg/s) 1.5 1.5
Top cycle Power output (MW) 47 47
Bottom LP and HP Compressor pressure ratio - 2.5:1 (for both)
Bottom Turbine pressure ratio - 5.5:1
Bottom turbine Exhaust gas mass flow rate (kg/s) - 137.5
Bottom cycle Power output (MW) - 9
Total Power output (MW) 47 56
Total plant Energy Efficiency (%) 33.6 40
Total plant Exergy Efficiency (%) 37.6 44.8
Solar share (f5014r) (%) 46 46
Specific emission of CO, (kg/MWh) 307 257.6

Solar share of the plant can be calculated by the below equation:

. +
Qu'solar

fsolar -

+ (101)

F .
Qcomb *+Qu, 014y

where Qu'solar+ is the useful solar energy rate from the PTSC in KW and Quomp S

the heat rate supplied to the combustion chamber in (KW).The specific of CO, amount
per unit of electricity emitted by the plant can be calculated by the below equation:

. 44 Ccfuelmf
feo, = 12( = ) (102)

where c./¢! is the fuel carbon content, 7, is the fuel mass flow rate in (kg/s) and

W, is total power output of the plant in (MW).

It can be noticed from the nominal results presented on Table 16 that total Power
output, energy and exergy efficiencies are improved by (19%) with the addition of the
bottoming cycle. Moreover, it can be shown that ABHGT has less specific emission of
CO, by 16(%) than HGT. Furthermore, it can be noticed that the exergy efficiency for
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both plants is higher than the energy efficiency because the available heat in the PTSC
receiver has less exergy content than energy content due to a lot of losses at the receiver.

These improvements give economic incentive to build additional bottom cycle.

4.1.2.1. Model validation. In order to know the accuracy of the simulated model
of the power plant, the top cycle simulation results are compared with siemens gas
turbine plant. Table 17 illustrates specification and results of HGT model without solar
power compared with Siemens SGT-800 and SGT-A45(See Appendix C) [70]. These
analyses are done under 1SO conditions with ambient temperature of 15 (°C). HGT
without solar power is analyzed by utilizing data of SGT-800 and SGT-A45 with the
simulated MATLAB model. The results of the simulated model show a relative accurate
analysis while comparing it with SGT-800 and SGT-A45. It can be noted that the power
output is highly accurate with a relative error of (1%) for the simulated model once
compared with literature. Furthermore, the energy efficiency of the model has an
acceptable relative inaccuracy of (2.6 %) and (2.02%) when compared with Siemens
SGT-800 and SGT-A45, respectively.

The main reason behind these small relative errors can be demonstrated by
applying the Nasa polynomial method to compute the specific entropy and heat capacity
of air and turbine exhaust gases. Moreover, natural gas lower heating value is calculated
based on CH, and assumed to be the only source of energy in the combustion chamber
while the natural gas contains multiple component with the CH,.To improve the
accuracy of the simulated model, real gases properties of air and more complex
composition of fuel can be taken into consideration. Nevertheless, the complexity of
the simulated model after applying these solutions does not justify the improvement in
the simulated model accuracy. By comparing Tables 16 and 17, it can be noticed that
the HGT without solar preheating has a quite better performance in terms of efficiency
and power output than the actual HGT. This phenomenon can be explained by a lot of
reasons. Firstly, using Parabolic trough solar collector leads to additional pressure
losses which reduces the pressure ratio of the turbine. Secondly, the gas mixture that
enter the turbine on HGT has lower energy content because of lower fuel mass flow
rate content. Thus, steady state analysis is validated by Siemens SGT-800 and SGT-
A45. The simulated model illustrates the nominal results and specifications that will be

used in the transient analysis model.
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Table 17: Comparison between Siemens SGT-800 and SGT-A45
catalogue and the simulated models [70]

Parameters | Siemens | Simulated | Error | Siemens | Simulated | Error

GT-800 Model (%) SGT-A45 Model (%)
[70] [70]

Compressor 21.1:1 21.1:1 - 27.9:1 27.9:1 -

pressure ratio

Fuel mass flow 2.67 2.68 +0.375 2.25 2.26 0.444

rate (kg/s)

Turbine Exhaust 553 553 - 483 483 -

gas temperature

(°0)

Exhaust gas 134.2 134.2 - 126 126 -

mass flow rate

(kgls)

Power output 50.5 50 -1.0 44 43.6 -0.91

(MW)

Efficiency % 38.3 37.3 -2.6 40.4 39.6 -2.02

4.2. Transient Analysis

Transient analysis is done to consider for the change in solar radiation reaching
the parabolic trough solar collector and account for the heat variation that is supplied
to the gas turbine plant. To be able to simulate and account for the off-design condition
that changes with time, a dynamic model is needed. This Transient simulation is
working with certain meteorological year of a typical place. The Transient analyses are

done through TRNSYS and MATLAB to account for parameters that changes with time.

4.2.1. Dynamic model of gas turbine plant. TRNSYS is a dynamic simulation
program which tabulate the results in flexible graphical environmental base. TRNSYS

is divided to two main parts.

Firstly, an engine called Kernel which reads and simulate the parameters and
input files. The engine starts its analysis by doing some iterations to solve certain

problem tell convergence and illustrate the results on an output file with their system
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variables in graphical form. Kernel can assist on linear regressions, thermophysical
properties, matrices, import external files and implement interpolations. Secondly, is an
extensive library full of components, each of which simulate and model the behavior of
one part of the system such as weather data file processor, compressor, turbine, heat
exchanger, etc. Models are defined in such a way that help the user to modify a certain
component or write their own ones. Moreover, it consists of an additional STEC library
that provide solar and thermal components such as PTSC. Each component at the
library can be expressed as a black box that involves the governing equation of a certain
behavior. The inputs and output can be classified as time dependent variable parameters
or time independent constant parameters. The components are connected to each other
through links acting as wires or pipes. Inputs can be defined by an external file or an
output of a certain type linked to it. Furthermore, TRNSY'S can open and link weather
files, read an input file of the steady state model from MATLAB. Outputs can be
illustrated as a physical quantity or first derivative of it quantitates since the governing
equations of inputs are either algebraic or first order differential equation. TRNSYS
solve the problems numerically through three different methods which are non-self-

starting Hein method, 4th-order Adams method and modified-Euler method.

4.2.1.1. TRNSYS dynamic model of gas turbine plant. The flow sheet of
ABHGT is done by TRNSYS which represent the dynamic model of the plant. Figure
22 illustrates the model of solar and other components which are chosen from STEC

Brayton sub library.

The model of Parabolic trough solar collector receiver is modelled by Type
423.Whereas, heat exchanger, turbines, compressors, gage pressure drop, and
combustors of combustion chamber are simulated by Types 425, 426, 424, 429 and 427,
respectively. When the PTSC receiver inlet temperature is higher than the outlet
temperature of the PTSC receiver, bypass controller is used to set the outlet parameters
of the parabolic trough receiver equally to the inlet parameters which means that the
colder air will not enter the PTSC receiver and the Plant will be working purely with
fuel gasses. This scenario happens on cloudy days or at night. To account for the off-
design efficiency operating condition, the compressor model is simulated to address
this issue by adjusting its isentropic efficiency, air mass flow rate, relative pressure drop

according to the nominal inlet environmental conditions. Moreover, The Combustor in
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the combustion chamber also account for off -design operation conditions, where the
fuel mass flow rate may vary to compensate for the heat lost or the pressure losses by
the PTSC receiver. The topping Turbine assumed to be working with full load at any
time so no need to account for off-design efficiency operating condition. Nevertheless,
a control strategy is needed for the topping turbine to ensure that the top cycle power
output is stable and not fluctuating. Furthermore, the bottoming turbine need to take in
account off-design efficiency operating conditions since the bottoming turbine will be
having inconsistent load. In reality, the bottoming turbine power output will always be
lower than the nominal power in the steady state condition since the actual inlet
temperature of the bottoming turbine is lower than the nominal inlet temperature. Thus,
controlling the mass flow rate at bottoming turbine is not essential. The intercooler mass
flow rate is set to be equal to the bottoming mass flow rate cycle. All the steady state
parameters including the heat exchanger UA values, mechanical and isentropic

efficiencies are imported externally as input file to TRNSYS.
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Figure 22: ABHGT dynamic model diagram
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4.2.1.2.- Top turbine control and bottom turbine off-design efficiency. The
topping turbine assumed to be working with full load at any time so no need to account

for off-design efficiency operating condition.

Nevertheless, a control strategy is needed for the topping turbine to ensure that
the top cycle power output is stable and not fluctuating, since there is a change in the
ambient condition that cause unstable power output. The turbine controller is used to
control inlet vane angle of the turbine to maintain stable nominal power output by
estimating the required volumetric flow rate. The purge controller which is used to

control the change on vanes angle of the topping turbine has two limits.

The upper limit occurs once the maximum mass flow rate passes through as the
vanes angle of topping turbine is fully opened. This scenario happens when the nominal
parameter conditions including the mass flow rate are equally to the realistic operating
condition. The maximum mass flow rate in (kg/s) can be defined by the below equation
under the I1SO conditions (20°C, 101.3 KPa).

Mmax = MISO (TIT%) (P—a) (103)

Prso

Where P;50, Tiso, Miso are pressure in (KPa), temperature in (°C), mass flow rate in
(Kg/s) at ISO condition, and T,, P, are the ambient temperature in (°C), and the
ambient pressure in KPa. Therefore, an increase in ambient temperature will lead to a
decrease in maximum mass flow rate and result on a small decrease on the power
output. The small decrease on the power output which was induced by the control

strategy will result on having stable constant power output.

The lower limit occurs when the vanes angle of the topping turbine is bounded
with certain constrains depending on the ambient temperature. The lower limit control
will avoid any overloading scenarios above the compressor capacity. Thus, the actual
minimum mass flow rate can be estimated as half of its nominal value. Nevertheless,
the minimum mass flow rate is rarely reached since the Gas Turbine plants are built in
suitable regional places. The minimum mass flow rate in (kg/s) can be defined by the
below equation under the ISO conditions (20°C, 101.3 KPa) [2].

o =3 (50 (2£2) () ) (100

80




Based on the previous the discussion, the bottoming cycle need to consider for
the off-design efficiency since it has inconsistent load. The off-design efficiency
equation below can be expressed by the change of bottoming turbine isentropic
efficiency with the inlet temperature [2].

2
e =10 = 2 ( 72 1) (105)

Where T;,,0 and ng, are the nominal temperature inlet in °C and isentropic efficiency.

4.2.2. Meteorological data. The dynamic model will be simulated on United
Arab Emirates, specifically on Abu Dhabi. Abu Dhabi is chosen for the plant
implementation due to its outstanding suitability for the collection of solar thermal

energy.

Based on the discussed Table 1, which illustrates the mean dry bulb temperature
of Abu Dhabi during the day for every month. It is very clear that the average
temperature reaches its peak during noon with August having recorded the highest
average temperature. Air temperature has a notable effect on the gas cycle thermal
performance. Relative humidity is another crucial factor that highly influences the cycle
performance. Nevertheless, it can be asserted that humid climates highly reduce the
performance of humid air turbine cycles. The most vital component that must be
considered for CSP analysis and solar thermal power generation is the rate of DNI
obtainable within the appointed site’s location. The average rate of DNI per hour
available for Abu Dhabi was illustrated in T

able 2. From these results, it can be noted that the Rate of DNI supplied reaches
its peak at noon. The amount of solar radiation per day on Abu Dhabi is considerably
high which is about 18.5 MJ/m?2. The metrological data is imported through TRNSYS
by an external input file called weather file. The dynamic simulation begins at 00:00 on

January 1% and runs throughout the year.

4.2.3. Transient simulation results. The transient simulation is done on

ABHGT since HGT is basically the same dynamic model without it is bottoming cycle.

It can be observed from Figure 23 that toping gas turbine cycle (red curve) has

stable net power output during the cold season since a controller strategy is used. Purge
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controller is used to control the angle of inlet vain of the topping compressor to maintain
constant power equal to the nominal power output. During the hot season, an increase
in ambient temperature will lead to a decrease in mass flow rate. Therefore, producing
the same nominal power output requires less mass flow rate and the angle of inlet vain
of the topping compressor are not fully open. On the other hand, it can be noticed that
the bottoming gas turbine cycle (blue curve) does not have constant net power output.
The variation on the net power output is duo to the mass flow rate at the bottoming
cycle is not controlled. During the cold season, the ambient conditions and mass low
rate are quite similar to the nominal conditions. During the hot season, an increase in

ambient temperature will lead to a decrease in mass flow rate and net power output.
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Figure 23: Net power output variation on ABHGT

Hourly simulation will be illustrated since seasonal simulation does not give
detailed information analysis about the transient behavior of the dynamic model. The
advantage of hourly simulation analysis is that a transient model can be illustrated with
small time frame. So 30" of April is the day that is chosen to do the transient analysis
on. This date was picked for two main reasons. Firstly, the transient control affect can
be clearly seen throughout the day where the maximum mass flow rate of the topping

turbine achieved. Secondly, the maximum temperature of PTSC receiver is reached.
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Hourly simulation of combustor inlet temperature and PTSC outlet temperature
are shown in Figure 24. The controller effect is clearly illustrated at the combustion
chamber combustor. During the night, it can be noticed that the compressor outlet
temperature is equal to the combustor inlet temperature since no solar share is provided
through the PTSC. During the morning (at 7:30 am), the PTSC start heating the air
leading to an increase on the combustor inlet temperature to reach its peak value of

900°C during noon (between 10:30 am till 6:30 pm) and drops down at night again.
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Figure 24: Hourly simulation of combustor inlet temperature and PTSC outlet
temperature.

