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Abstract

Concentrating solar power (CSP) is a promising technology for generating efficient
renewable solar energy in countries with high direct normal irradiance (DNI). Egypt, as
one of those countries, can very effectively harness the sun’s energy for the generation of
power, which could have an appreciable impact on Egypt’s future energy plans.
Nevertheless, the current and planned CSP projects do not match Egypt’s solar energy
potential. Accordingly, this study examines both the technological and economic aspects
of'a potential CSP plant in Egyptian locations, in addition to investigating grid integration

performance.

A multi-criteria analysis was used in this study to identify and limit the number of the
potential sites to three locations to be used as case studies. Subsequently, the System
Advisor Model (SAM) simulation package was used to compare the three selected
locations in terms of levelised cost of energy (LCOE) and annual energy output. The
simulation results demonstrated that a site near Ras Shukeir city in Egypt showed the
lowest LCOE with 10.07 US¢/kWh and the best generation performance with an annual
energy output of 464.7 GWh.

Based on the output power values of SAM model, load flow studies were performed to
assess a CSP system at the site. The load flow solution results showed the values of the
expected voltage and voltage angles for each bus for a 24-hour period were acceptable

when connected to the grid.

In summary, this work has shown that CSP technology can be adopted on a bigger scale

in Egypt, even with the current economic status of the country.
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Chapter 1 Introduction

1.1 Egypt’s Energy Profile

Concentrating solar power (CSP) is a promising technology for countries that are located
in the sun belt. Egypt, as one of those countries, could utilise the sun’s energy for the
generation of power. This could have an appreciable impact on the future of energy in
Egypt. Many factors have influenced energy consumption in Egypt over the last decade,
one of these being the population. As it has increased, reaching 92 million people in 2015
[1], the demand on the national grid has also increased. Furthermore, many new industrial
projects have been placing demands on the electricity supply. Electricity consumption in
Egypt varies between residential loads, industrial loads, commercial loads, government
entities and other public consumers [1]. The combination of population and industrial

enterprises has led to a determination to improve and diversify energy sources.

The New and Renewable Energy Authority of Egypt (NREA) has made it known that
they want a power plan that includes renewable energy sources, specifically solar and
wind energy systems. The total installed capacity in 2012 is shared between fossil fuel
and renewable energy, with the renewable energy percentage being less than 12% [2].
This percentage represents current installations of wind power, photovoltaic (PV)
systems, CSP plant and hydro power of 550 MW, 15 MW, 20 MW and 2800 MW,
respectively. This has led to a suggestion that, in 2020, renewable energy should be at
least 20% of supply with an increase in the installed wind power to 7200 MW, PV systems
to 220 MW and CSP to 1100 MW. Figures (1, 2) show the total installed energy sources
in 2012 and those planned by 2020 in percentages. Furthermore, Egypt has a high direct
normal irradiance (DNI), which underpins the country as a strong potential candidate for
solar energy systems in general, and CSP technology, in particular, should be viewed as

part of Egypt’s electricity future.



M Fossil Fuel MRE ®mWind =PV mCSP Hydro

Figure (1): The installed capacity in each sector in 2012 [2].

M Fossil Fuel WMRE ®=Wind mPV ®CSP Hydro

63.60 %

Figure (2): The targeted energy plan by 2020 [2].



1.2 CSP Technology

CSP is a technology that utilises mirrors to reflect and concentrate sunlight to a single
point on a receiver where it heats a transfer fluid to a high temperature [3]. This energy
is transferred to the next stage where it is used directly to spin a turbine or power an
engine that can drive a generator to provide electricity which may be used immediately
or stored for later use. At present, CSP systems can be classified into four types according

to the technology used: solar power towers, troughs, linear Fresnel reflectors and dishes.

1.2.1 Solar Power Towers

Solar power towers use flat sun-tracking mirrors known as heliostats, which focus
sunlight into a receiver at the top of a tower. A heat transfer fluid (HTF) is heated in the
receiver, then is used to heat a working fluid that is later utilised in a typical turbine
generator for producing electricity as shown in Figure (3). Some power towers use
water/steam as the HTF [4], such as the ‘Planta Solar 10’ in Spain [5]. Other designs use
high temperature molten salts or sand-like particles for maximising the power cycle
temperature [4]. The Gema Solar Thermo Solar Plant, also in Spain, is a good illustration

of this technology [6].

The concentrating solar power tower concept reaches very high temperatures, from 800°C
to over 1000°C, and accordingly this increases the efficiency at which the heat is
converted into electricity. One attraction of tower technology is that it is extremely
flexible which allows the designers to choose from a wide variety of heliostats, receivers,
transfer fluids and power blocks, and in addition there are a number of plants which have

several towers that provide energy to one power block [7].
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Figure (3): Solar power tower plant [3].



1.2.2 Parabolic Trough Systems

Parabolic trough systems are the most common CSP installations to date. According to
the National Renewable Energy Laboratory (NREL), approximately 67% of all CSP
power plants, including those currently under construction, have adopted this form of
power generation [8]. These systems consist of parallel rows of reflectors, curved to focus
the sun’s rays [7] as shown in Figure (4). These reflectors concentrate the heat from the
sun onto an absorber tube, mounted on the focal line of the parabola. The mirrors and the

absorber tube move simultaneously, from sunrise to sunset, tracking the sun [9]-[11].

The reflector length can reach 100 m with the curved surface ranging between 5 m to 6
m across. The absorber tubes are made from stainless steel with a selective coating that
is responsible for collecting the absorbed heat, the coating being designed to absorb high
levels of solar radiation [7]. In addition, these tubes or pipes are insulated in an evacuated

glass envelope which results in operating temperatures between 350 °C and 550 °C [9].

Most of the parabolic trough plants that are operating commercially use a synthetic oil as
the HTF that transfers the heat from collector pipes to the power cycle. Large numbers of
the current parabolic trough plants rely on backup fuel, and no thermal storage is
incorporated in these plants. However, newer plants have large thermal storage capacities

to allow them to generate electricity after the sun sets [7].
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Figure (4): Parabolic trough plant [3].



1.2.3 Linear Fresnel Reflectors

Linear Fresnel reflectors (LFRs) resemble the parabolic shape of trough systems but use
long rows of flat or slightly curved mirrors for reflecting the sun’s rays onto a downward-
facing linear fixed receiver, as shown in Figure (5) [7]. One advantage of this technology
is that it requires lower investment costs due to the simple design of the flexibly bent

reflectors and fixed receivers [7].

However, when it comes in converting solar thermal energy to electricity, LFR plants are
less efficient than troughs due to the use of longs rows of mirrors instead of the parabolic
design. As the receiver is fixed while the mirrors are rotating, their relative positions
change during the day and some light fails to converge and to be focused at a single focal
point. This leads to the use of a secondary mirror to reflect back into the receiver tube the
sun’s rays which have not hit the tube after the reflection of the primary mirrors, and this
resulting reflectivity from secondary mirrors reduces the efficiency of the Fresnel

reflectors [12].

As for incorporating thermal storage, there have been some attempts made by Germany’s
Novatec Solar and California-headquartered Avera Solar to develop storage solutions for
their Fresnel collectors using molten salt instead of water in order to reach higher
temperatures [13]. For Novatec Solar, the attempt succeeded, being tested and
demonstrated in the Spanish Errado 1 plant, where the operating temperature reaching
500°C with an electricity yield of 2000 MWh/year [14]. On the other hand, Avera Solar
began operation of its molten salt energy storage demonstration plant in 2014 and the
results confirmed that using molten salt as the working fluid achieved high temperature
during operation as well [15]. As yet, however, this technology is not commercialised

properly as it is considered to be a less well-proven technology compared to other types.

A Steam condenser
-

—
Generator <-H_
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Figure (5): Linear Fresnel reflector plant [3].




1.2.4 Parabolic Solar Dish

Parabolic solar dishes focus the sun’s rays at a focal point above the centre of the dish.
The entire system tracks the sun, with the receiver and the dish moving at the same time
[7]. The dishes may have an independent engine/generator at the focal point, as shown in
Figure (6). The solar dish provides the highest conversion performance from solar energy
to electricity of all the CSP technologies. At the same time parabolic dishes are limited in
size to tens of kW capacity, or less, and each dish produces electricity independently.
Accordingly, co-location of large numbers of them would be required to create a large-

scale plant.

Other CSP technologies have capacities that cover a bigger range starting from 1 MW.
The optimal size of troughs, LFRs and towers have capacities which range from 100

MW to 250 MW, depending on the efficiency of the connected power block.

There are many advantages of this dish technology; for instance, the compact size and
absence of cooling water and heat transfer fluid. On the down side, the parabolic dish is
not compatible with thermal storage and hybridisation, except for the enormously sized

dishes [7]. Table (1) shows a detailed comparison between the four technology types.
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Figure (6): Parabolic dish system [3].



Table (1): Comparison of CSP technologies [7], [16].

Technology Solar Power Parabolic Linear Fresnel Parabolic
Tower Trough Reflectors Solar Dish
Capacity Range 10 - 100 10 - 250 5-250 0.01-1
(MW)
Annual Solar 10-16 % 10-16 % 8-12% 16-29 %
Efficiency
Concentration 600 - 1.000 50-90 35-170 <3.000
Ratio
Land Use 20-25% 25-40% 60 - 80 % 20-25%
Factor
Advantages High efficiency  Long term Simple structure Compact size,
proven and easy field absence of
reliability construction cooling water,
high efficiency
of power cycle
Disadvantages High Complex Less efficient, High
maintenance structure, difficult to complexity, not
and equipment  limited HTF include storage  compatible with
costs temperature, flat capacity in the storage except
land and high design for the large
precision are size
required

1.3 Components of a CSP Plant

For any CSP plant there are three important parts: the solar field, thermal energy storage
and power generation systems. The solar field includes solar collectors, receivers, and
HTEF. Thermal energy storage includes the technologies that have been used for the past
and current projects. Lastly, the power generation system includes the power cycle used,
which is usually the Rankine cycle, and often includes a backup system for times of low

radiation.

1.3.1 Solar Field

For CSP technology, solar collectors can be classified into two types: line focus collectors
and point focus collectors. Line focus collectors are generally used in either parabolic
trough technology or linear Fresnel reflectors. These collectors use highly reflective

materials to collect and concentrate the heat energy from solar radiation [17]. In the case
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of parabolic trough technology, the collectors are composed of parabolically shaped
reflective sections connected into a long trough [18]. As for the point focus solar
collectors, this type is usually used in parabolic solar dishes as it has to track the sun
across the sky to be effective [17], [18]. These dishes are either working alone or

combined into an array to collect more energy from the sun.

The solar receiver is the second part of the solar field which is responsible for absorbing
the solar radiation and converting it into heat. It is located at the focal point or along the
focal line depending on the type of the collector that has been used. To transform the heat
into thermal energy, the heat is transferred through the HTF. In the case of line focus
collectors, the receiver is tubular and placed along the focusing line; this type is subjected
to lower concentration ratio and medium temperatures. On the other hand, with point
focus systems the receiver is more complicated and can take several forms that place
absorber surfaces around the focal point, and in addition this type is always subjected to

higher concentration ratios with greater temperatures [19].

The third part, the HTF is considered to be a crucial component of any CSP plant as it
transfers heat that is concentrated by the receiver to a steam generator. There are multiple
types used in CSP plants: for example, water/steam, thermal oil and molten salts [20]-
[22]. The function of HTF is transferring heat in a CSP system or storing heat in a thermal
energy storage (TES) tank to avoid using a heat exchanger [23]. The characteristics of
HTF can be identified as low melting temperature, high thermal stability temperature,

high specific heat capacity and low cost [24], [25].

1.3.2 Thermal Energy Storage

Thermal storage is a simple concept. During the day, surplus heat is diverted to a storage
material (e.g., molten salts); when the plant is required to produce power after sunset, the
stored heat is then released into the steam cycle and the plant resumes producing electrical
power [7]. Three technologies have been tested and developed since 1985. The first
technology type is a two-tank direct system, where the HTF is used as a storage medium.
The fluid is stored in two tanks as shown in Figure (7), one tank at high temperature and
the other at low temperature. Fluid from the low temperature tank passes through the
receiver or solar collector, the solar energy heats it to a high temperature and then it flows
to the high temperature tank to be stored; meanwhile the fluid from the high temperature

tank goes through a heat exchanger to generate steam for electricity production. The fluid
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leaves the heat exchanger at a low temperature and goes back to the low temperature tank

13].

SOLAR FIELD THERMAL STORAGE POWER-BLOCK

Figure (7): Two-tank direct system of thermal storage [3].

The second type is a two-tank indirect system which operates in a similar way to two-
tank direct systems but, in this case, different fluids can be utilised as heat-transfer and
storage fluids as shown in Figure (8). These systems are used in plants in which the HTF
is extremely expensive or not suitable for being used as the storage fluid [3]. In these
systems there is an additional heat exchanger which the storage fluid from the low
temperature tank passes through and is heated by the high temperature HTF. Afterwards,
the heated storage fluid goes back to the high temperature storage tank, then the fluid
leaves the heat exchanger at low temperature and goes back to the receiver where it is
heated back again to a high temperature. These systems are usually more costly than other

types as they include an additional heat exchanger [3].

SOLAR FIELD INDIRECT TES POWER-BLOCK

-
1
1
1
1
1
1
1
1

Figure (8): Two-tank indirect thermal storage [3].
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The last type is a single-tank thermocline system storing thermal energy in a solid or
liquid medium — most often silica sand — placed in one single tank, the hot and cold
temperature sections being separated by a temperature gradient or ‘thermocline’ [3]. The
high temperature HTF goes into the top of the thermocline and leaves the bottom part at
a low temperature. This storage method has the advantage of depending on a solid storage
medium and requiring only one tank, which reduces the cost of the whole system [3]. This

type of thermal storage is shown in Figure (9).

High-temp
Fluid

Temperature
Gradient
{Thermocline)

Low-temp
Medium

Figure (9): Single-tank thermocline system [3], [26].

1.3.3 Power Generation System

The power generation system in any CSP plant includes the power cycle that is used to
convert the delivered thermal energy to electrical energy, and the system may include a
backup system in case of plant hybridisation. The steam Rankine cycle is most commonly
used in power generation for utility scale, for instance, in fossil fuel plants, nuclear,
biomass applications and, assuredly, CSP plants. Usually, in CSP plants, the operating
conditions are quite different depending on solar resource, storage capacity and ambient

conditions [27].

Many CSP plants, whether there is storage provided or not, are usually equipped with a
fuel backup system to enhance the capacity of the system, especially during peak and
mid-peak hours. In this case, the fuel burners provide energy to the HTF or storage
material or to the power block. In some areas where the DNI is not enough for the plant
to run completely on solar thermal power, the fuel-powered backup becomes a guarantee
of the plant’s production capacity at less cost. Another benefit of using fuel burners as a

backup system is it increases the conversion efficiency of the solar heat to electric power



11
by increasing the working temperature level, and for this reason some plants are always
in hybrid mode. Adding a solar field to a fossil fuel plant creates what is called an
integrated solar combined cycle plant (ISCC). An example of the operation of hybridised
solar plant is shown in Figure (10). This example illustrates a system with 30 MW
capacity with fuel back up. It can be clearly seen that during the noon hours the extra

generated power is transferred to storage to be used later at night.

Also, on the positive side of this solar share is that the cost is relatively low, as the steam
cycle and turbine are already in place, and consequently the additional cost will be only

due to the components of the CSP plant, which will lead to fuel savings.

To storage

Firm capacity line

Fuel backup Solar direct From storage

0 2 4 é EIE! 'IIO 'IIZ 'II4 'IIB 'II8 20 22 24
Time of day
Figure (10): An example of a combination of storage and hybridization in a solar plant [7], [11].

1.4 Overview of CSP Plants Around the World

CSP technology has the potential to be built on a larger scale in the future, and many
countries have adopted this type of plant for generating energy, especially countries with
high DNI that are suitable for this kind of installation. Spain, for instance, has total of 50
projects installed and under construction; also, the USA has 24 projects both installed and
planned. China also has made a huge step in a short time with total of 23 installed and

planned projects, based on information on the NREL website [8].

The largest plant in Spain is the Solaben Solar Power Station, also known as the
Extremadura Solar Complex, located in Logrosan (Céceres). It consists of four 50 MW
parabolic trough plants: solaben 1, solaben 2, solaben3 and solaben 6. Each plant has a
solar field area of 300,000 m? and the HTF used is thermal oil. In the USA, the largest
CSP plant in the world is the Ivanpah Solar Electric Generating System. This plant started
to operate in 2014 with a net capacity of 392 MW. It consists of three separate units,
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Ivanpah 1 of capacity of 126 MW and Ivanpah 2 and 3 each with a 133 MW capacity [8].
The plant has a solar field area of 2,600,000 m? and uses solar power tower technology

backed up with natural gas.

China has made noticeable progress in a short time in depending more on renewable
energy in general and CSP in particular. The largest CSP project in the world is currently
under construction in China, known as the Huanghe Qinghai Delingha Solar Thermal
Power Project. It is planned to have a total capacity of 810 MW after the completion of
multiple phases of the project. The first phase started production in 2017 with 135 MW
power output. The plant uses water/steam as the HTF, with a storage capacity of 3.5 hours

[28].

A summary of some of the biggest CSP projects in various countries is given in Table

(2).

Table (2): Summary of some of the biggest CSP plants around the world [8].

Net Thermal . Start of
Country/ ., Technology Cooling .
location Name Capacity tvoe HTF energy method operation
(MW) P storage date
H h
Q‘i‘zniaie 35h/
China/ . g Solar power ~ Water/ Moltensalt/  Dry 2017 (under
) Delingha Solar 810 : .
Delingha tower steam two-tank  cooling construction)
Thermal Power o
. indirect
Project
. . 7.5h/
Spaln/ Manchasol Solar Parabolic Dl.p henyl Molten salts/  Wet
Ciudad . 100 Diphenyl . 2011
Power Station trough . two-tank  cooling
Real oxide o
indirect
Pal 1 Ri Biphenyl/
Spain/ alma del Rio Parabolic l.p ey Wet
, Solar Power 100 Diphenyl none . 2010
Cérdoba . trough . cooling
Station oxide
Spain/ .
, Solaben Solar Parabolic Thermal Wet
Logrosan . 200 . none . 2012
, Power Station trough oil cooling
(Céceres)
Spa}n/ Solnova Sqlar 150 Parabolic The@al none We':t 2009
Seville  Power Station trough oil cooling
UAE/ . .
Madinat Shams 1 100 PZISEOIIII ¢ Thilrlr)mlnol none co]());i}; 2013
Zayed S g
Therminol 6 h/ two-tank
USA/ Solana Parabolic VP-1/ indirect Wet
. Generating 250 . 2013
Arizona Station trough Xceltherm  (molten cooling

MK1 salts)
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Net Thermal . Start of
Country/ .. Technology Cooling .
location Name Capacity tvpe HTF energy method operation
(MW) P storage date
. . - D
USA/ Genesis Sqlar 250 Parabolic ~ Therminol none r?/ 2014
Blythe  Energy Project trough VP-1 cooling
Ivanpah Solar
USA/ Electri'c 377 Parabolic Water/ none Dr?/ 2014
Ivanpah Generating trough steam cooling

system

1.5 Related Work and Similar Studies in the Middle East

There have been some studies conducted in the Middle East over the past five years
regarding CSP technologies in general and other studies have included more detailed
analysis of both the technological and economic aspects of a specific technology or a
specific site. Mihoub et al. [29] proposed a methodology for determining the best set of
parameters that will ensure the optimum design of future CSP plants with minimum
levelised cost of energy (LCOE) and maximal yearly power generation. The term LCOE
measures the lifetime costs divided by the energy produced by a system, i.e. the total cost
of installing and operating a project expressed in dollars per kilowatt hour (kWh) of
electricity generated by the system over its life [30]. This study was based on a planned
50 MW CSP plant in Hassi R’mel city in the south of Algeria.

The study proposed different scenarios for the same site to achieve the lowest LCOE. The
System Advisor Model (SAM) [31] was used for simulation of the four different models:
the first model did not integrate thermal storage or backup systems, the second model
incorporated a backup system without thermal storage, the third model integrated thermal
storage without a backup system, and the fourth model incorporated both thermal storage
and a backup system. As for the technology selection, there were two cases for each
technology type and, for the parabolic trough technology, there were two options for the
HTF, therminol VP-1 oil and molten salt, and two scenarios for the cooling method, wet
cooling or dry cooling. As for the solar power towers, the detailed configuration options
were molten salt as the HTF; external receiver, wet cooling method and molten salt as the

HTF; and a cavity receiver dry cooling method.

In addition to the previously mentioned scenarios, the value of the solar multiple was
changed in each simulation case. The research recommended the best configuration of
variables specifically for the investigated site. The results obtained was different from
one technology to another; for example, it was shown clearly that wet cooling was best

for Algerian climates regardless of the technology used. The results also showed the
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importance of integrating a backup system into the CSP plant, as it led to an increase in
annual energy generation in both technologies. In general, the study reached a promising
LCOE value of 23.57 US¢/kWh for solar power towers, and 24.12 US¢/kWh for parabolic
trough technology. The detailed suggested configuration sets for each technology type

are shown in Table (3).

Table (3): The detailed configuration sets that were used in [29].

CSP Plants Technologies options and Scenarios
configuration

Parabolic trough CSP plant T1: Therminol VP-1 oil as HTF S1: Wet cooling technology

T2: Molten salt as HTF S2: Dry cooling technology

Solar power tower CSP plant T1: Molten salt as HTF and S1: Wet cooling technology
external receiver
T2: Molten salt as HTF and S2: Dry cooling technology
cavity receiver

Another study was conducted in Algeria by Abbas et al. [32]. This research differed from
[29] on some points: firstly, it is for a 100 MW CSP plant using only one technology, a
parabolic trough; secondly, four sites were included. Furthermore, different climates were
chosen for the simulation process (arid, semi-arid and Mediterranean) and the LCOE was
calculated in each case. The SAM was also used for the simulation in this research. The
study focused on comparing the results obtained for the four selected sites (Tamanrasset,
Bechar, Gharadaia, Algeries) as shown in Table (4). The same parameters were used for
each case with only one difference, climate. The results clearly showed that the minimum
LCOE obtained was in Tamanrasset while the highest was in Algiers. Thus, the study
confirmed the idea that the arid regions are the most suitable for installing CSP plants
with highest level of annual generated power and lowest cost, while Mediterranean

climate regions are the least suitable for CSP technology.

Table (4): Results of the simulation conducted in [32].

Simulation results Tamanrasset Bechar Ghardaia Algiers
Gross electric output 465.3 419 251 237
(GWhly)

Capacity factor (%) 44.2 39.6 24.5 21.1

Global efficiency (solar
to electricity %)

Annual water usage (m3) 84,863 79,830 65,576 62,030

16.4 16 14.2 13.8
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Another study that addressed both the technical and economic sides of solar thermal
energy generation was conducted by Purohit and Purohit [33]. This study assessed the
technical and economic potential of CSP generation in India. The potential was estimated
based on detailed solar radiation and land resource assessment in 591 districts of India.
The key parameters for this study were land suitability, favourable solar resource
conditions and wind power density over selected regions. The SAM was also used for
technical evaluation of CSP technology for the potential sites. The study estimated the
CSP potential after considering the suitability of waste land, the annual DNI and the
average value of wind power density which is either > 150 or >200 W/m?. The results
showed that the LCOE is lower for locations that have high DNI, and, in addition, the
results indicated that, at 142 out of 591 locations, using parabolic trough technology is

cheaper than central receiver technology at only 18 US¢/kWh.

The first parabolic trough systems were installed in 1912 in Egypt to provide power for
an irrigation system and the capacity of this facility was 500 kW [34]. Yet the technology
itself with the current changes was not applied until 2011 at the Kuraymat ISCC Plant
with an overall capacity of 140 MW (120 MW combined cycle and 20 MW depending
on solar energy). The plant uses parabolic trough technology [35]. Table (5) indicates the

detailed plant configuration.

Table (5): ISCC Kuraymat plant configuration [35].

Area 130,800 m?
Heat transfer fluid type Therminol VP-1
Turbine capacity 20 MW
Cooling method Wet cooling
Cooling method description Cooling towers
Storage type None

Regarding the studies that have been conducted in Egypt, Shouman and Khattab [36]
presented a road map strategy for introducing CSP into the Egyptian market after
investigating the main barriers to financing such a project. In addition, the study also
included the peak load and medium load segment of the power supply in Egypt.
Furthermore, the study focused on analysing several data sources to compare CSP
technologies and LCOE with conventional sources of electricity. The study included the
calculation of the cost of generating power from conventional sources and its

development in the future, followed by the determination of the cost of CSP with its
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development in the future based on the economies of scale after its expected expansion.
The results showed that Egypt’s CSP potential exceeds 73 000 TWh/year which is one of
the highest in the region. The high DNI ranges between 1970 and 3200 kWh/m?*/year and
this is available for between 9 and 11 hours per day. In addition, in Egypt there are large
areas of unoccupied desert. These findings confirmed the fact that Egypt is one of the

most suitable countries for this technology.

All the previous studies discussed thus far considered either or both the technical and
economic sides of CSP technology. There are not many studies conducted on CSP
performance when connected to the grid, and there was only one study, conducted by
Patel et al. [37], that included both modelling and simulation of CSP plants with grid
integration. That paper proposed a design for a CSP plant using Simulink with grid
integration and made comparisons between CSP and PV technology. The CSP Simulink-
based model consisted of different parts with each part representing a process that occurs
inside the CSP plant, receiver subsystem, storage system (hot tank and cold tank) and the
electric generation subsystem (power cycle). The selected design approach was somewhat
similar to PV systems, with some alterations to resemble the same output of a CSP plant.
Consequently, the grid integration part of the study was conducted at 22 kV/400 V voltage

levels.