The hourly simulation of fuel and exhaust gases mass flow rates of ABHGT is
shown in Figure 25. It can be noticed that the mass flow rate of fuel is decreasing by
7:00 am since the PTSC receiver preheats the air of the combustor inlet leading to less
fuel is used to produce the same nominal power output. During the day, an increase in
ambient temperature of the bottoming cycle (between 7:00 am till 5 pm) will lead to a
decrease in exhaust mass flow rate of the turbine since its working at constant
volumetric flow rate. On the other hand, an increase in ambient temperature of the
topping cycle, (between 6:30 am till 10:30 am), will cause an increase in exhaust mass
flow rate of the turbine since the solar share of PTSC increases. An increase on solar
share will lead to less fuel burned, (topping turbine exhaust gasses have lower c;), and
cause less power output. Consequently, to produce the same nominal power output an
increase on mass flow rate is needed. However, the control strategy induces an upper

limit for the maximum mass flow rate. So, an increase in ambient temperature will lead

83



to a decrease in maximum mass flow rate that will result on small decrease on the power
output. The control strategy effect on the topping cycle, where the maximum mass flow

rate cannot reach the nominal value, is clearly visible between 10:30 am till 6:30 pm.
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Figure 25: Hourly simulation of fuel and exhaust gases mass flow rates of ABHGT.

Hourly simulation of solar and fuel heat rates ABHGT are shown in Figure 26.
It can be noticed that the fuel mass flow rate is directly promotional to the fuel heat
rate. The fuel heat rate is decreasing by 7:00 am since the PTSC receiver preheats the
air of the combustor inlet leading to less fuel is used to produce the same nominal power

output.
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Figure 26: Hourly simulation of solar and fuel heat rates
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The solar heat rate is produced by the PTSC receiver between 7:00 am till 6:30
pm. The total heat rate is almost constant since the decrease on fuel rate is compensated
by an increase on the solar heat rate. Moreover, hourly simulation of ABHGT net power
output is shown in Figure 27. The small drop in net power output at the top cycle,
between 10:30 am till 6:30 pm, duo to control strategy that is used on top cycle. So, an
increase in ambient temperature will lead to a decrease in maximum mass flow rate that

will result on a small decrease on the net power output.
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Figure 27: Hourly simulation of ABHGT net power output.

Hourly simulation of ABHGT overall energy and exergy efficiencies is shown
in Figure 28. It can be observed that both energy and exergy efficiencies are high at
night since the main source of power is fuel. The cycle efficiencies at night are equal to
the overall efficiencies due to the absence of PTSC solar losses. During the morning (at
7:30 am), the PTSC start heating the air which lead to a drop in the overall efficiencies.
The significant drop on both energy and exergy effectiveness, between 7:30am till 6:30
pm, is duo to solar losses. Moreover, it can be noticed that an increase on energy or
exergy content lead to a decrease on energy and exergy efficiencies. Furthermore, it can
be observed that energy efficiency is higher than the exergy efficiency at nigh but it’s
the opposite during the day. Its higher at night as for producing the same power output,
the energy content of fuel is lower than its exergy content. Nevertheless, its lower
during the day since the energy content of direct normal radiation at PTSC is higher

than its exergy content.
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Figure 28: Hourly simulation of ABHGT overall energy and exergy efficiencies.

Hourly simulation of PTSC solar share is shown in Figure 29. It can be observed
that there is no solar share during the night. It gradually increases from 7:00 am till
10:00 am and maintain at a constant peak level with 46% solar share until 6:30 pm. It
rapidly drops to zero by 7 pm. As the solar share reaches to its peak by 46% during the
day, which indicates that the fuel still delivers 54% of the total heat rate. Thus, the

maximum solar share is limited by the PTSC receiver peak temperature.
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Figure 29: Hourly simulation of PTSC solar share.

4.3. Optimization Results
This section will illustrate the optimization results of the two models (HGT and

ABHGT). The optimization algorithm was discussed on chapter 3. An optimization
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convergence is needed to allocate the optimal design variables and parameters of the
optimization problem. This section will illustrate the power plant performance
indicators results and assign a unified indicator to obtain an optimum confirmation that

satisfies the optimization problem.

4.3.1. Optimization convergence. The optimization convergence algorithm
results are illustrated on Figures 30 and 31. The multi objective algorithm method that

is used in this project, is the Pareto optimal front method.

The advantages of using this method as it gives clear sign of the tradeoff curve
between the objective functions in the objective space. Using Pareto optimal front
method on HGT and ABHGT power plants would illustrate a clear indication of the

tradeoff curve between the total capital cost and the cost of CO, emissions.
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Figure 30: The optimization convergence algorithm of HGT

Pareto optimal front (POF) method defines a pareto optimal point when there
are no other better objective points on the objective space. Accordingly, moving away
from Pareto optimal curve leads to worse ranking of the objective points. Therefore, the
first iteration on the optimization problem represents the first individual that lies on the
Pareto optimal curve. As the number of iterations increase, more individuals shape the
Paetro optimal curve. Thus, the individuals laying on the pareto optimal curve
illustrates the optimal design parameters where the total capital cost can’t be minimized

further to achieve lower CO, emissions. As Decreasing the CO, emissions below the
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pareto optimal curve will lead to an exponential increase on the total capital cost. It can
be noticed that the number of iterations needed for convergence is less on HGT than
ABHGT power plants. This is due to a simpler optimization problem where HGT power

plant requires smaller number of iterations to reach convergence.
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Figure 31: The optimization convergence algorithm of ABHGT

4.3.2. Plant Performance Using (POF). The tradeoff between the objective
functions is shown clearly in Figure 32 where a decrease on the CO, emissions leads to

an increase on the total capital cost.
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Figure 32: The Objective functions trade off of HGT and ABHGT
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It can be noticed that the total capital cost is increasing linearly as the CO,
emissions decreases till a certain point. This point is called the lower theoretical limit
where decreasing the C0O, emissions below this limit leads to an exponential increase
in the total capital cost. The CO, emissions lower theoretical limits of HGT and
ABHGT is 420 kgC0O,/MWh and 325 kgCO,/MWh respectively. Moreover, it can
be seen that ABHGT specific CO, emissions are lower than HGT emissions for a given

total capital cost.

4.3.2.1 Thermodynamic performance indicator. The Thermodynamic
efficiencies analyses are essential indicators to estimate the optimal performance of the
power plant. Figure 33 illustrates the overall annual efficiencies versus the annual solar
share. It can be seen that ABHGT and HGT efficiencies are decreasing linearly with
increasing the solar share till a certain limit where an increase in solar share leads to an
exponential decrease on both efficiencies. The higher theoretical limit for ABHGT and
HGT is 22% and 20%, respectively. It can be noticed in both power plants models that
the overall annual energy efficiencies are higher than the overall annual exergy

efficiencies.
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Figure 33: Overall annual efficiencies versus the annual solar share
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Moreover, the difference between both efficiencies decreases as the annual
solar share increases. The reason behind that is the fact that the power plants typically
run on pure fuel gases at a lower solar share where fuel has more exergy content than
energy content. Accordingly, the energy efficiency is higher than the exergy efficiency
for producing the same power output. However, an increase in solar share leads to a
decrease in energy efficiency and an increase in exergy efficiency since solar share has
more energy content than an exergy content. Consequently, pure solar power plants
have higher exergy efficiency than energy efficiency. In addition to that, ABHGT has
higher overall annual energy and exergy efficiencies than HGT power plants. This is
due to the built-in additional bottoming cycle for the ABHGT to enhance the overall

efficiencies of the power plant.

4.3.2.2. Economic Performance Indicator. One of the most popular economic
indicators for power plants performance is the levelized cost of electricity (LCOE).
LCOE is used to measure the cost of electricity produced. It can be also defined as the
cost of electricity sale which makes the net present value (NPV) of the investment equal
to zero. The investment of the project would be more profitable if the LCOE is

minimized. Figure 34 shows the effect of solar share on LCOE.
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Figure 34: Levelised cost of electricity (LCOE) versus annual solar share
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It can be noticed from Figure 34 that the LCOE is slightly decreasing as the
solar share increases up until a certain limit where an increase in solar share leads to an
exponential increase in LCOE. This is due to the fact that adding solar components to
a certain solar share limit is more profitable than running the power plant purely with
fuel gases. Moreover, it can be seen that the LOCE of ABHGT power plant is about 58
(USD /MWh) with a corresponding annual solar share of 22% while LCOE of HGT
powerplant is about 65 (USD /MWh) with a solar share of 20%. Furthermore, the cost
of electricity generated by ABHGT is always lower than HGT at any given annual solar
share. This due to fact that the additional electricity profit produced by ABHGT

overcomes the cost of building an additional bottoming cycle.

4.3.2.3 Environmental performance indicator. Reducing the CO2 emissions is
one of the main objectives in the current thesis. Reducing the CO, emissions means less

reliance on fossil fuel that has a large impact on the climate change. The specific of

CO, amount per unit of electricity emitted by the plant (fcoz) is one of the key factors
to the environmental indicators. The relation between Specific CO. emissions (fcoz)

and the LCOE is shown in Figure 35.
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Figure 35: Specific CO2 emissions (fzo, ) versus LCOE
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It can be noticed that both plants’ specific CO2 emissions (fo, ) decrease with
reducing the LCOE until a certain limit where decreasing (fcoz) then leads to an

exponential increase in LCOE. This theoretical limit illustrates that it’s not worth it to
invest more in LCOE in order to reduce more specific CO2 emissions. The LCOE limits
for ABHGT and HGT are 58.35 (USD /MWh) and 65.37 (USD /MWh) respectively.
Moreover, it can be seen that ABHGT power plant emits less specific CO2 emissions
than HGT for a given LCOE. For example: at LCOE of 65 (USD /MWh), the ABHGT
emits around 330 (kg CO2/MWh) whereas HGT emits 425 (kg CO2/MWh). This

reduction on specific CO. emissions justifies the additional cost of the bottoming cycle.

4.3.2.4 Unified performance indicator. The optimization results of the two
models (HGT and ABHGT) illustrate a diversity on different optimal configurations
and designs. Different performance indicators are taken into consideration to evaluate

the optimization problem.

One might argue that minimizing the LCOE and maximizing the NPV of the
power plants leads to an optimal design parameter. Another person can argue from
another perspective that minimizing the specific CO2 emissions or maximizing the
annual overall efficiencies leads to an optimal design parameter. To overcome this
issue, a unified performance indicator is introduced to select an optimal design
accordingly. Degree of penalty cost due to avoidance of CO2 emissions is selected as a
unified performance indicator to select an optimized configuration with optimal design
variables. This performance indicator is significantly selected since it accounts for both
economic and environmental performance indicators. The unified performance

indicator is computed by the following equation [2]:

LCOE-LCOEyef

Zeo, = (106)

fcop,=fcozrer

where Z,, is the degree of penalty cost due to CO2 emissions avoidance in (USD/ton),
LCOE, s is the Levelized cost of electricity in (USD/MWh), and fco,,.r is the
Specific of CO2 emissions in (ton/MWh) of the reference cycle. The reference cycle is
the Cycle that is running with Zero solar share. Figure 36 illustrates the degree of
penalty cost due to CO> emissions avoidance versus annual solar share for both ABHGT

and HGT configurations.
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Figure 36: CO2 emissions penalty cost versus annual solar share.

It can be noticed that the minimum degree of penalty cost due to CO, emissions
avoidance (Z,,) of ABHGT power plant is 90 (USD/ton) at 22% annual solar share
whereas the minimum degree of penalty cost due to CO2 emissions avoidance (Z,,) of
HGT is 32 (USD/ton) at 20% annual solar share. Accordingly, the optimal design
variables are selected based on minimizing the degree of penalty cost due to CO;
emissions avoidance (Z¢,,) with its corresponding annual solar share. Furthermore, it
can be seen that the penalty cost due to CO2 emissions avoidance (Z¢,,) of ABHGT is
higher than HGT for a given annual solar share. The reason behind that is that the LCOE
of ABHGT running without solar share is substantially lower than running it with 22%
annual solar share, while the LCOE of HGT running without solar share is almost the

same cost as running it with 20% annual solar share.