1.6 Project Motivation

There are many reasons for selecting CSP technology in general as an approach for this
research, and for choosing Egypt as a location for the proposed research project. Firstly,
the fact that Egypt is located in the sun belt makes it one of the most convenient locations
in the world to adopt this technology on a larger scale. Also, as mentioned previously,
Egypt is currently relying more on conventional sources of energy, for instance, oil,
natural gas and coal, than on renewable sources. Although Egypt is the largest non-OPEC
(Organisation of the Petroleum Exporting Countries) oil producer in Africa, it is also the
largest consumer of oil in the whole continent; the country’s use of oil represents 20% of
Africa’s total consumption, which means that consumption has outpaced production since
2010 [38]. Another reason to be considered is the need to establish large numbers of
renewable energy projects not only for meeting the growth in energy demand but also as
a solution to the worldwide energy crisis as other conventional sources of energy are

predicted to run out in 60 years [39].
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In addition, as previously stated, Egypt is one of the most convenient countries for
renewable energy generation projects, especially solar energy, but still the current and
planned renewable energy projects do not match Egypt’s renewable energy potential.
Meanwhile, from the research perspective, many studies have been conducted in the
Middle East in CSP technology but usually these studies combine both technical and
economic sides. As stated in the previous section, there is a limited number of published
research projects that extend to the next step of grid integration and conduct power flow
studies. These various motivations have led to the development of the following research

question for this thesis:

Where can a CSP plant be installed in Egypt with low cost and high generation

performance?
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Chapter 2 Siting Study of Suitable Locations for CSP
Technology in Egypt

To install a CSP plant, a siting study needs to be conducted to confirm the selected
location’s status and determine whether it fulfils the requirements for such a site.
Accordingly, this study represents an essential stage before any simulation process can

take place.

2.1 Siting Process Requirements

The solar resource is not uniform all over the world, with many differences in levels of
irradiance. As CSP technology relies on DNI, this is the first factor that affects the siting
selection process. However, in reality a CSP plant cannot be installed in middle of the
desert where is no supporting infrastructure; consequently, there are other factors that still
matter to the whole selection process and will minimise the total LCOE, for instance,
infrastructure including road networks and electrical grid. As a result, siting process

requirements for selecting the potential site of a proposed CSP plant are as follows:

e [Irradiation data.

e Land resource and investigating the land availability and topography and other
factors that are related to geographical features of the selected areas.

e Infrastructure for the national grid and proximity to transmission lines or
substations, water resources and access roads.

These requirements were selected based on two studies conducted for site selection or
identifying specific zones for CSP technology. The first study, conducted by Tiba et al.
[40], used a geographic information system (GIS) for identifying the potential sites for
CSP technology in the state of Minas Gerais in Brazil. In addition, the study used a set of
requirements adopted from the EM Power Utility Toolkit, which was also used in this
research. The second study was conducted by Wu et al. of the International Renewable
Energy Agency (IRENA) and the Lawrence Berkeley National Laboratory (LBNL) [41].
In this study multi-criteria analysis developed by the LBNL was used for planning
renewable energy zones in Africa. The study followed the same procedures as [40] with

the addition of the multi-criteria analysis.

In this present research multi-criteria analysis was also adopted but with some alterations,
since it was conducted on a smaller scale instead of covering the whole continent, and

with respect to Egypt’s current status as a developing country.
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2.1.1 Solar Resource

Egypt has a DNI ranging between 1900 and 3200 kWh/m?/year, which is relatively high
especially for arid and semi-arid areas. According to Egypt’s solar map, as shown in
Figure (11), possible locations can be clearly seen on the eastern side of Egypt, especially
near to the Suez Gulf and the Aqgaba Gulf, where there is an average DNI of 2800
kWh/m?/year. In addition, the south western region of Egypt could also be considered as
a potential location as the average DNI reaches 2600 kWh/m?*/year. However, all these
sites need further investigation as DNI is not the only factor that can affect the selection

process.

——25°E 30°E 35°

Aléxandria ; . .Port Said

I;!urghada

Long term average of DNI, period 1994-2015
Daily totals: 5.2 5.6 6.0 6.4 6.8 7.2 7.6

] KWh/m®
Yearly totals: 1899 2045 2191 2337 2483 2629 2775

Figure (11) The DNI solar map of Egypt [42].

2.1.2 Land Resource

The second factor that affects the selection process is land resource, which includes the
land’s topography, land availability, land use and land cover (LULC) [40]. As for the
topography, the altitude of Egypt ranges from 133 m below sea level in the western desert,

to 2,629 m above sea level in the Sinai region [43].
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The greater part of the country is covered by the Sahara, which offers many locations and
makes it a strong candidate without considering the other affecting factors. Also, the
location must be as flat as possible, with obstructions only being allowed where visual

angles are less than 100° [40]. The terrain map in Figure (12) shows the elevation levels

in Egypt.

As for the LULC, according to the map shown in Figure (13), there are many classes for
Egyptian land cover, mainly either barren land, grass land, or urban and built up land.
Consequently, in selecting a suitable place, grass land or built up land must be excluded
from the selection process to confirm that the final selected sites cannot be used for other
purposes, for instance, agriculture, industry and mining or other uses that affect the

environment.
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Figure (12): The terrain map of Egypt [44].
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Figure (13): Land use and land cover map of Egypt [45].

2.1.3 Egypt’s Infrastructure

Egypt’s infrastructure is the third factor that can affect the siting process. This includes
access road networks as well as water and electricity, as any power plant needs to be
installed near to these to reduce the cost of updating the infrastructure. Egypt has a
network of over 1 million kilometres including expressways, primary and secondary
roads [46]. Most of the primary roads are located near the Nile and populated areas, while
there are fewer road networks in arid and semi-arid areas. Figure (14) is a map of the road

network.

et g

Figure (14): Egypt’s road network [47].
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CSP plants also require access to water to make it easier to incorporate this as a cooling
method. For example, a 50 MW parabolic trough power plant operating 350 days a year
and 10 hours per day uses about 500,000 m® of water per year or 1500 m>/day [40]. This
water is required for the cooling towers (90%), steam generation in the power cycle (8%)
and cleaning the mirrors (2%) [40]. Egypt has many water resources including seas, a
river and some lakes. In addition, according to Egypt’s hydrological map, as shown in
Figure (15), there are many areas that have access to underground water with moderate

productivity, for instance, the Moghra aquifer.

Bl Nile Basin Aquifer (extensive and
highly productive)
Nile Basin Aquifer and Coaslal Aguifer
{local and moderate to highly productive)
Pleistocene Sandy Aquifer (local and
oW to moderate productive)
Carbonate Aquifer (extensive and low
to moderate productive)
Maghra aquifer (extensive and low o
moderate productive)

M Aquicludes

[ Nubdan Sandstone Aquifer (extensive
and moderate to highly productive)

Basment

_—

0 200 400 km

Figure (15): Egypt’s hydrological map [48].

Regarding the national electrical grid, Egypt has around 68 power stations with a total
installed capacity of 38 857 MW, according to a 2015/2016 Egypt energy report, with
peak load reaching 29 200 MW [49]. The total length of medium voltage overhead lines
and cables reached approximately 185 000 km in 2016, and the total length of low voltage
lines was of the order of 275 000 km [49]. Most of these lines are installed around the
Nile valley and across the populated areas, as shown in Figure (16). This affects the
selection process as most CSP plants need a large space and are usually in arid and semi-
arid areas but ideally with access to the grid. The transmission lines and substations
voltage ratings in the delta and river Nile area vary between 110 kV, 220 kV, and 500

kV. Also, the eastern side of the Nile has fewer transmission lines and substations with
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the same ratings, while on the western side of the Nile, there is only a limited number of
transmission lines and substations which makes this side less favourable in the selection

process.
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Figure (16): Egypt’s national electrical grid [50].

2.2 Preliminary Site Selection Method

Based on the factors mentioned previously, several possible locations were identified

using the following criteria:

% Potential sites were selected based on their annual DNI value using the DNI map.
Sites were chosen based on them having a yearly DNI of more than 2200 kWh/m?
per year, as this is the value at which installing a CSP plant is considered feasible
[51].

¢ Only sites with uniform elevation levels were selected, to ensure that there would
be minimal site preparation required. As for the land use and cover, barren or
sparsely vegetated locations were selected to ensure the CSP was not competing

with other land use purposes.
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®,

¢ The electrical grid network map was used to identify the nearest transmission lines
and the connected voltage. Access to the road network was also investigated.

% The availability of surface water (rivers, lakes and sea), and underground water

according to Egypt’s hydrological map was examined to evaluate access to cooling

water.

In addition to this broad procedure, Google Maps (satellite view) were used to confirm

the actual status of each site [52], as shown in Figure (17).

Figure (17): Google Maps feature that was used for site assessment [52].

2.3 Potential Sites

From the preliminary assessment, seven sites were identified for further investigation as

shown in Figure (18). A detailed comparison of the potential sites is shown in Table (6).

Site (1)

At latitude 28.06° N, longitude 33.25° E, this site has an area of 3.74 km?, and is located
near Ras Shukeir by the Red Sea. The DNI in this area is between 2400 and 2600
kWh/m?/year, and the site is about 1 km from the main road and 1 km from an existing
renewable energy plant (wind farm). The site has many additional advantages: it is near
to surface water (the Red Sea), it is barren land suitable for construction, the population
is less than 100 persons/km? [53], and the elevation level ranges from 30 to 141 m,

meaning it is readily accessible.
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Figure (18): The locations of the seven potential sites.

Site (2)

At latitude 25.5° N, longitude 30.61° E with area of 3.83 km?, near Alkharga oasis in the
western desert, the site has several benefits: the DNI in this area is between 2200 and
2400 kWh/m?/year and the site is about 1 km from the main access road in this area. In
addition, it sits on barren land, the population is less than 100 persons/km? [53], there are

large underground water reserves, and the elevation level ranges from 187 to 260 m.
Site (3)

At 28.42° N, 28.81° E with an area of 4 km?, near Albahriya oasis in the western desert,
this site has several benefits: the DNI in this area is between 2200 and 2400 kWh/m?/year,
the site is about 500 m from the main access road (Siwa-Wahat Elbahriya road).
Furthermore, the elevation level is approximately 187 m, the land cover type is barren
land, and there is a good potential for underground water according to Egypt’s

hydrological map.
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Site (4)

At 29.83° N, 30.75° E with an area of 4 km?, this site is located in the Giza governorate
near the 6th of October city. The DNI in this area is between 2100 and 2300 kWh/m?*/year,
and the site is about 300 m from the main access road (Giza-Wahat Elbahriya road). This
site is a bit different from the other potential sites as it is nearer to the cities and the
population in this location ranges from 500 to1000 persons/km? [53]. As for the land

cover type, it is barren land, and the elevation level is around 187 m.
Site (5)

At 27.27° N, 33.66° E with an area of 4 km?, this site is located in Hurghada city where
the DNI is between 2400 and 2600 kWh/m?/year. This site is about 300 m from the main
access road (Hurghada two-way road), and has a population less than 100 persons/km?

[53]. The elevation level ranges between 187 and 260 m, and it is barren land.
Site (6)

At 28.00° N and 34.29° E, site (6) has an area of 3.55 km?. This site is near Dahab by the
Red Sea with a DNI between 2400 and 2700 kWh/m?/year. It is about 200 m from the
main road and 100 m from the nearest high voltage transmission lines. In addition, the
elevation ranges between 187 and 260, and it is barren land. Unfortunately, this area
belongs to a protected area, so on closer consideration, was excluded from the selection

process.
Site (7)

At29.61° N, 32.75° E with an area of 3.55 km?, this site is near Ras Sedr by the Red Sea.
The DNI is between 2400 and 2600 kWh/m?/year. The site is about 1.3 km from the main
road. Furthermore, the distance to the nearest high voltage transmission lines is 1 km, it

is barren land, and the population is less than 100 persons/km? [53].



Table (6): Comparison between the seven potential sites.

Location Distance . Road
to High Network  Distance
DNI voltage . Available Land Water Population
Site (KWh/m?/ nearest  ,otwork  (distance toload  Elevation Area use/Land sources/ (persons/
Latitude  Longitude ear) trans- — ,yajlaple  to mearest  centres (m) (km?) cover Distance (km) km?)
y mission KV road in (km)
line (km)y &Y km)
2400 Barren
No.l*  28.06N  3325°E ' 1 225 0.63 5 30:141 4 landor  surface water  Less than
2600 sparsely (Red sea)/ 6.5 100
vegetated
9200 Barren
No2 255N 3061°E ' 15 225 1 5 187:260 3.83 landor  Underground  Less than
2300 sparsely water /1 100
vegetated
9200 Barren
No3  2842°N  288I°E ' 10 110:150 0.5 9 187 4 landor  Underground  Less than
2400 sparsely water /1 100
vegetated
2200 Barren Surface water
No.4 2984°N  30.75°E ' 8 225 0.5 18 187:260 4 land or /35 and 500:1000
2300 sparsely underground
vegetated water /1

*This site is near to a newly installed renewable energy (wind farm) plant.
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Location Distance Hi Road
to igh Network  Distance
oy nearest  onnS¢ (distance  toload  Elevation Available Land Water Population
i kWh/m?/ t k /
Site Latitude Longitude ( m trans- ne Y;loll;l to nearest centres (m) Aref use/Land . sources/ (persgns
year) mission available road in (km) (km?) cover Distance (km) km?)
line (km)y &Y km)
2400 Barren .
: surface water
No5  2727°N  3367°E 1 225 03 13 187:260 4 land or Less than
2600 sparsely (Red sea)/9 100
vegetated
Barren
No.6* 28.00° N 3429° E 2400: 01 225 02 9 187:260 355 land or surface water Less than
* ’ ’ 2700 ’ : ’ : sparsely (Red sea)/ 10 100
vegetated
2300 Barren
. . : ) land or surface water  Less than
No.7 29.62° N 32.75°E 2400 1 225 1.3 4 187:260 4 sparsely (Red sea)/s 100
vegetated

** This site is in a protected area. Consequently, it was excluded from the selection process.
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2.4 Grading for Potential Sites

Following the preliminary investigation, the different potential locations were graded to
limit the number of the selected sites to three. This grading was undertaken using a
scoring system based on: the annual DNI, distance to nearest transmission line, distance
to the load centre, distance to the nearest road, distance to a water source and, finally,

proximity to an existent or planned power plant.

Each of the criteria was given a weight as a part of the final score: DNI as the most
important factor, was given the highest value of 50% as it will affect the final cost of
electricity produced by the power plant; distance to nearest transmission line was given a
weight of 15% as it will also affect the supporting infrastructure cost; distance to the load
centre was given a weight of 15%; distance to water resources was also given 15%; and

proximity to an existing or planned plant was weighted at 5%.

Each score was graded out of 10; for example, the locations with DNI ranging from 2400
to 2600 kWh/m? /year were given a score of 10/10, locations with DNI between 2300 and
2400 kWh/m? /year were given a grade of 7/10 and those with the lowest DNI (2200
kWh/m? /year were given a 5/10 grade. The detailed grading system is shown in Table

7).

According to the final scoring as shown in Table (8), site (1) and site (5) had the highest
scores with 91% and 88%, respectively, making them the most suitable for the proposed
plant on the eastern side of the country. Also, on the eastern side, site (7) scored 80%,
making it also a potentially viable candidate site. As for the western side of the country,
the highest score was site (2) located near Elkharga oasis with an 80% total score which
makes it also a suitable site for the proposed CSP plant. However, on a closer inspection
it was found that there is an airport nearby, so it was excluded, as the proposed plant

might affect air traffic if there were any stray reflections.



Table (7): The grading system.
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Scoring system

Data
10/10 for 2400:2600
DNI (kWh/m?*year) 7/10 for 2300:2400
5/10 for 2200:2300
10/10 for 1
Distance to nearest transmission line (km) 7/10 for 5
5/10 for 10

Distance to load centre (km)

10/10 for (1:5)
7/10 for (6:10)
5/10 for (11:15)
3/10 for (16:20)

Distance to water Source (km)

10/10 for (1:5)
7/10 for (6:10)

Proximity to an existing or planned power plant

10/10 for existing or planned

0/10 for the opposite

Table (8): The detailed scores for each site.

Data Weighing Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7
DNI 50% 50.0%  35.0% 40.0% 35.0%  50.0% 35%
Distance to
nearest 15% 150%  150% 75%  9.0%  15.0% 15%
transmission
line
Distance to 15% 105%  150% 105%  45%  15% o 1%
load centre 54
=
Distance to =
water Source 15% 10.5%  15.0% 15.0% 15.0%  10.5% M 15%
<)
Proximity to
an existing or 5% 50%  00%  00%  00%  5.0% 0%
planned power
plant
Sum 100% 91% 80.0%  73.0% 63.5%  88.0% 80.0%
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2.5 Final Selected Sites

After investigating the results of the seven potential sites, only three sites were selected
for further investigation and assessment of a possible CSP plant at the sites. These three
locations were selected as they had the highest scores: 91%, 88% and 80%; all of them
are located in the eastern side of Egypt near the Suez gulf. The other sites may warrant

further investigation, but more information would be needed.

The selected sites matched, to some extent, the results that were suggested by the
analytical study made by IRENA and the LBNL [41] discussed previously. This analysis
identified several places that would be suitable for CSP technology and other renewable
energy technologies. Their results showed the possible CSP sites in Egypt, located either
near the Suez gulf area and Sinai regions, or a small number of places in the western

desert.
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2.6 Summary

This chapter investigated and identified the most suitable locations for installing the
proposed CSP plant. Initially, seven sites were identified based on direct normal
irradiance data, land resource and availability and proximity to water, transmission lines
and roads. A detailed site selection method was used to limit the potential sites to just
three. This selection method depended on; firstly, a comparison between the seven
selected sites in terms of location, proximity to transmission lines, water resources and
access roads, high voltage network availability, distance to load centres, elevation,
available area, land use/land cover and population density. Secondly, grading the factors
that differed in each location based on a scoring system. These final factors were DNI,
proximity to transmission lines, load centres, water sources and existing or planned power
plant. Accordingly, the three sites with the highest scores were selected to be the subject

of further investigation.
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Chapter 3 CSP Model Design in SAM and Simulation

Having identified three suitable locations, it was decided to use the System Advisor
Model (SAM) to simulate the performance of the proposed CSP plant at the selected
locations. For designing the simulation model, some parameters need to be set according
to technical details related to the technology used. A specific type of technology should
be chosen at this stage, and in this model the parabolic trough type was used for the

following reasons:

= This type is the most mature technology among all the technology types.

= Parabolic troughs need less area than other technologies, for instance, Shams 1 in
UAE, with only an area of 2.5 km?, produces 100 MW [54] and Solnova 4 in
Spain, with an area of 1.15 km?, generates 50 MW [55].

» This kind of technology is suitable for Egypt, related to the fact that Egypt is a
developing country, therefore it would be better to use the most mature and

common technology as it has been already used at the ISCC Kuraymat plant in

Egypt [35].

Consequently, the CSP parabolic trough (physical model) was selected as a performance

model while LCOE was selected as a financial model.

3.1 Technical Design Parameters in SAM

After selecting the performance model to be employed in the simulation process, the
technical parameters for the system itself need to be set accordingly, starting from

location and resource to power cycle and thermal storage.

3.1.1 Location and Resource

Based on the coordinates of the three sites, detailed irradiation information was obtained
with the help of Meteonorm data sets which provide TMY 3 files “Typical Meteorological
Year” [56]. These data sets provide calculated annual average values of DNI, global
horizontal irradiance (GHI), diffuse horizontal irradiance (DHI), average wind speed and
wind direction, in addition to average temperature and elevation. Table (9) shows the

values of the weather file data for the first selected site.
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Table (9): Annual average weather file data for site (1).

DNI (kWh/m?*/day) 7.58
GHI (kWh/m?*/day) 6.29
Average temperature (°C) 23.7
Elevation (m) 52
Average Wind speed (m/s) 5.7

3.1.2 Solar Field

The first parameter is the solar multiple, which is the ratio between the actual size of a
CSP plant solar field and the field size that is needed for driving the turbine at the rated
capacity with maximum solar irradiance (1 kW/m?) [57]. There are two options in the
SAM for the solar multiple value, either by setting the value of the solar multiple itself
or by selecting the field aperture area. The second method is used as the area of the
proposed location is already identified. The total land area used in site selection was
taken to be 4 km?. However, for every type of technology there is a different land use
factor, which is the proportion of field aperture area to total land area. Parabolic trough
technology has a land use factor ranging from 25% to 40% [16], consequently the
maximum field aperture area value was set to 1.1 km? or 27.5% of the total area, a value

which falls in the advised range.

Another parameter to consider is the number of field subsections. This number decides
the location and shape of header piping that conveys heat transfer fluid to the power block
that has an effect on determining the heat loss [58]. For this study six subsections were

selected, as less than this would create piping problems.

As for partial defocusing during the times when the solar field delivers more thermal
energy than the power cycle, there are three possible options: no defocusing, sequenced
defocusing and partial defocusing, the first option does not permit partial defocusing as
the collectors are either directed to the sun or in stow position [58]. In the second option,
partial defocusing is allowed within sequence as collectors can partially defocus by
making small adjustments in the tracking angle [58], and the third option allows partial
defocusing simultaneously as collectors can partially defocus by the same amount and at

the same time [58]. For this work, the third option was selected.
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Turning to HTF selection, there are several options representing two kinds of
technologies: thermal oil, or molten salt. Therminol VP-1 oil was selected as it is already
used in the ISCC Kuraymat plant in Egypt [35], and so can be incorporated in the
proposed CSP plant relatively free of risk. This HTF has a minimum operating

temperature of 12 °C and a maximum operational temperature of 400 °C [31].

3.1.3 Collectors and Receivers

The solar collector is the most important component in any CSP plant as it is responsible
for tracking during the day. This part includes the mirrors, supporting structure, and
receivers. The selected collector was the LUZ LS-3 technology. These reflectors are made
of hot-framed mirrored glass panels, supported with a truss system. The width of
parabolic reflectors (aperture) is 5.76 m and the overall collector length is 95.2 m [31].
These collectors have a high level of generated energy as the high mirror quality permits
97% of the reflected rays to be incident on the linear receiver [59]. The mirrors are
manufactured from a low iron float glass with a transmissivity of 98% which is silvered
on the back and later covered with various protective coatings. The parabolic shape is

obtained by heating the mirrors on precise parabolic moulds in special ovens [59].

As for the receivers, Siemens UVAC 2010 (Universal Vacuum Air Collector) was
selected. It is a 4 060 mm long stainless-steel tube with a selective coating outer diameter
of 70 mm and a borosilicate anti-reflective glass envelope with an outer diameter of 115
mm [60]. The most important benefit of this receiver is its high solar absorption, which

is at least 96% [60].

3.1.4 Power Cycle and Thermal Storage

For the power cycle, the trough physical model in the SAM includes a power block that
converts thermal energy generated from the solar field and an optional thermal energy to
electrical energy system using a conventional steam Rankine cycle power plant. The
model also can include a backup fossil fuel boiler that heats the HTF before it enters the
power cycle when there is not enough solar energy to drive the power cycle at its rated
capacity. In the proposed system, no backup system was specified as it was assumed that
the plant will operate solely on solar energy. The plant design gross output was 111 MW,
with an estimated net output of 100 MW, and the proposed cooling method was air cooled,

with water only to be used for washing the mirrors.
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The thermal energy storage (TES) unit needs to be incorporated into the system as it will
store the heat to be used later for generating power when there is little or no sunlight. The
full load hours of the storage system are estimated to be eight hours, based on cost and
performance considerations. More than eight hours will cost more, and this is the

minimum time that allows the energy to cover a reasonable part of the peak load.

Therminol VP-1 was selected to be the storage HTF, as it had been also selected as the
HTF of the system. A thermal dispatch control schedule is a part of the thermal storage
parameters. This schedule controls the calculation of the energy flows between the solar
field, thermal energy storage system, power block, and fossil fuel fraction, though, as

there is no backup system in this system, the value of this fraction will be set to zero.

There are three different more fraction values in the schedule that should be set, other
than the fossil fuel fraction. The first fraction is storage dispatch fraction with solar, which
represents the least amount of energy in storage which will be delivered to the power
block in case of incident solar energy [31]. For example, if the value of this fraction is
one, it means that the TES will not be used to ensure the maximum power output and the
system will be only dependent on solar energy generated at that time. And if the value of
the fraction is zero that means that TES will be incorporated in the generation process to

ensure maximum output (rated capacity).

The second fraction value is storage dispatch without solar. This fraction indicates the
least amount of energy in storage which will be delivered to the power block in case of
night time and zero means the opposite, as TES will be used for ensuring the maximum
output is reached [31]. The third fraction value is the turbine output fraction, this value
representing the percentage of the rated capacity of the turbine output. Here one means
100% of the nameplate capacity and any other value below one represents a percentage

of this capacity [31].

Setting these values is dependent on two factors: the peak load and DNI profile. The peak
load profile in Egypt, as shown in Figure (19) [49], was interpreted as a percentage to be
followed as a pattern, the peak represents 100% and during other hours of the day it was
considered as a percentage of this peak. For instance, according to the annual report the
peak value is nearly 30 000 MW (100% of the peak load) and the load profile from 2 pm
to 7 pm is around 25 000 MW (80% of the peak load). The second factor is dependent on

the DNI profile for the site and shows the expected direct irradiance from sunrise to
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sunset. Figures (20, 21), respectively, indicate the dispatch mode and the monthly output
of the dispatch mode compared to the DNI during the day.