4.3.3. Optimal plant performance results. The optimal design variables and
parameters of HGT and ABHGT power plants are listed in Table 18. By comparing
both power plant configurations, it can be noticed that the number of PTSCs units and
PTSCs aperture area of HGT is lower than ABHGT since solar share is lower in HGT.
The optimal Number of PTSC of ABHGT is 396 units while HGT is 360 units.
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The PTSCs aperture area of ABHGT is 10% bigger than HGT due to the
difference in solar share. Most of the topping cycle optimal parameters are validated in
steady state section. Moreover, the optimal decision variables of the optimization
problem are closely equal to nominal parameter variables. For example, the optimal
bottoming compressors pressure ratio is 2.6:1 which is almost equal to the nominal
value (2.5:1). All the optimal decision variables are obtained from the values that are
lying on the POF curve. Additionally, the minimum approach temperature (MAT) of
heat exchanger varies based on the component type. For instance, the intercooler MAT
is about 6.5 °C whereas the heat waste and recuperator MATSs are 19 °C and 21.5°C
respectively. The reason behind this difference is that the heat exchanger effectiveness
depends on the aperture area that is related to the cost function of the model. As a matter
of fact, the intercooler has the lowest capital cost as it requires low aperture area due to
the fact that it runs under low pressure and temperature. Furthermore, the capacity
factor for both power plants are around 62.5% with annual operating hours of 5475
hours. The optimal Performance of HGT and ABHGT power plants are listed in Table
19. By comparing both power plant configurations, it can be noticed that an addition of

bottoming cycle on ABHGT power plant increases the power output by 10 (MW).

Table 18: Optimal parameters of the power plants

Design parameters HGT ABHGT
Compressor pressure ratio (bottoming) - 2.6
Number of PTSC (NPTSC) in [units] 360 396
PTSC aperture area in [m?] 53935 59329
Intercooler Minimum Approach Temperature (MAT) [°C] - 6.5
Heat waste Recovery (MAT) [°C] - 19
Recuperator (MAT) [°C] - 21.5
Exhaust Turbine Mass Flow Top in [kg/s] 134.2 134.2
Firing Temperature in [K] 1673 1673
Compressor pressure ratio (Top) 21.1:1 21.1:1
Capacity Factor % 62.5 62.5
Power plant annual operating hours in [hr] 5475 5475

The Annual Electricity output in HGT and ABHGT power plants are 257.3
(GWhlyear) and 312 (GWh/year) respectively. It can be noticed in both power plant
models that the overall annual energy efficiency is higher than the overall annual exergy
efficiency. Moreover, the difference between both efficiencies decreases as the solar

share increases. That is due to the fact that power plants mostly run on fuel gases at a
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lower solar share where fuel has more exergy content than energy content. Accordingly,
the energy efficiency is higher than the exergy efficiency for producing the same power
output. The annual overall energy and exergy efficiencies of ABHGT are 38.5% and
38.3% where as HGT annual overall energy and exergy efficiencies of HGT are 32.5%
and 32.3%.

Table 19: Optimal performance of the power plants

Design performance HGT ABHGT
Optimal Power Output [MW)] 47 57
Annual power Output [GWh/year] 257.3 312.1
Capacity Factor % 62.5 62.5
Number of PTSC (NPTSC) [units] 360 396
Annual optimal Solar Share % 20 22
Nominal Solar Share % 46 46
Bottoming Cycle Electrical Share % - 17.5
Annual Overall Energy Efficiency % 32.5 38.5
Annual Overall Exergy Efficiency % 32.3 38.3
Cycle Energy Efficiency % 37.6 44.5
Cycle Exergy Efficiency % 37.3 44.2
Specific CO2 Emissions [kg CO/MWh] 4515 351.5
Cost penalty for CO2 Avoidance [USD/tonCOz] 32 90
Specific Water Consumption [lItr /MWh] 24.9 25.1
Total Capital Cost [Mil USD] 80.6 100.5
Levelized Cost of Electricity [USD/MW] 65.374 58.35
Net Present Value (NPV) [Mil USD] 103.924 151.858

Additionally, a noticeable increase on cycle energy efficiencies on both power
plants since the solar share is reduced. Furthermore, the LCOE of ABHGT is lower
than HGT despite the fact that total capital cost of ABHGT is higher than HGT power
plant. The LCOE of ABHGT and HGT are 58.35 (USD/MW) and 65.37(USD/MW)
respectively. Both of the power plants have positive NPV, where the NPV of HGT and
ABHGT is 103.9 (Mil USD) and 151.8 (Mil USD) correspondingly. This is due to the
fact that the fuel cost in UAE is cheap enough to make the investment profitable. The
Specific CO2 emissions of ABHGT is 22% lower than HGT. Reducing the CO-

emissions is one of the main objectives in the current thesis. The specific of CO,
amount per unit of electricity emitted by the plant (fcoz) is one of the key factors to
the environmental indicators. Thus, reducing the CO2 emission means less reliance on

fossil fuel that has large impact on the climate change.
95


https://www.powerthesaurus.org/despite_the_fact_that/synonyms

4.3.4. Total capital cost breakdown of power plants. The Total capital cost
breakdown of ABHGT and HGT power plants is shown in Table 20. Figures 37 and 38
illustrate the total capital cost breakdown of HGT and ABHGT models in pie charts.

It can be noticed that both power plants have almost 60% contribution of total
equipment cost whereas the rest of contributions go to land, contingencies, civil
engineering, and pipeline branching costs. Moreover, it can be seen that the PTSCs
contribution in total equipment cost is not high. This is due to the fact that air is used
as heat transfer fluid and the optimized annual solar share is considerably low. Despite
the slight increase on PTSC cost of ABHGT, the solar cost contribution to total capital
cost is still lower than HGT by 1%. The most expensive component in both
configurations is the top gas turbine cost. The Gas Turbine cost contribution to the total
capital cost is about 27% for HGT and 17% for ABGHT. Furthermore, it can be seen
that the heat waste recovery, intercooler and recuperator costs contribution to the total

capital cost are about 17.5%.

4.3.5. Levelized cost breakdown of power plants. The levelized cost of
electricity (LCOE) breakdown of ABHGT and HGT power plants are shown on Table
21. It can be noticed in both power plants that the annualized capital cost and fuel cost

are the main share contributors to the LCOE.

Table 20: Total capital cost breakdown of the power plants

Capital cost break down ABHGT [MilUS $] | HGT [Mil US $]
PTSC total price 2.1 2
Top Gas Turbine 175 175
Bottom Gas Turbine 8 0
Top Compressor 6.8 6.8
Bottom Compressors (LP and HP) 0.6 0
Generators 5.1 4
Electronics 9 8
Heat waste recovery 12.5 0
Intercooler with Fan 2.7 0
Recuperator 2.4 0
Total Equipment cost 66.7 38.3
Civil Engineers and Pipe Branching 16 14
Land 6 4.8
Contingencies 11.8 9.5
Total Capital Cost 100.5 66
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The annualized capital cost and fuel cost of ABHGT are 30.9 (USD/MWh) and
17.6 (USD/MWh) whereas the annualized capital cost and fuel cost of HGT are 24.4
(USD/MWh) and 31.5 (USD/MWHh) respectively. Moreover, the additional annualized
capital cost of bottoming cycle of ABHGT is remunerated by the annualized fuel cost
reduction at the topping cycle. Accordingly, LCOE of ABHGT power plant is lower
than HGT power plant by 7 (USD/MWh). Additionally, the annualized water cost in
both power plants is almost negligible since the gas turbine power plants do not rely on

water.

Table 21: The levelized cost breakdown of power plants

Levelized cost of electricity break down ABHGT | HGT
Total capital cost [Mil US $] 100.5 66.6
Annualized Capital Cost [USD/MWh] 30.9 24.8
Annual Water cost [Mil US $] 0.0156 | 0.0129
Annualized water cost [USD/MWh] 0.05 0.05
Annual Fuel (NG) cost [Mil US $] 5.49 8.1
Annualized fuel cost [USD/MWh] 17.6 31.5
Annual Operation and Maintenance [Mil US $] 3.03 2.32
Annualized Operation and Maintenance [USD/MWh] 9.7 9
Total Decommissioning [Mil US $] 2.1 0.5
Annualized Decommissioning [USD/MWh] 0.1 0.024
Total LCOE [USD/MWh] 58.35 65.374

4.3.6. Net present value breakdown of power plants. The net present value
(NPV) breakdown of ABHGT and HGT power plants are shown in Table 22. Figure 39
illustrates the NPV breakdown of ABHGT in bar chart. It can be noticed in both
configurations that the NPV is positive which means that the generated revenues by
electricity production in both power pants overcome the investment expenses. Indeed,
the additional bottoming cycle increases the NPV of ABHGT by 47.9 (Mil USD). The
generated revenues by electricity production and Fuel cost are the main contributors to
the total NPV. Accordingly, these two main contributors play a dominant effect on NPV
of the power plant. Furthermore, the NPV and LCOE of ABHGT will be analyzed more

in the sensitivity analysis.
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Table 22: The Net Present Value (NPV) breakdown of the power plants

Net present value cost Breakdown | ABHGT [Mil US $] | HGT [Mil US $]
capital cost contribution 112.2 74.36
Decommissioning 0.362 0.086
Revenues 363.7 299.8

Fuel (NG) cost contribution 63.98 94.39
Operation and Maintenance 35.3 27.04
Total NPV 151.858 103.924
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Figure 39: The Net Present Value (NPV) breakdown of ABHGT

4.3.7. Sensitivity analysis. Sensitivity analysis is used to study the economic
behavior of the power plant by varying the economic parameters to a certain extent.
The sensitivity analysis is applied to ABHGT power plant to study its economic value
and indicate the most sensitive parameters that have dominant effect on the economic
analysis. Accordingly, LCOE and NPV are chosen as economic indicators for the
sensitivity analysis. A uniform change in the economic parameters is implemented to

analyze the effect on the economic performance indicators.
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4.3.7.1. Sensitivity analysis on LCOE of ABHGT. A comparative sensitivity
analysis on LCOE of ABHGT is presented through tornado diagram. Figure 40
illustrates a tornado diagram portraying the sensitivity analysis on the LCOE by +30%
alteration in economic parameters of ABHGT. The sensitivity analysis of economic
parameters are capital cost, solar cost, fuel cost, operation and maintenance cost, and
decommissioning cost. The reference point of the sensitivity analysis is defined by the
white line at the middle of the tornado chart where its LCOE is equal to 58.3
(UD/MWHh).The sensitivity analysis effect on LCOE is presented on percentage with
respect to its reference value. It can be noticed that the capital and fuel cost are the most

sensitive parameters which have major effects on LCOE of ABHGT.

Sensitivity analysis on LCOE

Decommissioning Cost 01% | 01%
Operation and Maintenance cost
Fuel cost
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Capital Cost 371%
i 3 %

ABHGT IMPACT ON LCOE (%)

Figure 40: Sensitivity analysis on the LCOE by +30% alteration in economic
parameters of ABHGT

Applying £30% alteration to the reference capital cost and fuel cost result on
37.1% and 21.1% change on LCOE of ABHGT respectively. However, applying +30%
change to the reference solar cost lead to a change of 2.6 % on LCOE of ABHGT. This

is due to the fact that ABHGT power plant has a low annual solar share. Moreover, an
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increase on fuel cost illustrates a huge effect on the LCOE which generates a huge risk

on the market.

4.3.7.2. Sensitivity analysis on NPV of ABHGT. Another comparative
sensitivity analysis on NPV of ABHGT is presented through the tornado diagram.
Figure 41 illustrates a tornado diagram portraying the sensitivity analysis on the NPV
by +30% alteration in economic parameters of ABHGT. The sensitivity analysis

economic parameters are similar to the LCOE parameters.

The reference point of the sensitivity analysis is defined by the white line at the
middle of the tornado chart where its NPV is equal to 151.858 (Mil USD). It can be
seen that capital cost and fuel cost contributions are the most sensitive parameters which
have major effects on NPV of ABHGT. Applying +30% alteration to the reference
capital cost and fuel cost result in a 51.7% and a 29.5% change on NPV of ABHGT
respectively. Nevertheless, solar equipment cost, and decommissioning cost are less
sensitive to the NPV since ABHGT relies more on fuel and has a lower annual solar

share.
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Figure 41: Sensitivity analysis on the NPV by £30% alteration in economic
parameters of ABHGT
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4.3.7.3. Sensitivity analysis on fuel cost of ABHGT. Natural gas impact on
LCOE and Natural gas cost share over LCOE are shown in Figure 42. The reference

point of the natural gas cost is defined by the gray line.
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Figure 42: Natural gas impact on LCOE

It can be noticed that LCOE of ABHGT is increasing linearly as the fuel cost
increases. The fuel cost is a sensitive economic parameter where a slight increase on its
price leads to a significant change in LCOE. This is due to the fact that ABHGT power
plant relies more on natural gas. The natural gas price in UAE is about 10 USD/MWh
which corresponds to LCOE of 58 USD/MWh, where an increase by 5USD/MWh in
the price of natural gas leads to a significant increase in LCOE by 8 USD/MWh.
Moreover, it can be seen that the fuel cost share over LCOE increase as the natural gas

price slope decreases.

Figure 43 illustrates the natural gas impact on NPV. It can be seen that the NPV
of ABHGT is decreasing linearly as the fuel cost increases. The reference point of the
natural gas cost is defined by the gray line. The reference natural gas price on UAE is
about 10 USD/MWh which corresponds to NPV of 151.8 (Mil USD), where an increase
by 5USD/MWh on price of natural gas leads to a significant decrease in NPV by
32 (Mil USD). Thus, the low fuel cost makes the ABHGT investment worth taking in
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UAE. However, applying this investment in different regions such as Europe would

result on lower NPV due to high fuel cost in these regions.
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Figure 43: Natural gas impact on NPV

4.3.7.4. Sensitivity analysis of LPG performance on ABHGT. One of the main
problems that is facing the energy sector in the upcoming years is the risk of natural gas
depletion. Among the high demand on natural gases these days, running the power
plants with Liquified Petroleum Gas (LPG) can be one of the promising alternative
solutions to overcome the natural gas depletion threats. One of the main advantages of
using LPG is its vast abundance due to the fact that LPG is mainly propane which can

be chemically extracted.

A comparative performance analysis of LPG and natural gas on ABHGT is
summarized on Table 23. It can be noticed that LPG is more dense than air with a
relative density of 1.52:1 whereas natural gas is lighter than air with a relative density
of 0.554:1. Infact, the lower heating value of LPG is lower than the natural gas where
the lower heating value of LPG is about 46.6 (MJ/kg) while the natural gas is 50
(MJ/kg). Accordingly, to produce the same power output, more mass flow rate is
needed for LPG to compensate for the difference in lower heating values. Moreover,

LPG has more carbon content than natural gas. Therefore, it emits more specific CO,

emissions than natural gas where LPG Specific CO; emissions (f¢o,) is equal to 411
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(Kg/MWh) and natural gas (fco,) is equal to 351.5 (Kg/MWh).Additionally, it can
be noticed that natural gas cost is cheaper than LPG by 5 USD /MWh. Consequently,
annualized fuel cost of natural gas is cheaper by 8.8 (USD/MWh). Furthermore,
ABHGT running with LPG will have a decrease on NPV by 32 (Mil US $). The NPV

break down of ABHGT running with LPG is illustrated by a bar cart in Figure 44.

Table 23: LPG and Natrual gas performance on ABHGT

Fuel Type in ABHGT Liquified Petroleum Gas | Natural Gas
(LPG)
Chemical Formula CsHs Chy
Fuel Density to air 1.52:1 0.554:1
Lower heating value (MJ/kg) 46.607 50
Mass flow rate (kg/s) 2.15 2
Cost of fuel in UAE (US $ /MWh) 15 10
Carbon content 0.817 0.75
Specific CO2 emissions (Kg/MWh) 411 351.5
Annual fuel cost (Mil US $) 8.229 5.490
Annualized fuel cost (USD/MWh) 26.4 17.6
LCOE (USD/MWh) 67.15 58.35
NPV (Mil US $) 119.9 151.858
ABHGT
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Figure 44: Net present value breakdown of ABGHT running with LPG

104




Although the natural gas is cheaper than LPG, the natural gas is not
recommended to be used in the upcoming years due to the depletion effect. LPG will
be more feasible in the future since it can be chemically extracted. Consequently,
sensitivity analysis of using LPG as fuel on ABHGT is important to analyze the LPG
cost contribution to the LCOE and NPV. A comparative sensitivity analysis on LCOE
of ABHGT running with LPG is presented through the tornado diagram. Figure 45
illustrates a tornado diagram portraying the sensitivity analysis on the LCOE by +30%
alteration in economic parameters of ABHGT running with LPG. The sensitivity
analysis economic parameters are: capital cost, solar cost, fuel cost, operation and
maintenance cost, and decommissioning cost. The reference point of the sensitivity
analysis is defined by the white line at the middle of the tornado chart where its LCOE
is equal to 67.15 (UD/MWHh). The sensitivity analysis effect on LCOE is presented as
a percentage with respect to its reference value. Applying £30% alteration to the
reference capital cost and fuel cost results in a 32.2% and a 27.5% change in the LCOE
of ABHGT respectively. It can be noticed that the capital and fuel cost are the most
sensitive parameters which have major effects on LCOE of ABHGT running with LPG.

Sensitivity analysis on LCOE

Decommissioning Cost
Operation and Maintenance cost
Fuel cost using LPG

Solar equipment cost

Capital Cost

-30 -10 10 30

ABHGT IMPACT ON LCOE (%)

Figure 45: Sensitivity analysis on the LCOE by using LPG as fuel on ABHGT
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Another comparative sensitivity analysis on NPV of ABHGT running with
LPG is presented through a tornado diagram. Figure 46 illustrates a tornado diagram
portraying the sensitivity analysis on the NPV by +30% alteration in economic
parameters of ABHGT running with LPG. The sensitivity analysis economic
parameters are similar to the LCOE parameters. The reference point of the sensitivity
analysis is defined by the white line at the middle of the tornado chart where its NPV
is equal to 119.9 (Mil USD). It can be seen that capital cost and fuel cost contributions
are the most sensitive parameters which have major effects on NPV of ABHGT.
Applying £30% alteration to the reference capital cost and fuel cost result in a 65.5%
and a 56% change in the NPV of ABHGT respectively. Nevertheless, the solar
equipment and decommissioning costs are less sensitive to the NPV since ABHGT

relies more on fuel and has a lower annual solar share.

Sensitivity analysis on NPV

Operation and Maintenance -20.6%
Fuel cost contribution
Solar equipment cost
Decommissioning 02% | 0.2%

capital cost contribution  _655%
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Figure 46: Sensitivity analysis on the NPV by using LPG as fuel on ABHGT
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4.4. Compressed Air Energy Storage

The structure of this section will begin with compressed air energy storage
(CAEYS) history and literature which will be discussed from sub-section (4.4.1-4.4.9).
Two proposed configurations are presented at sub-section 4.4.10. The mathematical
model of the CAES and the Salt cavern will be illustrated at sub-section 4.4.11.

4.4.1. CAES history. Compressed Air Energy Storage (CAES) has reaped a lot
of interest due to the small capital expense, efficiencies, and high energy densities. At
the present time, there are two CAES plants running, in addition to others being planned
or manufactured. The current running plants are called Diabatic CAES due to similarity
to the conventional gas turbines, apart from the fact that the expansion and compression
stages are decoupled. Subsequently at the compression stage, high pressure gas is stored

in a large a storage reservoir at off-peak low-cost electricity.

Energy is discharged by taking the compressed air, heating it and expanding it
through a high-pressure turbine. After that, fuel is added to the exhaust, combusted then
goes through low-pressure turbine. The very first Diabatic CAES plant was built at
Huntorf, Germany in 1978 [72]. The storage was built in salt domes with a volume of
300 000 m? and can sustain up to 100 bar pressure. It takes eight hours to charge the
plant whilst discharging it takes two hours to generate 290MW. The second CAES
system which currently running is the Mclntosh plant in Alabama, USA and has a
cavern of 500 000 m? that operates at 75 bars. The Mclntosh plant can generate 110
MW for 26 hours and uses a recuperate to reuse heat from the gas turbine exhaust to
recover some heat loses and increase the CAES efficiency. Table 24 illustrate a
summary of the current CAES plants [21].

There are two main types of compressed air storage, the first being an
underground storage and the second being the aboveground storage. Presently, from the
economic and technical point of view, the underground storage reservoirs are more
practicable for large-scale systems, whilst the aboveground storage systems being more
compatible with smaller scale systems. The research will be focused on the
underground storage since the required power is considerably large. Figure 47 shows
that the thermal energy storage technologies can use sensible heat storage, latent heat

storage, and thermochemical heat storage [27].
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Table 24: Summary of the current CAES plants [25]

Location Huntorf, Bremen, Mclntosh, Alabama,
Germany USA
Date commissioned 1978 1991
Storage volume 310,000 m® 540,000 m?
Input energy / compressor 60 MW 50 MW
operation
Output energy / turbine 290 MW upgraded to 110 MW
operation 321
MW in 2006
Energy required for 1 kWh 0.8 kWh electricity + 0.69 kWh electricity +
(electricity) 1.6 1.17 kWh gas
kWh gas
Cycle efficiency 42% 54%
Working cavern pressure 43-70 bar 45-76 bar

There are two modes at which the compressed air energy storage power plant
switches in between:
1. Charging mode — Solar Energy provides excess energy during periods of time when
there is a low amount of energy consumption and is used for air compression and
thermal energy storage. The charging mode starts working, if connected to the electrical
power station, during the off periods of the day like night-time [73].
2. Discharging mode — The point at which energy is needed and alternative sources are
depleted , the air that has been compressed is taken back from the tank and expanded

to be able to generate enough power for the user or electric grid [74].

4.4.2 Air storage types. The two kinds of underground air storage are Isobaric
and Isochoric air storage. Both natural and artificial underground caverns are used for
compressed air energy storage. Figure 48 illustrates the features of these underground

caverns [85].
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Figure 47: Energy storage Technologies [27]

4.4.2.1. Sliding pressure storage. In a sliding pressure storage, the process of
the charge and discharge process will increase and decrease the pressure of the air,

respectively, but the volume of the cavern will remain constant.

For the pressure of the discharged air to be discharged constantly, it has to be
controlled and guided by a discharge process decided upon by the turbine’s optimal
performance. With that mechanism called throttling, a constant power supply can be
maintained provided by the plant which is autonomous of its state of charge.
Underground caverns are created in salt deposits and made vacant through a dissolving
process. Water dissolves the salt by a drilling process and is then extracted from the salt
deposit creating a cavern. Alabama and Huntorf, Germany are both using the sliding

pressure, isochoric underground salt cavern.
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4.4.2.2 Constant pressure storage. In Isobaric storage, in which there is a
constant pressure, the volume is not constant. This mechanism is not used in Alabama
and Huntorf. In order to have Constant pressure storage cavern, we omit the salt deposit
and use water to decrease and increase the volume to maintain Isobaric conditions,
Therefor the depth of the cavern dictates the storage pressure which remains constant

throughout the process [76].

Sliding Pressure Storage Constant Pressure Storage

| |

] Water Equalizing Pit

X /

Salt Deposit

Adr -
Water

Rock Formations

Figure 48: Air Storage Types: Sliding Pressure Storage (left) Constant Pressure
Storage (right) [30].

4.4.3 Depleted natural gas caverns. natural gas reservoirs are appealing being
as they already exist and hold through the pressure. The issue presenting here will be
the fact that ever so often the natural gas is stored for a while at a low pressure. Whilst
the CAES requiring a daily to weekly variations of the pressure in thermal energy

storage producing a lot of stress in the cavern walls [87].

4.4.4. Salt cavern. Salt Cavern are economically valuable since they are created
by a homogeneous deposit of salt through drilling a conventional reservoir to pump

fresh water into a salt dome, salt mines are made.

After which the salt is dissolved till the water is saturated, water is extracted to
the surface at that moment. The process is done repeatedly until we attain the storage
volume. Though it is a lengthy process, it is not burdensome building an underground

gas cavern. It is also one of the most economical competitive solutions to build
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reservoirs at which the compressed air can be stored through. Figure 49 illustrates the

geological map of salt formation in UAE [88].

N ABIAN GUL
//‘ Bl e P~
e - r
“o =
A -
- o Aba Dhab:
- =
| - o -
! UAE ~
= Southern Sulf
= Salt Basin &
= _~
= == - =
IDI AR
uvAE
3 =
B8 =
o =
~ =
o= = J
E = 73 J South Oman
N o= Si — Sait Basin -~
omnmAara £ —
oS = Qarn Sahmah £ = — s
s — s 4 - e
—— p —
= =
— — =
== - oNishenie
T imanas
rMirbaz 24
s Ssl»)s s3 ~

Figure 49:Geological map of salt formation in UAE [82]

4.4.5. Aquifers. Located a couple of hundred meters below ground level and
typically full of water, Aquifers are porous and permeable rock formations. Storing
compressed air in aquifers has many benefits including the following: geologically
widespread availability, relatively large storage capacity and inexpensive construction

fees.

The CAES can be classified under three categories based on the system criteria
which are isothermal, diabetic, and advanced adiabatic [89].

4.4.6. Isothermal. An isothermal process can be defined as a system that has
constant temperature where heat and energy can be exchanged with surrounding. In
isothermal CAES, the aim is to decrease any elevation in the temperature during the

compression stage.