A summary of all the technical parameters that were used in the SAM simulation model
is shown in Table (10). The simulation setups for the three selected locations are shown

in detail in Appendix A.
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Figure (19): Peak load for 2015/2016 according to annual report of Egyptian Electricity Holding
Company.
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Figure (20): The dispatch control schedule of thermal storage.
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Figure (21): The monthly output of dispatch schedule compared to the monthly DNI during the

day.
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Table (10): The technical parameters used in SAM.

Technical parameters Value
Solar multiple (actual) 2.5
Solar field area (km?) 2.877
Field aperture (km?) 1.1
Total land area (km?) 4
Row spacing (m) 15
Field subsection 6
Number of loops 253
Collector Luz LS-3
Receiver Siemens UVAC 2010
HTF Therminol VP-1
Thermal storage (TES) Therminol VP-1
Full load hours of TES 8

3.2 Financial Parameters According to the Egyptian Energy Market

After finalising the technical parameters, the second part of this study involved setting
the values of the financial parameters. These values need to be set according to the current
status of the Egyptian energy market. In setting these parameters, the following concepts

need to be accounted for:

e Fixed charge rate: the amount of revenue required to cover the investment costs.
This means the amount of revenue per dollar of investment that would be collected
annually from customers to pay the carried charges on that investment, including
return on equity and depreciation [61].

e Capital cost: the total investment cost of the project in dollars [31].

e Fixed operating cost: the fixed annual operating cost in dollars [31].

e Variable operating cost: The variable annual operating cost in dollars [31].

o Inflation rate: The total increase in the weighted average of prices for different
goods [62].

e Internal rate of return: The project’s annual nominal rate of return on equity

requirement [31].
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e Project term debt (DF): the size of debt represented as a percentage of the capital
cost [31].

e Nominal debt interest rate (NINT): the nominal debt interest rate per annum.

e Effective tax rate: total income tax rate [31].

e Depreciation schedule: refers to the depreciation schedule per annum, based on
the project’s capital cost [31].

e Annual cost during construction: the construction cost per annum as a percentage
of the capital cost [31].

e Nominal construction interest rate (CINT): the construction interest rate per

annum on construction finance [31].

According to the Egyptian renewable energy market scenarios, which can be used in cases
of large renewable energy power plants, there are two methods of competitive bidding to
adopt such projects: for a state-owned power plant the project will be developed by NREA
by using an Engineering, Procurement and Construction (EPC) model, while for a
privately-owned power plant using a Build Own Operate (BOO) model, the investors will
be responsible for building and operating the renewable energy power plant. Both
scenarios are compatible with large CSP plants and both suggest a contracting period of
25 years in the case of solar energy [63], and thus that period was used for the analysis in

this study.

In undertaking a long-term financial analysis, it is important to consider the inflation rate.
The Egyptian economy at the time of writing (2018) is somewhat different to earlier years
due to the drastic changes in the currency market after the floating of the Egyptian pound

in 2016 [64]. Figure (22) shows the inflation rate over the past 25 years.

To have a realistic value that matches the current status of the Egyptian economy, an
average value of the inflation rate over the past 25 years was assumed to be representative

of inflation over the term of this analysis.
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Figure (22): Inflation rate in Egypt for the past 25 years [62].

In their analysis, Hussein et al. [65] discussed the current and the possible future costs for
renewable energy technologies in the Egyptian energy market which included a parabolic
trough power plant of 100 MW with and without thermal storage. The values from this
study for the parabolic trough plant with eight hours thermal storage were used in this
research to provide a realistic benchmark. Some of the financial parameters that were
based on [65] are the internal rate of return, which was set as 18% per year, the project
term debt, set to 70% of the capital cost, and the nominal debt interest rate, which was set

at 9.5% per annum.

For the capital cost value, also given in [65], there were two assumptions based on current
installed power plants and external market studies: the first assumed capital cost in the
case of low investment is 4600 US$/kW, and the second assumed investment is a
maximum of 5850 US$/kW. An average of the two values was taken for this analysis.
Two other inputs based on the above are assumed accordingly: the fixed operating cost
was taken to be 22 US$/kW per annum, and the variable operating cost 0.02 US$/kW per

annum

The financial assumptions in the SAM also include the effective tax rate, set at 22.5% as
in Egypt in 2015 the Ministry of Finance declared that the rate of the taxes for corporate
profits for both foreigners and nationals would be reduced from the previous rate of 25%
[66]. Given the proposed life time of the project was 25 years, the depreciation of the

capital cost would be 4% per annum. Further, the annual cost during construction as a
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percentage of the capital cost was set to 80% in the first year and 10% for both the second
and third years. A nominal construction interest rate was assumed 9% as this value is
affected by the inflation rate. Table (11) indicates the values that were used for the

financial model in this study.

Table (11): The financial parameters used in the financial model.

Financial parameters Value
Capital cost ($/kW) 5225
Fixed operating cost (annual) ($/kW) 22
Variable Operating cost ($3/kWh) 0.02
Analysis period (years) 25
Inflation rate (%) 8.6
Internal rate of return (nominal) (%) 18
Project term debt (%) 70
Nominal debt interest rate (%) 9.5
Effective tax rate (%) 22.5
Depreciation schedule (%) 4
Nominal construction interest rate (%) 9

In performing the financial analysis, the SAM calculates the LCOE by using the fixed
charge rate method. There are two options in doing this, either entering the fixed charge
rate value itself or calculating it based on the previously mentioned values. The second
method was followed; however, this approach depends on three factors. The first factor
is the capital recovery factor (CRF), which is a function of the weighted average cost of

the capital (WACC) as shown in equation (3 -1) [31]:

CRF=1W“‘—Cf G-1)

Ta+wacolN

N is the analysis period in that case, and the WACC value can be obtained from equation
(3-2):

WACC = 1+( 1-DF)X((1+RROE) X (1+i)—1))+DF X((1+RINT)X(1+i)—1)X(1-TAX)

1+i

(i) is the inflation rate, PROE is the real return on investment, RINT is the real debt

3-2)

interest rate, and these two values are obtained from equations (3 - 3) and (3 - 4) [31]:
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1+II.2R -1 (3 _ 3)

1+i

PROE =

1+NINT

RINT = -
1+i

-1 (3 - 4)

The second factor is the Project Financing Factor (PFF), which refers to the construction
financing costs. This value is also calculated by the SAM from the construction cost
schedule, effective tax rate (TAX) and depreciation schedule, as shown in equation (3 -
5)[31]:

1—(TAXXPVDEP)
1-TAX

PFF = (3-5)
PVDEP in this case is the present value of depreciation, its value based on the

depreciation and the WACC, as shown in equation (3 - 6) [31]:

oN DEPn
PVDEP = Zn=0 ((A+WACC)X (i+1)(+1)

(3-6)
The third factor is the construction financing factor (CFF), which is a function of

construction cost schedule, effective tax rate, and nominal construction financing interest

rate, as shown in equation (3 -7) [31]:

CFF = Y5_,CON(c) X (1+ (1 — TAX) x ((1 + CINT)(€*05) _ 1Y) (3-7)
From the previous equations, the fixed charge rate value can be obtained from equation

(3 - 8) [31]:

FCR = CRF X PFF X CFF (3-8)
Finally, the LCOE can be calculated through equation (3 - 9) [31], [61]:

FCRXCC | FOC

LCOE = +=-+voc (3-9)

CC is the capital cost, FOC is the fixed operating cost, VOC is the variable operating cost,
and Q is the annual energy generated by the plant.

3.3 Results and Discussion

From the previous chapter, according to the siting study grading criteria, the first selected
site had score of 91% and the second site had 88% while the third location had score of
80%. And after conducting the SAM simulation, the results showed the expected
performance of the proposed CSP plant that matched the previous results, as the first site
had the highest electrical generation output and lowest LCOE, followed by second and
third sites respectively. These results also matched the DNI values for each selected site,

as, at the first site, the daily DNI according to Meteonorm weather files was 7.58 kWh
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/m?/day followed by the second and third site with daily DNI of 7.05 kWh/m?*/day and
6.43 kWh/m?/day respectively. Thus, it confirmed the appropriateness of the three

selected locations and also gave assurance in the results obtained from the siting study.

The effect of the thermal storage used in this analysis can be clearly seen through the
energy output shifting from daytime to evening hours as the peak load pattern was
followed. The blue line in Figure (23) shows the hourly profile of the actual energy output

of'the first selected site, while the orange line represents the received DNI in this location.
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Figure (23): The hourly profile of the electrical energy output compared to the received DNI at
the first site.

On the other hand, the annual thermal energy delivered to the power block and the annual
thermal energy generated by the field for the three sites had the same order of value of
generated energy. The biggest annual generation of thermal energy was the first site at
around 1600 GWh, delivering around 1400 GWh. The second site came in second place,
with a value close to site (1), while in third place, site (3) generated 1300 GWh of thermal
energy from the field, with 1200 GWh of energy delivered to the power cycle.

As for the monthly electrical energy output from the three sites, shown in Figure (24), in
the summer months the values are nearly equal, and during winter the energy produced
in each month in both sites (1) and (2) are quite close, but still the third site had less

energy produced per year compared to the other two sites.
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Figure (24): Monthly electrical energy output for the three selected sites.

The SAM analysis showed that the first selected site (28.06 N, 33.25 E) had the lowest
LCOE at 10.07 USC/kWh and it had the highest value of produced annual energy at
464.68 GWh and had the highest capacity factor at 53.1%. At the second selected site
(27.27 N, 33.66 E), the LCOE was slightly higher at 10.4 US ¢/kWh. This site also

delivered less annual energy, about 446.7 GWh, and had a lower capacity factor at 51.04
%. Finally, the third site (29.61 N, 32.75 E) had the highest LCOE 11.3 US C/kWh, the
lowest energy production 403.14 GWh, and capacity factor 46.1 %. A summary of the

results for the three sites is shown in Table (12).

Table (12): Summary of the outputs of each site.

Site Site (1) Site (2) Site (3)
28.06 N,33.25E 27.27N,33.66 E  29.61 N,32.75E
Annual energy (GWh) 464.68 446.7 403.14
Capacity factor (%) 53.1 51.04 46.07
Gross to Net Conversion Factor (%) 90.45 90.57 90.66
Electrical source - Power cycle gross
535.17 513.75 463.24
output (GWh)
Thermal energy to the power block
1445.15 1395.26 125591
(GWh) ? ?
Thermal power produced by the
field (GWh) 1568.99 1473.73 1313.98
LCOE(¢/kWh) 10.07 10.4 11.30
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Furthermore, a comparison was made between the results obtained from the SAM
simulation model presented here and SAM models that were discussed earlier in Chapter
1, section 1.5, on related work and similar studies. The lowest levelised cost of energy
among the three selected sites was found to be 10.07 US¢/kWh compared to the lowest
LCOE in Algeria of 11.93 US¢/kWh in [32] and 34.55 US¢/kWh in [29], while the
highest value of the capacity factor was found to be 53% in the present study, compared
to around 40% in [32] with 6 hours of full load hours thermal storage and 43% in [29]
with 8 hours of full load hours thermal storage. A detailed comparison of the present
study, and [32] and [29] is shown in Table (13). Also, it is worth mentioning that in [41]
the study also showed LCOE results ranging from 23 US¢/kWh to 23.4 US¢/kWh for

Egypt.

Table (13): A comparison between [32] and [29] CSP models and the proposed model in the
present study.

Study/Reference The proposed model Abbas et al. Mihoub et al.
[32] [29]
Capacity (MW) 100 100 50
Technology type Parabolic trough Parabolic trough  Parabolic trough
Full load hours of storage 8 6 8
Capacity factor (%) 46.1 -53.1 21.1-44.2 43.38 -43.79
Storage fluid Therminol VP-1 Solar salt Th?\jlrcr)llltr::(r)ll 5\;11:_1/
Solar multiple 2.5 2 3.1

All the previous assert the fact that CSP technology can be adopted on a bigger scale
during the upcoming years of future energy plan. In addition, the electrical energy output
from the SAM will be used in the next stage of modelling the power system model to

ensure the grid integration performance.
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3.4 Summary

In this chapter, the SAM was used to calculate the LCOE and the electrical energy output
of the proposed CSP plant located at the three selected sites. Parabolic trough technology
was selected to be used in the CSP SAM model. The system was designed to include
thermal storage of eight full load hours. The technical parameters used in the SAM model
were identified to achieve optimum performance while the financial parameters were set
according to the Egyptian energy market status. It was found that the first selected site
had the highest level of electrical energy output and lowest LCOE followed by the second
and the third sites respectively. The hourly profile electrical output that was generated in

this simulation is used in the next stage of this study.
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Chapter 4 Power System Model

Having selected the best site for the proposed CSP plant, a power system model was
designed using Simulink [67] to perform a load flow analysis of the system when
integrated into the Egyptian national grid. The first selected site is located at 28.06 N,
33.25 E, which is near to both the 220 kV transmission lines and load centre, as shown in
Figure (25). Based on the location, the proposed CSP plant is considered an additional
power system to be integrated to an existing grid network. The proposed power system
model is shown in Figure (26). This model included generation, transmission and load

stages.