Essentially, this is attained by increasing the heat transfer rate, as a notable part
of energy is converted to heat at the compression stage. Consequently, in order to
achieve these states, certain compressor designs are required. Theoretically, high
number of compression stages coupled with intercooling heat exchangers are needed to
achieve isothermal. Nevertheless, such architecture is unworkable and causes notable

pressure losses and costs. Many other methods of attaining near isothermal compression
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were tested by scientist. One of the more interesting proposals tries to spray water in
the compression chamber, allowing huge heat transfer rates, where water droplets have

high surface area that enhance the specific heat exchange rate.

4.4.7. Diabatic. Diabatic process can be defined as a system where heat and
energy can be exchanged with surrounding. The only two existing compressed air
energy storage plants in the world, located in Mclntosh, Alabama, and Huntorf,
Germany, they are both built on the diabatic method. In diabatic compressed air energy
storage, multi-stage compression paired with intercooling heat exchangers which are

used to control the notable increase in the heat of the compressor exhaust.

The collected heat at compression stage is wasted and diminished into the
environment and needs fuel to operate the gas turbine. This leads to a decrease in CAES
roundtrip efficiency and affects the system performance. Figure 50 illustrates Diabetic
process of gas turbine with Salt cavern [90].

4.4.8. Advanced adiabatic. An advanced adiabatic process can be defined as a
system that has a rapid change on temperature where no heat and energy can be
exchanged with surrounding. The main proposition in an adiabatic design is to use the
generated heat at the compression stage during the charge process, reuse it later during
the discharge process. This process will enhance the roundtrip efficiency of the system.
By definition, an adiabatic process will invest the heat which is generated by the
compression stage.

e

PRESSURE
MOTOR COMPRESSOR TURBINES  GENERATOR

DEPLETED SALT CAVERN

Figure 50:Gas turbine with Salt cavern CAES (Diabatic Process) [92]
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An advanced adiabatic design usually needs the utilization of thermal energy
storage (TES) system, that stores the generated heat during the compression stage, and
reuse the heat to supply the gas turbine with air stream during the expansion process.
The TES medium could be a gas or fluid, such as oil or salt, the hot air is circulated as
a heat carrier fluid during the expansion process. Figure 51 illustrate the advanced
adiabatic process of Gas turbine [91].
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Figure 51: Gas turbine with Salt cavern CAES (Advanced Adiabatic Process) [92]

4.4.9. Material selection. It is important to choose the correct thermal energy
storage material medium since it affects the roundtrip efficiency of the CAES .Material
selection is based on different criteria as material composition , cost ,availability,
thermal conductivity, specific heat capacity, and chemically stable. These criteria are
vital to choose the optimum material selection of the thermal energy storage medium.
Most of thermal energy storage material medium uses sensible heat storage (SHG)
where an increase on the thermal energy storage temperature occurs during the charging
process.

The thermal energy storage material medium has direct influence on the amount
of heat dissipated to gas turbine at discharging process. Table 25 will illustrate different
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salt and oil compositions for sensible heat storage medium. It can be noticed that
reinforced Concrete is the best option to be applied to this thesis due to many reasons.
Firstly, it can sustain higher temperature medium fluid up to 900 C. Secondly, it has
lower heat conductivity which means less heat losses will be dissipated with the
surroundings. Moreover, its media cost effective when it is compared with other
materials, where 1 Kg of reinforced concrete cost around 0.05 USD dollar.
Furthermore, CAES is selected to be built in Salt Cavern due to the geological nature
of UAE. Air is chosen to be the heat transfer fluid (HTF) at charging and discharging
process. The most promising technique for storing a high temperature thermal energy

is to use regenerative thermal energy storage (TES) system.

Table 25: Sensible heat storage material data (SHG) [27]

Sand-rock- Reinforced Cast Cast
Storage Medium mineral oil concrete iron steel
Cold Temperature (°C) 200 200 200 200
Hot Temperature (°C) 300 900 400 700
. kg
Average density (ﬁ) 1700 2200 7200 7800
Average heat conductivity (%) 1 15 37 40
. K
Average heat capacity (kg—]K) 1.3 0.85 0.56 0.6
Volume specific heat capacity (K:lvgh) 60 100 160 450
. USD $
Media costs per kg ( "o ) 0.15 0.05 1 5
Media costs per kWh (ff:) 4.2 1 32 60

This technology uses packed bed to sustain the high temperature of the
pressurized air efficiently. The Regenerative TES acts as a heat exchanger where the
heat is transferred by the contact of the solid particles with HTF inside the pipe by a
convection heat transfer process. The pipe tube allows the heat exchange between the
HTF coming from the PTSC at the charging process and exchanges the heat from the
storage material with HTF at the discharging process. An insolation layer is added to

the material storage medium as shown in Figure 52 to reduce the thermal losses.
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Figure 52: Heat Thermal Energy Storage Medium [30]

4.4.10. Proposed configurations using CAES technology. Two new models
with CAES technology are proposed. The proposed configurations are simple hybrid
gas turbine cycle configuration with advanced adiabatic compressed air energy storage
and gas Turbine using low temperature intercooled recuperated air bottoming cycle
with advanced adiabatic compressed air energy storage (CAES_ABHGT).

Figure 53 displays the third model which is a simple hybrid gas turbine cycle
configuration coupled with a compressed air Energy storage (CAES_HGT). During the
high peak of electricity, ambient air is drawn into the topping cycle compressor (1)
where it is compressed adiabatically (1-2). After compression, air enters the parabolic
trough where it is preheated with the available solar flux at the receiver (2-3). Next, its
stored at slat cavern through advanced adiabatic CAES tank (3-3*). During the high
peak, the valve of the cavern is opened (4*-4), air goes from the CAES tank through
the combustion chamber and heat is added to the air fuel mixture in an isobaric process
(4-5). In the next stage, flue gases departing the combustion chamber are expanded

adiabatically in the gas turbine for power generation through generators (5-6).
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compressed air energy storage (CAES_HGT)
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The fourth model concept shown in Figure 54, conceived for hybrid-solar
applications, integrates an air-based bottoming cycle with advanced adiabatic
compressed air energy storage (CAES_ABHGT). A process flow diagram of this cycle
is shown in Figure 54. During the high peak of electricity, In the top cycle, Ambient air
is drawn into the topping cycle compressor (1) where it is compressed adiabatically (1-
2). After compression, air enters the parabolic trough where it is preheated with the
available solar flux at the receiver (2-3). Next its stored at salt cavern through advanced
adiabatic CAES tank (3-3*). During the high peak the valve of the cavern is opened
(4*-4) air goes from CAES tank through the combustion chamber and heat is added to
the air fuel mixture in an isobaric process (4-5). In the next stage, flue gases departing
the combustion chamber are expanded adiabatically in the gas turbine for power
generation (5-6). Exhaust gases from the topping gas turbine go through the air heat
exchanger where a portion of the available waste heat is recovered by the bottoming
cycle air flow (6-7). In the bottoming cycle, ambient air is drawn into the bottoming
cycle compressor (8) and it is compressed adiabatically (8-9). It is then intercooled
through intercooler (9-10) and enters the high-pressure compressor (10-11).
Afterwards, it is heated up successively by heat exchanged with exhaust air from the
topping and bottoming turbines through waste heat recovery and recuperator
respectively (11-12). It is finally expanded in the turbine and cooled down in the
recuperator (12-13).

4.4.11. Mathematical model of the CAES and the salt cavern. The
mathematical model of CAES and the salt cavern will be illustrated at this sub section.
For simplicity, the cyclic loading at the cavern will not be taken in consideration.

4.4.11.1 Regenerative storage. The chief goal of the model of the regenerative
storage system is to decide the volume of the tank needed to store a certain amount of
heat, alongside that to decide upon the nominal pressure drop produced by the flow
inside the CAES.

Two theories have been developed in order to calculate the storage tanks:
* Heat and mass transfer phenomena are purely axial.
* The packed bed is uniform with a persistent void fraction and

shape factor.
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The perimeter of the module does not allow air to leave. In addition to that, the
regenerative storage unit happens to be a sensible heat storage system, and therefore
the quantity of heat able to store in each volume is dependent upon the temperature
range at which the operation of this unit takes place, The higher the temperature range,
the more the storage density. In the case of a hybrid solar gas-turbine power plant, this
temperature range is between the Parabolic trough piping outlet temperature T4 and the
compressor discharge temperature T2. The amount of thermal energy stored in a
thermal energy storage cancan be expressed in the equation below [92].

Qres = PsVstorage CsAT (107)
where Qs¢orage 1S the amount of heat stored in [J], ps is the density of the storage

material [kg/mq], Vstorage 1S the volume of storage material used (m®), AT is the

temperature range of operation [K], and C is the specific heat of the medium [J/(kg

K).

The regenerative storage’s volumetric nature indicates that the material within
the packed bed is not contiguous. The void fraction of the bed & is described as the ratio
between the void volume and the total volume of the bed and is reckoned to be constant
across. If we were to deem the width of the thermocline zone negligible in comparison
to the total length of the unit, then we can determine the volume of unit needed to store
a given duration of nominal receiver is deduced by the equation (108) where tstorage IS
desired storage duration ps and cs the density and specific heat capacity of the s

medium, and Qrec the nominal receiver output [92].

v _ Q;}eocm* tstorage (108)
TES ™ (1= &) psCs(Ty—T,)

The storage unit’s capacity to sustain the thermocline zone depends on the

effective thermal conductivity k.rr of the packed bed, that can be calculated by the

conductivity of material kg using Equation (109) [2].

1-¢)

keff = ks

The pressure lost at cavern can be expressed by equation (110) , where the
pressure losses occurs by flow of air inside the unit and can be calculated using the
McCorquodale correlation [22], given in Equation and adjusted to consider the shape

factor fs of the storage particles, which are not necessarily spherical. | is the length of
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the storage unit module; the mass flux G is the ratio between the mass flow and the
flow area and ds is the characteristic diameter of the storage media. The heat transfer
fluid is characterized by its dynamic viscosity u» and density pb, evaluated at a mean
bulk temperature [2].

G2I(1 — 1-
AP,y = M 4.74 + 166% (110)
.DbdsfE EEGdS

Through the walls of the CAES, heat losses from the storage unit will occurs.

The final heat loss coefficient Ujoss can be calculated using Equation(111), where anc

is the natural convection heat transfer coefficient at the external surface of the

insulation, which Morel [71] gives as 5 W/m?K, and tins and kins are the thickness and
thermal conductivity of thermal in isolation [2].

1ty 1

= (111)
Uloss kins Anc

4.4.11.2 Adiabatic cavern storage. The adiabatic cavern mathematical model is
illustrated below [92]:

Charge: (111, = 0)

M)=t+M (112)
(o) = TRTat M 113
() = 6 + M0 (113)

KT,
p(0) =S+ (114)

Discharge: (m;, = 0)

M(t) = My, — it (115)
T(0) = Tyan (1 — )40 (116)
P(t)Vcavern = M(t)RT(t) (117)

where p is the cavern initial pressure, M' is the initial mass flow rate of the
cavern and T, is the inlet temperature of the cavern, Tmax and Mmax Can be

obtained by substituting the charging time (t) at the above equations, T are
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the initial mass and temperature of air at the charging phase. It can be

assumed that T = T, since it is an adiabatic process [90].

The round-trip storage efficiency of the CAES is given by the following
equation:
2

A (118)
W + Qrgs

NHGT-CAE =

where Qrgs is the useful Thermal energy storage.

4.4.12. Economical model of the CAES and the salt cavern. The cost of
generative TES can be divided to three separate parts which are the cost of storage
vessel (Z,.5), the cost of storage material (Zrgsmateriar) @and the cost of storage
insulation (Z7gs ins). The total cost of generative TES (Zrgs) can be calculated using

the equation 119.

Zrgs = Zyes + ZTES,material + ZTES,ins (119)

The cost of storage of storage vessel can be expressed as a function of its length

and diameter using Turton equation 120 [65]:

10g10Zpes = K1 + K. l0g1olresves + K3(10g10lrEs ves)?
+ logy0(B1+B2FuF,) (120)

where value of K; , K, and K5 can be selected from Table 26 based on the Vessel
Diameter. Turton states on his literature that B; equals to 1.620 and B, equal to
1.471. Fy, F, are the material and pressure correlation factors, respectively. The

material and pressure correlation factors can be expressed by the below equations (121

,122) based on the working Pressure (P, and temperature (T,) at the Storage [2].