-
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Figure (25): Map of the first selected site showing the transmission lines and load centre.
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Figure (26): The single line diagram of the proposed power system model.
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4.1 Power Flow Analysis

Conducting power flow studies is important to assure the performance of the proposed
CSP plant in three ways. Firstly, it is important for estimating the losses of the proposed
system. Secondly, it is important to determine the real and reactive power limits of the
generation unit. Thirdly, it is important to ensure that the transmission lines and
transformers are not overloaded or underloaded, and to calculate the bus voltage

magnitudes and angles [68], [69].

The first step in power flow calculations is to obtain the input data which include: bus
data, transmission line data, and transformer data. Each bus is associated with four
variables: voltage magnitude, phase angle, net real power, and reactive power supplied to
the bus. At each bus, two of these variables are known, and the other two must be

computed by power flow calculations, whether manually or via suitable software [68].

4.1.1 Bus Classification

Before the load flow calculation is conducted, the types of the buses in power systems
need to be clarified. A bus is a node at a line or many lines where one or many loads and

generators are connected in a power network. In general buses are classified as follows:

» Load bus: A bus at which no generation exists, and only load is connected. The
two known quantities for this bus are active load demand P4 and reactive load
demand Qq, hence it is usually defined as a P-Q bus. The other unknown quantities
are the voltage magnitude and its phase angle. In this case, both quantities of real
and reactive load demand are negative, since the generated power values Py and

Qg always are assumed positive [68], [69].

» Voltage controlled bus: Also called a generator bus or P-V bus. At this bus, the
voltage magnitude can be controlled. The real power in this case is generated by
a synchronous generator which can be varied by changing the mechanical input;
accordingly, the rotor axis position will change with respect to reference axis or
reference bus, which means the phase angle of the rotor § is directly related to the
real power generated by the machine [69]. As for the voltage magnitude, it is
governed by the excitation current in the field winding. Hence, at a generator bus,
the real power generation Py and voltage magnitude |I{q| are known values, while

the reactive power Qg and phase angle §g are unknown and need to be computed

[69].
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» Slack bus: In any power network, the power flows from the generators to loads
through transmission lines. Consequently, power losses occur in power

conductors, which leads to the power balance equations (4 - 1) and (4 — 2) [69]:

P,-Py-PL=0 “4-1
Q¢-Q4-Qu=0 4-2)
Pg and Qg are the total real and reactive generations, Pa and Quq are the total real
and reactive power demands, and PL and QL are the total power losses in

transmission network [69].

The values of Pg, Qg, Pd and Qq are known or estimated, and the power losses PL
and QL are unknown and need to be calculated after the analysis of the power flow
in the network [69]. Yet these losses have to be supplied by the generators of the
system. For this reason, one of the generators or generating buses is identified as

the slack bus or swing bus; at this bus both Pg and Qg are not specified [69].

In addition, the voltage phase angle has a fixed value which is usually 0°, hence,
all the voltage phase angles values are measured with respect to this bus which
makes it the only reference bus in the system. All system losses are supplied by

the generation at this bus [69].

4.2 Power System Model Parameters

4.2.1 Synchronous Generator

In performing the load flow analysis, the CSP system was modelled as a synchronous
generator with a time varying input (based on the SAM generated output). The salient
pole type PU fundamental synchronous machine was used in the Simulink model. There
are two modes in which the machine in Simulink can be used, either as motor with a
negative mechanical power (Pm) input or as a generator with a positive mechanical power
(Pm) input; the other input is field voltage (Vf). In addition, there are three preferences
for setting the mechanical input which can be by setting the value of the mechanical power
manually, or through an excitation system, or by setting the rotation speed [67]. The
method of setting the mechanical power input (Pm) value manually was used in the model
proposed here. Other parameters of the selected synchronous machine included nominal

power in VA, the r.m.s. voltage value, and the frequency in Hz.
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In identifying the generator type either as a PV (power, voltage) generator or PQ (power,
reactive power), the first option (PV) was selected for several reasons: firstly, the PQ type
means that the reactive power will be set to a certain value which cannot be specified
before the load flow is conducted. Secondly, the generator type also cannot be identified
as a swing bus, as this means there will be no limits for both active and reactive power
which cannot actually happen. In addition, the choice is made according to the assumption
that the plant is not isolated from the whole grid network, which is the only case in which
the generator can be set as a swing bus. Lastly, the value of the active power generation

was set according to the hourly profile of electrical output generated from the SAM.

As for other parameter settings, starting with the nominal power, as stated in the third
chapter the gross output from the proposed CSP plant is 111 MW, so the same value was
used for the nominal power. As for the frequency, in Egypt the frequency is 50 Hz [70],
consequently this value was used in the parameter settings. As for the voltage it was set
at 13.8 kV, as the voltage ratings in large generators are usually between 10 and 15 kV.
The field voltage was not determined at this stage so, for the synchronous generator, both
inputs, the mechanical power and field voltage, were left at default values of 1 p.u. for

each by using constant parameter input.

4.2.2 Three-Phase Transformers

Three-phase transformers (two windings) were included in the proposed model. After
generating the power from the generation unit, and after checking the ratings of the
transmission lines that were located near the selected sites, it was found that most of them
were near to 220 kV lines. Also, one of the selected sites was close to both 500 and 220
kV lines. Consequently, power transformers had to be included in the power system
model to level up the voltage rating to the required voltage level or for stepping down the

voltage rating.

In the proposed model, one step-up transformer and three step-down transformers and a
grounding transformer were included. The configuration for the connections of the first
three-phase step-up transformer was a Delta-Star connection. As in this case it would be
used as step-up transformer, this connection has many advantages. On the primary side,
the cross-section required will be smaller and, as the secondary side is star connected, that
means there is a neutral available which can be used for a three-phase four-wire system

[71]. The step-up transformer MV A rating is 125 MVA, the voltages for the primary and
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secondary windings are 13.8 and 220 kV respectively. All the transformers’ parameters

that were used in the power system model are shown in Table (14).

The second transformer is a step-down transformer, from 220 kV to 66 kV, with a rating
of 125 MVA. The connection type is a Star-Delta connection. This connection method is
usually recommended for large high voltage step-down transformers as it will be more

economical as the number of turns required for the primary side would be less [72].

As for the third transformer, a grounding transformer was added to the model, as in any
distribution system, a grounding transformer is always needed, for several reasons.
Firstly, occasionally it is used to convert a three-wire ungrounded circuit to a four-wire
grounded circuit. Secondly, the grounding transformer handles the unbalanced load on
the circuit. Thirdly, it is used where utilities need a ground source during abnormal
conditions. A zigzag grounding bank was used for its high efficiency [73]. The

transformer power and frequency ratings were 100 MW and 50 Hz respectively.

The last two transformers that were used were a step-down transformer from 66 to 11 kV,
and a step-down transformer from 11 kV to 380 V. These ratings were selected based on
the voltage ratings used in power transmission networks in Egypt [74]. The first of these
transformers had a Star-Star connection, as this connection is usually used in substations
as no phase angle displacements can happen in Star-Star connection [75]. As for the last
distribution transformer, it had Star-Star grounded neutral connection as the distribution
transformer used in substations is usually grounded for safety reasons and the system

should be grounded from at least one side of the two windings.

Table (14): Ratings for the three-phase transformers that are used in the proposed power system
model.

Primar Secondar
Transformer No. Windinz Windingy Rl;/:i\rln; . Fre((:-lllze)ncy Configuration
Voltage (kV)  Voltage (kV)
1 13.8 220 125 50 Delta/Star
2 220 66 125 50 Star/Delta
3 66 11 50 50 Star/Star
4 11 0.38 50 50 Star/Grounded Star
tsrggnrs"f::i‘:r% 66 100 50 Zig Zag

*The MV A ratings used in the power system model were decided based on the power transformers
that have been used in the Egyptian grid network, which were supplied by a local company
manufacturing transformers and other electrical products [76].



53
4.2.3 Three-Phase Transmission Line

To transport the power generated from the power plant, grid integration will be needed,
thus a connection with the nearest transmission line network is necessary. The
transmission line model has three types according to its length. Firstly, short transmission
lines have a length of less than 80 km, and in this case the equivalent circuit of the line
could be represented as a series resistance and inductive reactance [68], [77]. Secondly,
medium transmission lines are between 80 km and 240 km in length, and in this
equivalent circuit, the capacitance is represented in the circuit shunt connected and
divided into two equal parts, each placed at the sending and receiving ends of the line

which can be a & or T section line [68], [77]. Table (15) shows comparison between each

type.

Thirdly, the last type, which are long distance transmission lines, the line length in this
type is more than 240 km. Usually in this type the equivalent circuit is represented as a
distributed parameter line which includes resistance, inductance and capacitance
uniformly distributed along the line, or the m section line still can be used for lengths up

to 300 km only [68], [77].

The distance between the proposed plant and the nearest transmission line is 1 km only,
while the distance from the transmission line to the load centre was considered to be 5
km, as at the first selected site. Consequently, this distance was used in the model as a
part of the transmission line transporting from the 220 kV transmission line to the step-
down transformer of 220/66 kV as the 1 km distance was neglected between the station
and the 220 kV network. Thus, in this power system model a three-phase series resistance,
inductance, conductance (RLC) branch was used as a representation of a three-phase

transmission line.

As the short-line model was used, the capacitance was neglected, hence, the equivalent
circuit included only series resistance and inductive reactance. The resistance could be

calculated by using equation (4 - 3) [68]:

l
R=p (4-3)
where R is the resistance of the conductor, / is the length, a is the cross-sectional area

and p is the resistivity of the conductor.



Table (15): Comparison between transmission line models [68], [78], [79].
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Transmission Short T.L. Model Medium T.L. Model Long T.L. Model
line (T.L.)
T Section IT Section
model
Distance (km) Less than 80 80-240 More than 240
Z=R+iX N 2 1=ReiK & I b
I ; N \ T = AMA -+
| e AW T
Equivalent + W — T 1 6o Ly v
circuit Vs @ i ! oW
" W ~Y 5 Y ) .
| Ax X |
Comments The capacitive effect is In T section model the In IT model, the shunt In the distributed long-line

negligible, only resistance and
inductive reactance are
considered in the model

impedance is divided into
two equal parts, and they are
placed on each side of the
shunt capacitance.

capacitance is divided into
two equal parts, these parts
are placed on the sending and
receiving end of the
transmission line.

model, the parameters are
distributed uniformly, the
corresponding impedance and
capacitance are obtained by
solving differential equations.
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The resistivity is usually a constant based on the selected material, which is commonly
Aluminium Conductor Steel Reinforced (ACSR), which is used for most overhead
transmission lines and this kind of cable is also used in the Egyptian grid network [80].
In this model for calculating the value of the resistance the following points were

considered:

» ACSR is the type of conductor material that is used in Egyptian transmission
network specifically in this area (near to the Suez gulf region).

» According to the data sheet of a wind power development project [80], the 220
kV transmission lines in the Egyptian network that are currently used at the
proposed sites are ACSR 380/50; these numbers represent the percentage of
overall cross-section to steel reinforcement area.

» The technical specifications of similar types of conductors’ material were found
in the Electrical Research Standard Institute Reference Book for 220 kV and
above [81]. Also, conductors with similar features produced by different
companies were investigated [82]-[84]. It was found that the resistance for a quite
similar type of material is around 0.075 Q/km/phase (assuming each phase in the
three-phase transmission line is represented in one conductor).

» As the distance from the proposed CSP plant and load centre was assumed to be
5 km, the calculated resistance was estimated as 1.125 Q, according to equation
(4 -4):

R =r (Q/km/phase) X 5 (No. of kilometres) X 3 (No. of phases) 4-4

After estimating the value of series resistance in the short transmission line model,
next step was calculating the series inductive reactance (XL). This value represents
both internal and external inductances due to conductors’ internal and external flux
[9]. The inductance of a transmission line is defined as the number of flux linkages
produced per ampere of current flowing through the line [85]. In the case of a three-
phase transmission line, the inductance (L) value was calculated based on the

following:

» An average value was used for overall inductive reactance (XL) for a 220 kV
transmission line, which was found to be around 0.4 Q/km/phase [85], [86].
> In the Simulink model, a series resistance and reactance were used as a

transmission line model, also the capacitance was neglected as mentioned before.
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The parameters are R in Q and L in H, and since the average value is expressed

in Q/km/phase, to convert the value, equation (4 - 5) was used [68], [79]:

XL=2xm XfxL (4-5)
where f is the frequency, which in this case equals 50 Hz. Consequently, the value

of L was found to be 1.27 X 10~ 3H/km/phase.

» The total inductance of the three-phase line was found to be 0.01905 H, according
to equation (4 - 6):

L =L (H/km/phase) X 5 (No. of kilometres) X 3 (No. of phases) 4-6)

4.2.4 Three-Phase Loads

The next part that was included in the power system model was three-phase loads. The
electric load is the part of the electric circuit that consumes power whether it is active or
reactive power. The load type can be classified into three types, resistive, inductive,
capacitive loads or some combination of the three. The first type consumes active power
which is measured in watts; some examples of resistive loads are lightbulbs, toasters, and

electric hot water heaters [87].

As for the inductive load, this kind of load requires a magnetic field to operate which will
make the current lag the applied voltage; this is the reason for the consumption of reactive
power which is measured in VARS. Examples of this type of load are hair dryers, fans,
blenders, vacuum cleaners, and many other motorized devices, as all motors are inductive
loads [87]. The last type, capacitive loads, are related to the devices that have capacitors

in them, for instance, components used in electronic devices [87].

On the other hand, the electric load on power systems is classified according to the type
of consumer. As an illustration, domestic (residential) loads, which include home
appliances such as lights, fans, and refrigerators, usually occur for some hours during the
day. In addition, there are commercial loads, such as shops and restaurants, which occur
for a longer time during the day and continue into the night. Another type is the industrial
load, which is related to load demand from industries and which ranges between 25 and
500 kW depending on the size of the industry itself [88]. The other types are irrigation

loads, traction loads, and the load represented by street lights and water supply.

As information regarding the load demand in the selected locations was not available,
instead, in the model, the load was set according the power output generated by the

proposed CSP plant.
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The average annual load cycle that was produced by the SAM, as shown in Table (16),
was used to calculate the energy produced per day. As each value is the number of
megawatts generated for one hour, consequently for the whole day the final value of the
generated energy was 1276.3673 MWh/day. As a result, the average load in megawatts
was calculated to be 53.18MW according to equation (4 - 7) [88]:

Generated Energy

Average load = “4-7)

No.of hours
The three-phase load that was added to the Simulink model should be less than the result
obtained in the previous step, as that result will be considered as a maximum demand.
Also, the load should be less than maximum limit between 15 to 20% of the generation
[88]. In addition, in load flow, the load should be constant in order to perform load flow
studies, as explained before in the power flow analysis section. Thus, a 45 MW three-
phase load was used in the power system model. As mentioned, there was no information
available regarding the actual grid data in this location. Hence, the load was set as 40
MW and 5 MVAR, to conduct the load flow simulation in case of both active and reactive

load. The 45 MW load was connected in series at the receiving end.

There were two other loads used in the model. A load was used between the synchronous
generator and the step-up transformer as they cannot be connected in series in the
presence of the inductive element. A high resistive value needs to be connected with one
of them, and a 100 kW parallel resistive load was used for this purpose [67]. In addition,
another 100 kW load was used at thel1 kV rating as an industrial load in the power system

model.

Table (16): The hourly average of the annual profile of MW power generated during the day.

Time of day Hourly power Time of day Hourly power
(Hours) generated (MW) (Hours) generated (MW)

1 59.5413 13 74.336

2 25.7227 14 75.1951
3 0 15 76.091

4 0 16 81.5889
5 0 17 67.5139
6 0 18 72.4216
7 0 19 72.1877
8 14.7345 20 71.6728
9 47.0986 21 87.476
10 69.4682 22 82.3323
11 74.3236 23 77.3938

74.1426 24 73.1267

—
\S]
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4.3 Load Flow Solution in Simulink

As stated in the bus classification, a swing bus is an essential part in the model if the
system is not isolated, as represented in this case. For this reason, a swing bus was added
to the model to provide the losses of the transmission network. This swing bus was set at
1000 MV A with a base voltage of 220 kV that matched with the transmission network
voltage; its voltage phase angle was 0° as this bus was the reference for all the buses in
the model. Simulink provides load flow buses that can be used in this model as bus
identification for each stage of transmission. Six of them were added to the model, one at
13.8 kV generation after the synchronous generator, also one by the swing bus with 220
kV and after the 220 kV transmission stage, in addition buses were added at 66 kV, 11
kV and 0.38 kV loads. The load buses’ input data are shown in Table (17); for the detailed
Simulink model see Appendix B.

Table (17): Bus input data.

Ph
Bus type Bus No V Base V ref ana:: P Q

P : (kV) (P.U.) g (MW)  (MVAR)

(deg)

PV 1 13.8 | . 100 -
Swing 2 220 1 0 ] ]
Load 3 220 . ; 0 0
Load 4 66 - - 0 0
Load 5 1 ; ; 0.1 0
Load 6 0.38 - ; 40 5

4.4 Results and Discussion

After conducting the load flow simulation for every hour of generation during the day, it
was noticed that during the first hour of generation of the CSP plant with 59 MW
approximated generated power, the losses in the same time period were around 0.4 MW
and 14 MVAR. The phase angle at 13.8 KV bus was -25.65°, furthermore the simulation
provided the mechanical power value, and the field voltages which were 0.53 p.u. and
1.15 p.u. of stator voltage. During the period when the generation power was highest, at
87 MW, the loss values were the highest, reaching 0.56 MW and 19.65 MVAR; this
matched the hour of the peak at 9 pm. On the other hand, there were five hours of non-

generation of power (zero MW) from 2am to 7 am. Finally, during the last hour of day,
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the CSP plant generated around 73 MW and the total system losses were 0.49 MW and
16.7 MVAR with 0.66 p.u. mechanical power and 1.23 p.u. of field voltage. A selection
of the results of the load flow solution is shown in Table (18); for the detailed results see
Appendix B. As stated before in relation to the importance of a swing bus in load flow
calculations, it was clear that it was responsible for providing system losses, especially as
the reactive power is always needed for transmitting the power with all the losses

included. Also, due to the short distance to load centres, the power losses were less.

In addition, when the CSP was not generating the required power, the swing bus provided
this power as the loads are constant, they will always need to be met. Also, it was noticed
that all the buses followed the reference bus, which in this case is the swing bus.
Consequently, the p.u. voltage values and phase angles in the 66 kV, 11 kV and 0.38 kV
buses were not changed during the whole day of simulation, which confirmed the system
reliability. As for the 13.8 KV bus, the phase angle changed through the day, according
to the changing field voltage and mechanical power input each time in the synchronous

generator.

At each time in the simulation, the value of both mechanical power and field voltage were
obtained, an Excel file was created for each value and these values were used as input for
the synchronous generator (mechanical power and field voltage) to show the output for
24 hours. As shown in Figure (27), the daily output power for the synchronous generator
(CSP plant representation) matches the non-generating hours’ output as, in this case, the
active power output was zero between 2am and 7 am; also the reactive power values

during the 24 hours matched the load flow results.



Table (18): Selection of the results obtained from the load flow solution in Simulink.

Voltage (p.u.) and angle (deg)

Hours Total Total PQ Total losses Swing bus CSpP No. of mechl:lnical A%
Generation load P&Q P &Q Bus Bus Bus 66 Busll Bus 380 iterations (pa)* (p.u.)*
138 220 °" (load)  (load) p-.

. 41.55MW/ 4020 MW/ 043 MW/  -18.04 MW/  59.54 MW/ 1/ 1/ 0982/ 0946/  0.938 5 054 15
20.18 Mvar 5.00 Mvar 14.40 Mvar 19.28 Mvar 0.90 Mvar 225.65° 0° 32.54°  _4().48° -43.06° ’ ’

5 4141 MW/ 4020 MW/ 034 MW/ 1568 MW/  25.72 MW/ 1/ 170982/ 0946/ 0.938/ 5 03 103
16.51 Mvar 5.00 Mvar 18.25 Mvar 16.60 Mvar 0 Mvar _28.13° 0° 32.54°  _4(.48° -43.06° ’ ’

51 41.63MW/ 4020 MW/  0.56 MW/  -45.85 MW/  87.48 MW/ 1/ 1/ 0982/ 0.946/  0.938/ 5 0.79 33
25.43 Mvar 5.00 Mvar 19.65 Mvar 22.60 Mvar 2.83 Mvar 23.59° 0° 32.54°  _4(.48° _43.06° : ’

” 41.55 MW/ 4020 MW/ 049 MW/  -31.57 MW/ 73.13 MW/ I 1/ 0982/ 0946/  0.938 5 0.6 123
22.48 Mvar 5.00 Mvar 16.70 Mvar 20.77 Mvar 1.71 Mvar 24.65° 0° 32.54°  _4().48° -43.06° : ’

*Both the field voltage and the mechanical power input values were obtained during the load flow analysis assuming the value of the active output power based on

SAM results in the previous chapter.
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Figure (27): The active and reactive power generated for 24 hours including the non-generating
hours.
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This part of the research was conducted to investigate the grid integration of the proposed
CSP plant and to carry out power flow studies. The study proved the compatibility of the
system with the grid. In addition, it showed in the case of the non-generating hours, that
the slack bus provided the losses which will occur for real if the CSP plant was integrated
to the grid as it would not be the main source of power. Furthermore, as mentioned before,
there was only one previous study, by Patel et al. [37], that combined modelling a CSP
plant by MATLAB with grid integration, but in that research power flow studies were not
conducted. The results showed a complete model of CSP plant with grid integration with
a 22 kV voltage level, which was a different approach from the present study. A detailed
comparison between [37] and the present study is shown in Table (19). Thus, the load
flow study described here succeeded in presenting a different perspective in combining
both SAM modelling and grid integration Simulink modelling, and performing power
flow studies and giving a clearer image of the predicted performance of the proposed CSP

plant when connected to the grid.

Table (19): Comparison between the present study and Patel et al. [37].

Study /Ref. The present study Patel et al. [37]
Based on linking two software Adapted from PV system model
Simulink products together by using the output  altered with some modifications to
Model from SAM as an input for Simulink  represent the components of CSP
model. plant.
P fl t i tool i
ower. ow Conducted b.y pqwergul ool in Not conducted.
studies Simulink.
Integration
voltage level 220 22
(KV)

The simulation showed the values of
¢ simulation showed the values o Grid interconnection with 22 KV

voltage level with no load flow
studies.

active and reactive power, also, p.u.

Result
esuits voltage and angle for each hour of

the 24 hours of generation.
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4.5 Summary

This chapter presented a power system model that was designed based on the Egyptian
national grid voltage levels. A synchronous generator was used as a representation of the
CSP plant and the hourly profile that was generated from the SAM was used as an input
for the power system model. As the system was integrated to the grid, a slack bus was
used to provide the power losses of the model. Simulink was used to conduct power load
flow studies. Furthermore, the values of the p.u. voltage and phase angles of the buses
were obtained, along with the values of the mechanical power input and field voltage of
the generation unit for the 24-hour profile. In addition, an Excel file was created to be
used as an input for the synchronous generator to show the predicted power output for 24
hours. The power system model designed in this research successfully presented the

expected outcome from integrating the proposed CSP plant into the grid.



64

Chapter S Conclusion and Future Work

5.1 Conclusion

This thesis reports a study to assess CSP technology for Egyptian locations. The first
stage was investigating the factors that affect the selection of possible locations for CSP
plants. These factors were solar direct irradiance, land resources, the infrastructure of the
national electrical grid, and access to the road network. A scan of all Egyptian locations
was carried out using Google Maps and by comparing the maps of every relevant
resource. Seven potential sites were selected, although these possible sites needed to be

reduced to only three locations for detailed case studies.

Consequently, the previously mentioned factors were evaluated by using a multi-criteria
analysis approach by using a weighing scale for each factor of 100%. DNI represented
50%; the distance to the nearest transmission line, the distance to the load centre, the
distance to a water source were each given a score of 15%; and the final factor was the
advantage of having a nearby renewable energy site, which scored 5%. Every factor
individually was given a grade out of 10. As a result, three sites were selected for the next
stage, these locations were located in eastern Egypt by the Red Sea, in particular on the

Suez gulf.

The second stage started with the selection of the parabolic trough as a technology type
for SAM simulation. Then both technical and economic parameters were set according to
current economic status and the required performance. The results showed the lowest
LCOE was found to be 10.07 US¢/kWh, with the best generation performance of an
annual energy output of 464.7 GWh, which can be achieved at the first site located at
27.7° N and 33.7° E precisely.

The final stage was to design a power system model to assure grid integration. This model
consisted of synchronous generator, transmission line and stepping up and stepping down
transformers, and three phase loads. The output power data generated from the previous
stage were exported to an Excel file with 24 values covering the full day. These values
were used as an input for the active power tab in the synchronous generator to follow the
same pattern of generation. Power flow studies were conducted and obtained the values
of the p.u. voltages and voltage angle for each hour in addition to the active and reactive

power. Also, the field voltage and mechanical power input values for the synchronous
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generator were obtained, and a 24-hour simulation was conducted by Simulink for active

and reactive power values.

Based on these case studies and results, installing CSP plants in Egypt can be seriously
considered in the future. The results have shown a clear picture of all the stages that are
observed before installing any CSP plant; furthermore, the power flow studies succeeded
in presenting a vision of grid integration performance in such cases. The results clearly
showed that CSP technology can be adopted on a bigger scale in Egypt and showed the
locations that are suitable for a CSP installation, even with the current economic status of
the country. Moreover, the study recommends altering some government financial
policies that are related to investment in the power sector, to encourage this type of

technology as a main part of Egypt’s future energy plan.