T

R = () (21)

Fp = 0515 + 0.684log10P4 + 0.297([0910P4)2 + 0.024(l0g10P4_)4
+0.002(logsoPy)® (122)
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Table 26: Storage Vessel Cost Correlation [2]

Vessel Diameter (m) K; K, K lrEs max(M)
0.3 2.90 0.578 0.126 20
05 3.103 |0.578 0.063 25
1 3.359 0.591 0.111 30
2 3.760 0.368 0.95 40
3 3.772 0.716 0.043 50
4 4.155 0.224 0.250 52
5 4.355 0.214 0.350 55
6 4.650 0.115 0.450 56
7 4,772 0.110 0.478 58
8 5.213 0.100 0.532 60

The cost of TES material and thermal insulation can be calculated through the

below equations [2]:

dz TE.
S,Ves
ZTES,material = CTES,material- psf- s 4 lTES,Ves (1 2 3)

t?rgsins + (2dresves- tins)
ZTEs ins = CTES,ins+ T 4 lresyes (124)

. i - . . usD . .
where crgs ins 1S the specific insulation cost in (? ): CTESmateriar 1S the specific

material cost in (Uk—SgD) ,£ is void fraction of the storage, p, is the density of the material

storage , t;,s is the insulation thickness in (m) and drgs y.s IS the diameter of the vessel

in (m). Wool thermal insulation is selected as the material of Vessel insulation. crgg ins

for Wool thermal insulation equals to 300 (L%)) Concrete is selected as the material

USD
storage, Crgsmateriar fOr concrete equals to 0.05 (E) .The cost of salt cavern can be

illustrated by the equation 125 [92]:
Zcavern = 3.75 % 107 + 62 * Vegyren (125)

where Z,qpern 1S the cost of salt cavern in (US $) , V. uren IS the cavern volume in
(m?).
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4.4.13. Decision variables. The topping cycle parameters will be validated by
Siemens GT-800 so the data will be collected from the steady state analysis. However,
the bottoming cycle paraments need to be optimized to obtain the optimal value. The
heat exchanger minimum approach temperature needs to be optimized to acquire the
optimal capital-energy trade off. The heat exchanger components in this model are heat
waste, recuperator and intercooler. Additional CAES models were taken in
consideration in the optimization problem to determine the optimal cavern and TES
Volume with the addition of optimal TES capacity. Table 27 illustrates the decision

variables selected for the optimization problem with their corresponding validation

ranges.

Table 27: Decision variables selected for the 2nd optimization problem.
Decision Variables Range
Number of PTSCs (Nprsc) (unit) [100-1000]
Aperture area of PTSC Aprsc (m?) [100-150]x 103
Bottoming Compressor ratio [1.5-3]

Heat waste Minimum approach Temperature (C°) [5-40]
Recuperator Minimum approach Temperature (C°) [5-40]
Intercooler Minimum approach Temperature (C°) [5-40]

Cavern Volume (m3) [50-500] x103
TES Volume (m?3) [200-10000]
TES Capacity (hrs) [1-24]

4.4.14. Optimization results. This section will illustrate the optimization
results of the two CAES models which are the Simple hybrid gas turbine cycle
configuration with advanced adiabatic compressed air energy storage (CAES_HGT)
and the model of gas Turbine using low temperature intercooled recuperated air

bottoming cycle with advanced compressed air energy storage (CAES_ABHGT).

The optimization convergence algorithm results are illustrated on Figure 55.
The multi objective algorithm method that is used in this project, is the Pareto optimal

front method. The advantages of using this method as it gives clear sign of the tradeoff
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curve between the objective functions in the objective space. Using Pareto optimal front
method on Simple and combined hybrid gas turbine power plants with advanced
adiabatic compressed air energy storage (CAES_HGT,CAES_ABHGT) would
illustrate a clear indication of the tradeoff curve between the total capital cost and the

cost of CO, emissions.
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Figure 55: Objective functions trade off of CAES_HGT and CAES_ABHGT

It can be noticed that the total capital cost is increasing linearly as the CO,
emissions decreases till a certain point. This point is called the lower theoretical limit
where decreasing the CO, emissions below this limit leads to an exponential increase
in the total capital cost. The CO, emissions lower theoretical limits of HGT and
ABHGT is 420 kgC0O,/MWh and 325 kgCO,/MWh respectively. Moreover, it can
be noticed that ABHGT specific CO, emissions are lower than HGT emissions for a
given total capital cost. The additional of advanced adiabatic compressed air energy
storage reduced the CO, emissions lower theoretical limits of CAES_HGT and

CAES_ABHGT to 50 kgCO,/MWh .
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One of the most popular economic indicators for power plants performance is
the levelized cost of electricity (LCOE). LCOE is used to measure the cost of electricity
produced. It can be also defined as the cost of electricity sale which makes the net
present value (NPV) of the investment equal to zero. The investment of the project
would be more profitable if the LCOE is minimized. Figure 56 shows the effect of solar
share on LCOE.
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Figure 56: Levelized electricity costs of the Pareto-optimal gas-turbine designs

It can be noticed from Figure 56 that the LCOE is slightly decreasing as the
solar share increases up until a certain limit where an increase in solar share leads to an
exponential increase in LCOE. This is due to the fact that adding solar components to
a certain solar share limit is more profitable than running the power plant purely with
fuel gases. Moreover, it can be seen that the LOCE of ABHGT power plant is about 58
(USD /MWh) with a corresponding annual solar share of 22% while LCOE of HGT
powerplant is about 65 (USD /MWh) with a solar share of 20%. It can be noticed at the
1% zone that that the values of LCOE of HGT and ABHGT increase steadily until the
optimal annual solar share reached whereas adding the advanced adiabatic Compressed
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air energy storage to the two models leads to an increase in the solar share with
reasonable LCOE. At 20% annual share it can be seen that the LCOE of ABHGT and
CAES_ABHGT almost identical to each other. Furthermore, it can be observed at the
2"4zone that that the LCOE of CAES_ABHGT is lower than CAES_HGT at any annual
solar share. Moreover, it can be seen at the 3™ zone that the LOCE of CAES_ABHGT
power plant is about 94.5 (USD /MWh) with a corresponding optimal annual solar share
of 87% while LCOE of CAES_HGT power plant is about 105.9 (USD /MWh) with an
optimal solar share of 85%. An increase in the annual solar share can be achieved
through increasing the area of the solar components which is not convenient to do after
reaching the optimal value since the LCOE will increase exponentially. At higher
annual share above 90 % the Simple hybrid gas turbine cycle configuration with
advanced adiabatic compressed air energy storage (CAES_HGT) can achieve lower
LCOE than the combined cycle with storage (CAES_ABHGT) .The reason behind is
that adding more solar component at high solar share can no more justify the efficiency
improvement by adding the bottoming cycle to the power plant. Nevertheless, the
performance of both power plants above 90 % solar share is lower than Pure

conventional PTSC power plant.

The solar electricity cost is another important economic indicator for power
plants performance which can be seen in Figure 57. It can be noticed from Figure 57
that the values of Solar electricity of HGT and ABHGT increase steadily until the
optimal annual solar share reached whereas adding the advanced adiabatic Compressed
air energy storage to the two models leads to an increase in the solar share with
reasonable solar electricity cost. It can be observed at lower annual share (below 22%)
that the hybrid combined power plant without the advanced adiabatic compressed air
energy storage (ABHGT) has lower solar electricity cost than CAES_ABHGT.
Nevertheless, at medium and higher annual solar shares adding the advanced adiabatic
compressed air energy storage will be beneficial since the higher annual solar share will
compensate for the increase solar electrical cost. Also, it can be noticed that the
performance of both power plants above 90 % solar share is lower than Pure

conventional PTSC power plant.
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Figure 57: Solar Electricity cost versus the annual solar share

Reducing the CO2 emissions is one of the main objectives in the current thesis.
Reducing the CO2 emissions means less reliance on fossil fuel that has a large impact
on the climate change. The specific of CO, amount per unit of electricity emitted by the
plant (fcoz) is one of the key factors to the environmental indicators. The relation
between Specific CO, emissions (f¢,,) and the annal solar share is shown in Figure
58. It can be noticed that both plants’ specific CO2 emissions (fcoz) decrease with

increasing the annual solar share until a certain limit where decreasing (fcoz) then

leads to an exponential increase in LCOE. This theoretical limit illustrates that it is not
worth it to invest more in annual share in order to reduce more specific CO2 emissions.
The annul solar share limits for CAES_ABHGT and CAES_ HGT are 85% and 87%

respectively. The (fcoz) of CAES_ABHGT at 22% annual solar share is 330 (kg
CO2/MWh) while at the (f;0,) of CAES_ABHGT at 87% annual solar share is 60 (kg
CO2/MWh). It can be observed by adding the advanced adiabatic compressed air energy
storage that the specific of CO, amount per unit of electricity emitted by the plant

(fzo, )is enormously reduced by 82 % for both power plants.
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Figure 58: Specific CO2 emissions (fcoz) versus the annal solar share

The optimization results of the four models’ models (HGT, ABHGT, CAES-
HGT, CAES-ABHGT) illustrate a diversity on different optimal configurations and
designs. HGT model can be neglected in the comparison since it is not competitive
when compared to the other three models where increasing the solar share leads to an
increase in the LCOE exponentially .Different performance indicators were taken into
consideration to evaluate the optimization problem. One might argue that minimizing
the LCOE and maximizing the NPV of the power plants leads to an optimal design
parameter. Another person can argue from another perspective that minimizing the
specific CO2 emissions or maximizing the annual overall efficiencies leads to an
optimal design parameter. To overcome this issue, a unified performance indicator is
introduced in Figure 59 to select an optimal design accordingly. Degree of penalty cost
due to avoidance of CO> emissions is selected as a unified performance indicator to
select an optimized configuration with optimal design variables. This performance
indicator is significantly selected since it accounts for both economic and
environmental performance indicators. Figure 59 illustrates the degree of penalty cost

due to CO, emissions avoidance versus annual solar share for the three configurations.
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Figure59: CO2 emissions penalty cost versus annual solar share

It can be noticed that the minimum degree of penalty cost due to CO, emissions
avoidance (Z¢,,) of ABHGT power plant is 90 (USD/ton) at 22% annual solar share
whereas the minimum degree of penalty cost due to CO emissions avoidance (Z,,) of
CAES-ABHGT is 75 (USD/ton) at 9% annual solar share. It can be seen that the
minimum degree of penalty cost due to CO, emissions avoidance (Z,,) of CAES-HGT
is 350 USD/ton at 85% annual solar which considered to be not competitive at all.
Accordingly, the optimal design variables were selected based on minimizing the
degree of penalty cost due to CO, emissions avoidance (Z¢,,) with its corresponding
annual solar share. Furthermore, it can be noticed that the optimal annual solar share
for Conventional power plant has a limit at 22% where increasing more than that leads
to an exponential increase on penalty cost due to CO:> emissions avoidance.
Accordingly, adding the CAES technology improves the optimal annual solar share up
to 87%. Thus, choosing the optimal size of cavern and CAES will be based on the

unified performance indicator with its corresponding annual solar share.

The optimal Storage capacity for different annual solar shares is illustrated at
Figure 60. It can be noticed that storage capacity is small at lower shares and increases

as the annual solar share increases.
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Figure 60: The optimal Storage capacity for different annual solar shares

Three optimized modes based on the unified performance indicator with
different CAES capacities were compared on Table 28. The optimum LCOE and Solar
equipment cost were computed. The Performance of gas Turbine using low temperature
intercooled recuperated air bottoming cycle with advanced compressed air energy
storage (CAES_ABHGT) is illustrated at 1, 3 and 7.5 hours of storage capacity. Thus,
it can be seen that Mode C at 7.5 hours storage capacity is the most promising model
since it has the highest annual solar share of 87% with reasonable LCOE of 94.5
(USD/MWHh). Moreover, Mode C is the most clean and sustainable model since the

specific carbon emission (kg CO2/MWHh) at mode C is reduced by 85%.

Table 28: Different operating modes of CAES_ ABHGT

Design parameters Mode A Mode B Mode C
CAES capacity (Hrs.) 1 3 7.5
Annual solar Share (%) 9 45 87
Total Capital Cost (Mil USD) 110 134 272.4
Solar equipment cost (Mil USD) 12 70 130
LCOE (USD/MWh) 40.5 58.4 94.5
Plant Capacity (%) 52.1 60.4 75
Specific carbon emission (kg CO2/MWh) 380.3 250.5 60
CAES Volume (m®) 278 834 2780
Plant annual operating hours (Hrs.) 4564 5291 6570
Annual power Output [GWh/year] 255.6 296.3 367.9
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The optimal parameters and Performance of CAES_ABHGT power plant at
mode C are listed in Table 29. The Annual Electricity output of CAES_ ABHGT power
plants is 367 (GWh/year).

It can be noticed the overall annual energy efficiency is almost identical to the
overall annual exergy efficiency since the difference between both efficiencies
decreases as the solar share increases. The annual overall energy and exergy efficiencies
of ABHGT are 33.6% and 33.2.

Table 29: Optimal parameters and design performance of CAES_ABHGT at Mode C

Design performance CAES_ABHGT
(Mode C at 7.5 Hrs. Storage )
Optimal Power Output [MW)] 56
Annual power Output [GWh/year] 367.9
Capacity Factor % 75
Number of PTSC (NPTSC) [units] 792
Annual optimal Solar Share % 87
Topping Cycle Mass flow rate (kg/s) 268
Power plant annual operating hours in [hr] 6570
Top Cycle Compressor pressure ratio 10.5:1
Bottom Cycle Compressor pressure ratio 25:1
CAES Roundtrip efficiency % 75
TIT Firing Temperature in [K] 1300
Specific CO, Emissions [kg CO2/MWh] 60
Cost penalty for CO, Avoidance [USD/tonCO;] 280
Total Capital Cost [Mil USD] 272.4
Levelized Cost of Electricity [USD/MW] 94.5
Cavern Volume (m%) 300000
CAES Volume (md) 2780
Maximum Cavern pressure (MPa) 4
Annual Overall Energy Efficiency % 33.6
Annual Overall Exergy Efficiency % 33.2

The LCOE of CAES_ABHGT is 94.5 (USD/MW) and at annual solar share of
87%. The Specific CO, emissions of CAES_ ABHGT is 60 [kg CO2/MWh] at 87%
annual solar shares. Reducing the CO> emissions is one of the main objectives in the

current thesis. The specific of CO, amount per unit of electricity emitted by the plant
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(fcoz) is one of the key factors to the environmental indicators. Thus, reducing the CO>

emission means less reliance on fossil fuel that has large impact on the climate change.

4.4.15 Total Capital Cost Breakdown of Power Plants with storage. The
Total capital cost breakdown of CAES_ABHGT and CAES_HGT power plants is
shown in Table 30. Figures 61 and 62 illustrate the total capital cost break down in pie
charts. It can be noticed that both power plants have almost 70% contribution of total
equipment cost whereas the rest of contributions go to land, contingencies, civil

engineering, and pipeline branching costs.

Table 30: Total Capital cost Breakdown of CAES_ABHG and CAES_HGT

Capital cost break down [Mil USS] | CAES_ABHGT CAES_HGT
PTSC total price 4.2 4
Top Gas Turbine 30 30
Bottom Gas Turbine 8 0
Top Compressor 13.8 13.8
Bottom Compressors (LP and HP) 0.6 0
Generators 6 5
Electronics 10 9
Heat waste recovery 15 0
Intercooler with Fan 3 0
Recuperator 4 0
Civil Engineers and Pipe Branching 25 23
Land 14 13
Contingencies 13 11
CAES 70 70
Salt cavern 56 56
Total Capital Cost [Mil US$] 272.6 234.8
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Moreover, it can be seen that the PTSCs contribution with CAES have almost
50% contribution of total equipment cost. This is due to the fact that an adiabatic CAES
technology was used. Despite the slight increase on PTSC cost of ABHGT, the solar
cost contribution to total capital cost is still lower than HGT by 1%. The most expensive
components in both configurations are the CAES and Salt cavern. The Gas Turbine cost
contribution to the total capital cost is about 13% for HGT and 11% for ABGHT.
Furthermore, it can be seen that the ABHGT heat waste recovery, intercooler and

recuperator costs contribution to the total capital cost are about 11%.

Capital Cost Break Down of CAES_ABHGT [Mil US $]

BPTSCtotal price

@Top Gas Turbine

@Bottom Gas Turbine

B Top Compressor
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@ Generators

@ Electronics

@ Heat waste recovery
@Intercooler with Fan

@ Recuperator
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@ Contingencies

B CAES
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Figure 61: Capital Cost Breakdown of CAES_ ABHGT
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Capital Cost Break Down of CAES_HGT [Mil US §]
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Figure 62: Capital Cost Breakdown of CAES_HGT

4.4.16. LCOE breakdown of power plants with storage. The levelized cost
of electricity (LCOE) breakdown of CAES_ABHGT and CAES_HGT power plants are
shown on Table 31. It can be noticed in both power plants that the annualized capital
cost is the main share contributors to the LCOE. Moreover, the annualized fuel cost is
not a major contributor anymore since the power plants depend more on annual solar
Share. The annualized capital cost and fuel cost of CAES_ABHGT are 70.9
(USD/MWh) and 4 (USD/MWh) whereas the annualized capital cost and fuel cost of
CAES_HGT are 79.8 (USD/MWh) and 7.15 (USD/MWh) respectively. Moreover, the
additional annualized capital cost of bottoming cycle of ABHGT is remunerated by the

annualized fuel cost reduction at the topping cycle.
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Table 31: Levelized Cost Breakdown of Power Plants with storage

Levelized cost break down CAES_ABHGT | CAES_HGT
Total capital cost [Mil US $] 272.4 234.8
Annualized Capital Cost [USD/MWh] 70.9 79.8
Annual Water cost [Mil US $] 0.04 0.033
Annualized water cost [USD/MWHh] 0.108 0.108
Annual Fuel (NG) cost [Mil US $] 1.5 2.21
Annualized fuel cost [USD/MWh] 4 7.15
Annual Operation and Maintenance [Mil US $] 6 4.59
Annualized Operation and Maintenance

[USD/MWh] 16 14.8
Total Decommissioning [Mil US $] 13.6 11.7
Annualized Decommissioning [USD/MWh] 3.545 3.5
Total LCOE [USD/MWHh] 94.5 105.4

4.4.17. Comparative analysis with literature. Comparative analysis with
literature is done to provide a general comparison between the simulated models and

literature results.

Shams 1 is selected as a reference power plant for the comparative analysis since
it is running with PTSC technology and located in UAE [93,94]. The simulated
configurations are quite different than Shams 1. However, the simulated results will
give a comparative analysis between the two technologies. The comparative analysis
between the simulated result and the literature (Shams 1) will be illustrated in Table 32.
It can be seen from Table 32 that Shams1 has a higher power output once it is compared
to the simulated results. Consequently, the presented literature results can be
comparatively analysed with the simulated configuration in certain aspects. It can be
observed that CAES_ABHGT has the highest annual solar share with 87% at total
capital cost of 234.8 (Mil USD) whereas Shams1 has an annual solar share of 75% at
total capital cost of (350 Mil USD) .Moreover, It can be noticed at higher annual solar
shares that the annual CO. emission avoided is increasing since less fuel content is used

at the power plant.
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Table 32: Comparative analysis with literature

Parameters Shams1[93] | HGT | ABHGT | CAES | CAES_
HGT ABHGT

Power output (MW) 100 47 57 46 56

Integrated CSP PTSC PTSC PTSC PTSC PTSC

technology

Cycle configuration Rankine Brayton | Brayton | Brayton | Brayton

Heat transfer fluid Oil Air Air Air Air

Annual solar share 75% 20% 22% 85% 87%

(%)

Solar aperture 627840 125000 | 127000 | 500000 | 508000

Area(m?)

Annual operating 2200 5475 5475 6570 6570

Hours (Hrs)

Annual CO2 emission 175000 20198 30742 | 117858 | 143481

Avoided (tonne)

Total Capital Cost 350 66 100.5 272.6 234.8

(Mil USD)

Plant lifetime (Years) 30 25 25 25 25

LCOE (USD/MWh) 53 65.3 58.3 105.4 945

It can be observed that Shams1 has the lowest annual operating hours since its
running only at daytime whereas the simulated CAES_ABHGT can be operated at
flexible timings. Reducing the CO2 emissions is one of the main objectives in the
current thesis. The specific of CO, amount per unit of electricity emitted by the plant
(fcoz) is one of the key factors of the environmental indicators. Thus, reducing the CO-
emission means less reliance on fossil fuels that have a large impact on climate change.
Therefore, adding the advanced adiabatic CAES technology leads to an increase in the

annual solar share and a large reduction in the CO2 emissions.
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Chapter 5. Conclusion and Recommendations
5.1. Conclusion

In this thesis, four different hybrid configurations of power plants are proposed.
The first configuration is the hybrid gas-turbine power plant (HGT). In the second
configuration, air-based bottoming cycle of hybrid gas turbine power plant is proposed
to find the most optimum configuration with its corresponding optimal values to be
implemented in the UAE. In the third configuration, the simple hybrid gas turbine cycle
with advanced adiabatic compressed air energy storage (CAES_HGT) is introduced. In
the fourth and final configuration, the model of the gas turbine using low temperature
intercooled recuperated air bottoming cycle with advanced compressed air energy
storage (CAES_ABHGT) is proposed. Initially, to be able to apply comparative thermo-
economic and environmental optimization on HGT, ABHGT, CAES HGT and
CAES_ABHGT, nominal parameter selection and steady state results are illustrated at
the beginning.

The steady state analyses are done through MATLAB and EES. It can be
noticed that the main difference between HGT and ABHGT plants is adding a
bottoming cycle. HGT is therefore conceptually the same plant as ABHGT but without
its bottoming cycle. In order to know the accuracy of the simulated steady-state model
of the power plant, the simulation results of HGT power plant without solar are
compared with siemens gas turbine plant. Specifications and results of the HGT model
without solar power are compared with Siemens SGT-800 and SGT-A45. These
analyses are done under ISO conditions. HGT without solar power is analyzed by
utilizing data of SGT-800 and SGT-A45 with the simulated MATLAB model. The
results of the simulated model show a relative accurate analysis whilst comparing it
with SGT-800 and SGT-A45. Power output is highly accurate with relative error of
(1%).

Furthermore, the energy efficiency of the model has an acceptable relative
inaccuracy of (2 %). Moreover, transient analysis is done to account for the change in
solar radiation reaching the parabolic trough solar collector and account for the heat
variation that is supplied to the gas turbine plant. To be able to simulate and account

for the off-design condition that changes with time, a dynamic model is needed. This
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Transient simulation is adopted with a meteorological year of Abu Dhabi. The Transient
analyses are done through TRNSYS and MATLAB to account for parameters that
change with time. The gas turbine power plants are operating from 6:30 am till 9:30 pm
and turned off from 9:30 pm to 6:30 am.

An optimization convergence is needed to allocate the optimal design variables
and parameters of the optimization problem. The power plant performance indicator
results are illustrated, and a unified indicator is assigned to obtain an optimum
configuration that satisfies the optimization problem. The multi objective algorithm
method that is used in this project is the Pareto optimal front method. The advantages
of using this method as it gives clear sign of the trade-off curve between the objective
functions in the objective space. Using Pareto optimal front method on HGT and
ABHGT power plants would illustrate a clear indication of the trade-off curve between
the total capital cost and the cost of CO, emissions. The optimum solar shares for HGT
and ABHGT are 20% and 22%, respectively. The LCOE of ABHGT and HGT are 58.35
(USD/MW) and 65.37(USD/MW) respectively. Both of the power plants have a
positive NPV, where the NPV of HGT and ABHGT is 103.9 (Mil USD) and 151.8 (Mil
USD) correspondingly. This is due to the fact that the fuel cost in UAE is cheap enough
to make the investment profitable. The Specific CO2 emissions of ABHGT is 22%
lower than HGT. Reducing the CO, emissions is one of the main objectives in the
current thesis. The specific of CO, amount per unit of electricity emitted by the plant
(fcoz) is one of the key factors to the environmental indicators. Thus, reducing the CO>

emission means less reliance on fossil fuel that has a large impact on climate change.

Sensitivity analysis is used to study the economic behavior of the power plant
by varying the economic parameters to a certain extent. The sensitivity analysis is
applied to ABHGT power plant to study its economic value and indicate the most
sensitive parameters that have dominant effects on the economic analyses. Accordingly,
LCOE and NPV are chosen as economic indicators for the sensitivity analysis. A
uniform change in the economic parameters is implanted to analyze the effect on the
economic performance indicators. One of the main problems that is facing the energy
sector in the upcoming years is the risk of natural gas depletion. Among the high
demand on natural gases these days, running the power plants with liquified petroleum

gas (LPG) can be one of the promising alternative solutions to overcome the natural gas

138



depletion threats. One of the main advantages of using LPG is its vast abundance due
to the fact that LPG is mainly propane which can be chemically extracted. In fact, the
lower heating value of LPG is lower than the natural gas where the lower heating value
of LPG is about 46.6 (MJ/kg) while the natural gas is 50 (MJ/kg). Accordingly, to
produce the same power output, more mass flow rate is needed for LPG to compensate
for the difference in lower heating values. Moreover, LPG has more carbon content
than natural gas. Therefore, it emits more specific CO, emissions than natural gas
where LPG Specific COz emissions (fco,) is equal to 411 (Kg/MWh) and natural gas
(fco,) is equal to 351.5 (Kg/MWh).Additionally, it can be noticed that natural gas cost
is cheaper than LPG by 5 USD /MWh. Consequently, annualized fuel cost of natural
gas is cheaper by 8.8 (USD/MWh). Furthermore, ABHGT running with LPG will have
a decrease on NPV by 32 (Mil US $). Although the natural gas is cheaper than LPG, it
is not recommended to be used in the upcoming years due to the depletion effect. LPG

will be more feasible in the future since it can be chemically extracted.

Moreover, the addition of advanced adiabatic CAES to ABHGT and HGT
models increases the solar share. An advanced adiabatic CAES is integrated with power
plants to enhance the annual optimal solar share with reasonable LCOE. Moreover, the
additional annualized capital cost of bottoming cycle of ABHGT is remunerated by the
annualized fuel cost reduction at the topping cycle. The performance of
(CAES_ABHGT) is evaluated at 1, 3 and 7.5 hours of storage capacity. Thus, it can be
seen that Mode C with a 7.5 hour storage capacity is the most promising model since it
has the highest optimal annual solar share of 87% with reasonable LCOE of 94.5
(USD/MWHh) and a reduction of CO2 emissions by 83 %. Reducing the CO2 emissions
is one of the main objectives in the current thesis which is achieved at the end by the
addition of compressed air energy storage. It can be noticed that the main share
contribution to the LCOE for CAES _ABHGT and CAES HGT is the annualized
capital cost where the LCOE for the two model without thermal storage depends mainly
on fuel. Moreover, the annualized fuel cost is not a major contributor anymore since
the power plants depend more on the annual solar share. The annualized capital cost
and fuel cost of CAES_ABHGT are 70.9 (USD/MWh) and 4 (USD/MWh) whereas the
annualized capital cost and fuel cost of HGT are 79.8 (USD/MWh) and 7.15
(USD/MWh) respectively.
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5.2. Recommendations

The proposed four power plants are flexible on different operating modes since
they are hybrid power plants. So, running the system with latent thermal storages can
be studied and compared with the sensible thermal storage systems. Additionally,
Steam turbine power plants can be added and compared with the gas turbine power
plant to evaluate the plants’ performances and their drawbacks. Moreover, different
CSP technologies such as heliostat field collector can be used to study the performance
of the power plant. Different heat transfer fluids (HTF) can be studied to allocate the
optimum heat transfer fluid for thermal storage. Furthermore, an experimental study
can be implemented for a prototype system of 10 kW output with a thermal energy

storage to validate the simulation results.
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Appendix A

Appendix A is used to calculate the steady state analysis of ABHGT model using
MATLAB.

Matlab scribt for steady state

TTti=1673; %$%%Inlet tempreture of top Turbin in Kelvin$%%%
TTto=848; %%%outlet tempreture of top Turbin in Kelvin%%%
TTbi=798; %$%%Inlet tempreture of bottom Turbin in Kelvin%$$
TTbo=523; %%%outlet tempreture of bottom Turbin in Kelvin%%%
TC1lti=300; %$%%Inlet tempreture of top compressor 1 in
Kelvin%%%s

TClto=723; %%%0utlet tempreture of top compressor 1 in
Kelvin%%%

TC2bi=300; %%%Inlet tempreture of bottom compressor 2 in
Kelvin%%%

TC2bo=373; %%%0utlet tempreture of bottom compressor 2 in
Kelvin%%%

TC3bi=323; %$%%Inlet tempreture of bottom compressor 3 in
Kelvin%%%

TC3bo=423; %$%%0utlet tempreture of bottom compressor 3 in
Kelvin%%%

Tref=298; %%% Reference tempreture in Kelvin%%$

Ticc=1173; %%%Inlet tempreture of Combusion chamber in
Kelvin%%

TOcc=1673; %%%0utlet tempreture of Combusion chamber in
Kelvin%%

LHV1=50142; %%%%lower heating value for Ch4%%5
mdotair=134; %%% air mass flow rate in kg/s%$%%%

nt=0.85; %%%Turbine efficency%$%%

nc=0.85; %%%Compressor efficency%%%
ncc=0.98; %%% Combusion chamber efficency $%%%
nMG=0.98; %%%% mechanical gen eff %%%%
nele=0.99; %%%%Electiacal gen eff %$%%%%%

TTtavg= (TTti+TTto) /2
TTbavg= (TTbi+TTbo) /2
TCltavg=(TClti+TClto) /2
TC2bavg= (TC2bi+TC2bo) /2
TC3bavg= (TC3bi+TC3bo) /2

Cpavgl=1.165; $%FOR CH4 IN top Turbine Table A-2 $%%
cpavg2=1.164; $%%for LPG IN top Turbine Table A-2 $5%%
Cpavg3=1.063; $%%for air in bottom turbine Table A-2
Cpavg4=1.030; %$%%for air in top compresser 1 A-2 %%%
Cpavg5=1.006; %%%for air 1in bottom compresser 2 Table
A-2 %%%

Cpavg6=1.010; %%%for air in compresser 3 Table A-2 %%%
Cpair=1.142; %$%for air in Combusion chamber Table A-2
Wtt=(Cpavgl* (TTti-TTto)) /nt % specefic work of top Turbin %
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o\

Wbt= (Cpavg3* (TTbi-TTbo) ) /nt
Turbin$

Wtcl=(Cpavgd* (TC1lti-TClto)) /nc
comressorl %

Wbc2= (Cpavg5* (TC2bi-TC2bo) ) /nc
comressor 2 %

Wbc3= (Cpavg6* (TC3bi-TC3bo)) /nc
comressor 3 %

mdotfuel=( (mdotair*Cpavgl* (TOcc-Tref))- (mdotair*Cpair* (Ticc-
Tref)))/ ((ncc*LHV1) - (Cpavgl* (TOcc-Tref)))
mdotg=mdotair+mdotfuel

Wdotnet=( (nMG* ( (mdotg*Wtt) + (mdotair*Wbt)) )+ ((mdotair* (Wtcl+Wbc
24+Wbc3)) / (nMG) ) ) 3to calculate the net power ouput of the

system

specefic work of bottom

o©°

specefic work of top

o°

specefic work of bottom

o°

specefic work of bottom
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Appendix B

Appendix B is used to calculate the steady state analysis of PTSC using Engineering
Equation Solver (EES) and obtain the required useful energy.

EES script 1

Dro = 0.05
Dri = 0.04
Dco = 0.09
w = 10
L para 15
Ti = 723
Kr = 15
Tr = 260
Er = 092
EFFr = 0.75
Ec = 0.87

Tc = 64

Ts = 5770
Tamb = 42
v = 5

Id = 800

DENair = 1.1

Kair = 2875 - 10~ °

cpair = 1.08
Fr = 1
Qn = Ib - Aa
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To = 1173

) Qu
To = Ti + - -
1000 - mair - cpair
Qu = Fr - (lb- A - A - Ul - (Ti - Tamb - 273))
Aa = (w - Dco) - Lpaa

Ar = m - Dro - Lpaa

b = Id - EFFr
Uo
F = —
ul
A 1 1!
Ul =

+
(Hcca + Hrca) - Ac Hrer
Ac = m - Dco - Lpaa

Nusca - Kair

Hcca =
Dco
Nusca = 04 + 054 - Re’®
. Dco
Re = DENair - v = ——m—
KINVISair
Hrca = Ec - o - (Tc + 273 + Tamb + 273) - ((Tc + 273) - (Tc + 273) + (Tamb + 273) - (Tamb + 273))
" 6 - (Tc + 273 + Tr + 273) - ((Tc + 273) - (Tc + 273) + (Tr + 273) - (Tr + 273))
rer =
1 Ar 1
—+ — | |[=—=-1
Er Ac Ec
1 Dro Dro Dro ||~
Uo = — + - — + sn | —
Ul Hcrin - Dri 2 - Kr Dri
. Nusr - Kr
Hcrin = ——
Dri
Nusr = 0023 - Rer®® . pr®*
. -5
Vair = 3482 - 10
. -5
KINVISair = 1.7 - 10
v - Dri
Rer = ——
Vair
Qu
EFFen = ——m—m
Aa - Ib
134
N ptc -
malir
QUiotat = Npic -~ Qu
power = mair - cpair - (To — Ti)
powery = power © Npi
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EES script 2

T[1]=27+273
T[2]=450+273
T[3]=900+273
T[4]=1400+273
T[5]=575+273
T[6]=300+273
T[7]=27+273
T[8]=100+273
T[9]=50+273
T[10]=150+273
T[11]=525+273
T[12]=250+273
s[1]=6.830
s[2]=6.900
s[3]=7.500
s[4]=7.900
s[5]=7.850
s[6]=7.400
s[7]=7.350
s[8]=7.370
s[9]=7.150
s[10]=7.170
s[11]=7.840
s[12]=7.950
P[1]=PRESSURE
P[2]=PRESSURE
P[3]=PRESSURE
P[4]=PRESSURE
P[5]=PRESSURE
P[6]=PRESSURE
P[7]=PRESSURE
P[8]=PRESSURE

P~ A~~~

Air, T=T[1],s=s[1])
Air, T=T[2],s=s[2])
Air, T=T[3],s=s[3])
Air, T=T[4],s=s[4])
Air,T=T[5],s=s[5])
Air, T=T[6],s=5[6])
Air, T=T[7],s=s[7])
Air, T=T[8],s=5[8])

P[9]=PRESSURE(Air, T=T[9],s=s[9])

P[10]=PRESSURE(Air, T=T[10],s=s[10])
P[11]=PRESSURE(Air, T=T[11],s=s[11])
P[12]=PRESSURE(Air, T=T[12],s=s[12])

h[1]=ENTHALPY (Air, T=T[1])
h[2]=ENTHALPY (Air, T=T[2])
h[3]=ENTHALPY (Air, T=T[3])
h[4]=ENTHALPY (Air, T=T[4])
h[5]=ENTHALPY (Air, T=T[5])
h[6]=ENTHALPY (Air, T=T[6])
h[7]J=ENTHALPY (Air, T=T[7])
h[8]=ENTHALPY (Air, T=T[8])
h[9]=ENTHALPY (Air, T=T[9])

h[10]=ENTHALPY (Air, T=T[10])
h[11]=ENTHALPY (Air, T=T[11])
h[12]=ENTHALPY (Air, T=T[12])
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. EES Commercial Version: ChUsers\moad1984 Desktopthesis files\EES\ Cycle data.EES - [Arr

. File Edit Search Options Calculate Tables  Plots  Windows Help  Examples

= P e =1 ] A E N =X e [l ez [ =] e
1 P ] . 3 T 4 h
[kPal [kJ/kg.K] [K] [kJ/kg]

[1] 1.988 6.83 300 3004

[2] 36.5 6.9 723 7381

[3] 3007 75 1173 1246

[4] 32.88 79 1673 1846

[5] 2449 T.85 848 875

[6] 2705 T4 573 A788

[7] 03248 T35 300 3004

[8] 0.6506 737 373 374

[9 08447 715 323 3236

[10] 2034 7T 423 424 6

[11] 2.008 T.64 798 819.8

[12] 02862 T7.95 523 5269
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Appendix C

Appendix C is used to validate my steady state analysis by comparing the steady state
analyses with Siemens literature.

Power Generation 41.5 MW Version 50.5 MW Version
Simple Cycle

Power output 150 47.5 MW(e) 150 50.5 MW(e)
Frequency 50160 Hz 50160 Hz

Electrical efficiency 37.7% 38.3%

Heat rate 9,557 kJIkWh (9,058 BtufkWh) 9,407 kJIkWh (8,916 Btu/kWh)
Turbine speed 6,608 rpm 6,608 rpm
Compressor pressure ratio 2041 21.1:1

Exhaust gas flow 132.8 kgls (292.8 Ibls) 134.2 kgls (295.8 Ibls)
Exhaust temperature 541°C(1,006 °F) 553°C(1,027 °F)

NO, Emissions (with DLE, corrected to 15% 0, dry) <15 ppmV <15 ppmV

Figure63: Siemens gas turbine SGT 800 Performance

50 Hz, ISO conditions 50 Hz, hot climate 60 Hz, I1SO conditions 60 Hz, hot climate
{15°C ambient) (30°C ambient) (15°C ambient) (30°C ambient)

Power output 41.0 MW(e) 39.3 MW(e) 44.0 MW(e) 39.6 MW(e)
Fuel Dual fuel (gas and liquid)

Frequency 50 Hz 50 Hz 60 Hz 60 Hz
Electrical efficiency 38.9% 38.3% 40.4% 39.4%

Heat rate 9,260 KIkWh 9,405 KIkWh 8,944 kJikWh 9,137 kKJIkWh

Turbine speed 3,000 rpm 3,000 rpm 3,600 rpm 3,600 rpm

Pressure ratio 27.7:1 26.7:1 27.9:1 2581
Exhaust mass flow 127 kgls 120 kgls 126 kgls 116 kgls
Exhaust temperature 477 °C (891 °F) 501°C (934 °F) 483°C (901 °F) 498 °C (928 °F)
NOx emissions = 15 ppmvd (gas fuel) | 42 ppvm (liquid fuel) with optional water injection

Figure 64: Siemens gas turbine SGT-A45 Performance
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