5.2 Future Work

In future research, more data sources need to be accessed to have a better siting approach
by using GIS software to compare between different resources to be assessed. Also,
consideration should be given to investigating more western desert areas for potential
locations, but this will require more information about the current actual status of such
locations. In addition, future research should perform simulations with other CSP
technologies in order to compare and analyse the performance of the different
technologies, and evaluate the economic side based on the predicted economic status of
the country. As for the grid integration studies, a more complex model needs to be
designed that matches the current national grid connections in the selected places with
more data on substations rating. Moreover, the load demand needs to be calculated
depending on the actual status of the location’s grid network and the real power factor in
the selected area which will allow a precise power flow studies. In addition, investigating
the power quality would be needed to decrease the losses that were found in the load flow

solution.
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Appendix A: SAM Simulation Setups

The parameter values for each section of SAM for the three selected sites were set as
shown in Figures (A. 1: A. 12). There were two parameter sections that had different
values for each site. The first section was location and resources as each site has different
coordinates. Also, the thermal storage settings were changed based on the different DNI

values for each selected site. All other values were fixed for each case study.

u SAM 2017.9.5: F:\Research work\research 2nd semester\Simulation\simulation tests\Weather files\Site no.1.sam
file v (F)Add  Site

Trough (phys), LCOE Calculator

rNREL National Solar Radiation Database (NSRDB)

Download the latest weather files from the NSRDE to add to your selar resource library: Download a typical-year (TMY] file for mast long-term cash flow analyses, or
choose files to download for single-year or P50/PS0 analyses. See Help for details.

Location and Resource

Solar Field

Download a TMY file for Americas... I TMY or Single-year for Americas and Asia...

Map on NSRDB website
Collectors (SCAs) SAM's CSP mndlels use a different time convention for weather data than the NREL NSRDE, See Help for details.
International Data Sources

Receivers (HCEs)

Solar Resource Library
Use the buttons above to download the latest NSRDE files and add them to your solar resource library. Click Folder Settings to add your own weather files to the

Power Cycle library. The default library contains legacy weather files, See Help for details,
Thermal Storage weathe,mg\ CASAM\2017.9.5\s0lar_resource\Site_No_1_-hour.csv
-Header Data from Weather Fil
Parasitics -
Ciy [ Site N1 Titme zone | o2 Ltitude | 28065 N [N Folder settings...

Financial Parameters 5
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) ) T >
Choose a Weather File from Your Computer
[ F/Research work/research 2nd semester/Simulation,simulation tests/Weather fles/ requestionssboutthefinalselectedlocations/Site N| | Browse..

Check the box and click Browse to choose a weather file stored on your computer without adding it to the solar resource library. Supported solar weather file
formats are SAM CSV, TMVYZ2, TMY3, and EPW.
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Parametrics Stochastic

P50 / P90 Macros

Figure (A. 1): Location and resource parameter settings for the first selected site.
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Figure (A. 3): Location and resource parameter settings for the third selected site.
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File v (¥)Ada

Trough (phys), LCOE Calculator

Location and Resource

I Solar Field l

Collectors (SCAs)
Receivers (HCEs)
Power Cycle
Thermal Storage
Parasitics

Financial Parameters

ld

Simulate >

Stochastic

Macros

Solar Field rHeat Transfer
© Optien 1: Solar multiple 2 Field HTF fluid | Therminel VP-1 v
@ Option 2: Field aperture 1,100,000.000 |m* User-defined HTF fluid Edit...
Field HTF min operating temp 12
Row spacing 15 |m Field HTF max operating temp 400 |=C
Stow angle 170 |deg Design loop inlet temp 203 ]C
Deploy angle 10 |deg Design loop outlet temp 391 |°C
Number of field subsections |6 ~ Min single loop flow rate 1 Jkars
Header pipe roughness 4.57e-05 |m Max single leop flow rate 12 |kg/s
HTF pump efficiency 0.85 Min field flow velocity 0356109 | m/s
Freeze protection temp 150 |=C Max field flow velocity 4.96554 | m/s
Irradiation at design 950 |W/m* Header design min flow velocity 2 |m/s
Allow partial defocusing Simultancous Header design max flow velocity 2 mss
rDesign
Single loop aperture 4360 | m* Actual number of loops 253
Loop optical efficiency 0.776938 Total aperture reflective area 1.10308e+06 |m*
Total loop conversion efficiency 0745733 Actual solar multiple 250651
Total required aperture, SM 440085 | m* Field thermal output 781,525 | Mwt
Required number of loops, SM=1 100.937
[Collector
Collectortit  0ldeg Tilt: horizontal
Collectorazimuth|  0|deg Azimuth: equato
~Mirror ing Plant Heat Capacity
Hot piping thermal inertia 0.2 | KWht/K-MWt
Water usage perwash| 07 |Lim" aper.
Cold piping thermal inertia 0.2 |kWht/K-MWt
Washes pryesr
Field loop piping thermal inertia 45 |Wht/K-m

Land
{ Solar feldarea| 71 Jocres

Non-solar field land area multiplier

Total land sre

Single Loop G
The specification below is only far ene loop in the solar field,
Usage tip: Te configure the loop, choose whether to defocus order. Select assemblies by clicking one or g the mouse over
multiple items. n types to selected iterr

Number of SCA/HCE sssemblies per loop: @ Edit SCAs (O Edit HCEs (O Edit Defocus Order | Reset Defocus

Figure (A. 4): Solar field parameter settings.

n SAM 2017.9.5: F:\Research work\research 2nd semester\Simulation\simulation tests\Weather files\Site no.1.sam

File v () Add

Trough (phys), LCOE Calculator

Location and Resource

Solar Field

I Collectors (SCAs)

Receivers (HCEs)
Power Cycle
Thermal Storage
Parasitics

Financial Parameters

Lk

Stochastic

Simulate >

arametrics

P50 / P90 Macros

Collector Library

Name
EuroTrough ET150
Luz L5-2

Luz LS-3
Solargenix SGX-1
<

Reflective aper...
817.5

235

545

4703

Aperture width... Length of colle...

5.75 150 12
5 49 6

5.75 100 12
5 100 12

MNumber of mo...

~

Collector types in loop configuration | Cold

-1

1-1-1-1-1-1-Hot

Collector Type 1

Collector name from library | Luz L5-3

Apply Values from Library

[Collector y
Reflective aperture area 545 |m? Number of modules per assembly 12
Aperture width, total structure 575 |m Average surface-to-focus path length 211 |m
Length of collector assembly 100 |m Piping distance between 1|m
Optical
Incidence angle modifier coefficients | Edit data... Geometry effects 0.98
Tracking error Mirror reflectance 0,935
General optical error Dirt on mirror 0.7
Optical G

Length of single module

1AM at summer solstice

833333 |m
1.00294

End loss at summer solstice 0.999858
Optical efficiency at design 0.871124

@ Collector Type 2

Callectar name from library | Luz L5-3

Apply Values from Library

Length of single module

IAM at summer solstice

833333 |m
1.00284

rCollector v
Reflective aperture area 545 |m? Number of modules per assembly 12
Aperture width, total structure 5.75 |m Average surface-to-focus path length 211 |m
Length of collector assembly 100 |m Piping distance between i 1]|m
-Optical
Incidence angle modifier coefficients | Edit data... Geometry effects )
Tracking error Mirror reflectance 0.935
General optical error Dirt on mirror 0.7
-Optical G:

End loss at summer solstice 0.999858
Optical efficiency at design 0.871124

Figure (A. 5): Collectors’ parameter settings.
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E3 54M 2017.3.5: F\Research workiresearch 2nd semester\ Site no.1.sam
File v (B)Ada  Site
Trough (phys), LCOE Calculator Receiver Library

Location and Resource sesrchfor [ | [Neme ~

Solar Field Name Absorber tube .. Absorbertube ... Glass envelope... Glass envelope..
Schott PTR70 2008 0.066 007 0.115 0.12

Collectors (SCASs) Solel UVAC 3 0.066 0.07 0.115 0.121
Siemens UVAC 2010 0.066 007 0.109 0.115

Receivers (HCEs) Schott PTRAN n.n76 nos n11s 012 ~
< >

Power Cycle Receiver types in loop configuration| Cold - 1-1-1-1-1-1-1-1-Hot

Thermal Storage -
Receiver Type 1

Parasitics
Receiver name from library | Siemens UVAC 2010 Apply Values from Library
Financial Parameters . ¥
Absorber tube inner diameter 0.066 |m Absorber flow plug dismeter[  0|m
Absorber tube outer diameter 0.07 |m Internal surface roughness
Glass envelope inner diameter 0,109 |m Absorber flow pattemn | Tubeflow >
Glass envelope outer dismeter 0.115 |m Absorber material type | 2161 -
nd
Variation 1 Variation 2 Variation 3 Variation 4~
Variant weighting fraction” | osss| | oo1] | 0.005 | [ o]

Absorber Parameters:
Absorber absorptance 0.96 0.96 03 o
Absorber emittance Table... 0.65 0.65 o

Envelope Parameters:

Envelope absorptance | o0z] | 0.0z | [ o]
Envelope emittance | osa| | 0.86 | [ o]
Envelope transmittance | 0965 | | 0.96 | [ of
[ Broken Glass [ Breken Glass [ Broken Glass
Gas Parameters:
Annulus gas type Hydrogen - Air - Air ~ Hydrogen -
Annulus pressure (torr) | 75e05] | 70| | 750 | o
Heat Loss at Design:
Estimated avg. heat loss (W/m) | 1] | too| | 1500 | [ o]
Optical Effects:
Bellows shadowing | 0.963 | [ 0971 | [ 071 | [ 0.983 |
Dirt on receiver | 1] | 0.98 | [ 1] [ 098 |

Simulate > I i The variant weighting fractions and Varation 4 inputs are not part of the |

Heat loss at design 207.62 | W/m

Qotical decaty neoisa

P50 / P9O Macros

Parametri Stoch, r.,u ighted L

Figure (A. 6): Receivers’ parameter settings.

n SAM 2017.9.5: F:\Research work'research 2nd semester\Simulaticn'simulation tests\Weather files\Site no.1.sam

file v (3)Add
Trough (phys). LCOE Calculator || NSNS

Location and Resource Designgrosseutput|_______ 111 [Mwe
Estimated gross to net conversionfactor[ 0.9

Solar Field Estimated net output at design (nameplate) Mwe
Collectors (SCAs) Parasitic losses typically reduce net output to approximately 20 % of design gross power
Receivers (HCEs) ilability and Curtail )
Curtailment and availability losses reduce the Edit losses... | Constant loss; 4.0 %
ather events. Custom periods: None
Thermal Storage
Parasitics Power Block Design Poi
Rated cycle conversion efficiency| 0356
Financial Parameters Design mlmampamme'(
Design outlet temperature 203]-C
Cycle design HTF mass flow rate 1,296.0 |kg/s
Fossil backup boiler LHV efficiency 09
Au heater outlet set temp 381 ]C
Fossil dispatch mode | Minimum backup level v
Low resource standby period 2 |hrs
Fraction of thermal power needed for standby 02
Power block startup time 05 |hr
Fraction of thermal power needed for startup 02
Minimum required startup temp 300)'c
Masx turbine over design operation 1.05
Min turbine operation 02

Rankine Cycle
Boiler operating pressure Bar
Steam cycle blowdown fraction
Turbine inlet pressure control | Fixed pressure ~ Fybrid Dispatch
Condenser type | Air-cosled - “ie 2
Period 2: 0
Ambient temperature atdesign| 42 'C
Period 3: 0
1D atdesignpoint|  16]'C
Period 4: 0
Reference condenser water dT 10|
) 0
Simulate > | i Approach temperature 5c - -
Condenser pressure ratio 1.0028
. e Period 7:
Parametrics  Stochastic Min condenser pressure 125 JinHg e 0
0
P50 / PSO Macros Coocling system part load levels 8

Figure (A. 7): Power cycle parameter settings.



E3 54M 2017.8.5: F:\Research work\research 2nd semester\Simulation\simulation tests\Weather files\Site no.1.sam

Trough (phys). LCOE Calculator

Location and Resource
solar Field
Collectors (SCAs)

Receivers (HCEs)

Power Cycle

Parasitics

Financial Parameters

Simulate >

Parametrics

P50 / P90

Storage dispatch fractions apply to the maximum energy
storage.

Turbine output and fossil fill fractions apply to the design
turbine thermal input.

Use the weekday and schedule matrices to specify the month
and hour of day for each of the nine periods.

| Copy schedule from TOD Factors page |

Full load hours of TES 2]hr Tonk heatercapacity| 25 |MWe
Storage volume 48762.2 | m® Tank heater efficiency
TES Thermal capacity 243438 |MWht Hot side HX approach temp 5|°c
Parallel tank pairs 1 Cold side HX approach temp i
Tank height 2|m Thermal storage exergetic efficiency|  1.000 |
Tank fluid min height 1 |m Initial TES fluid temp| __ 300°C
Tank diameter 557163 |m Storage HTF fluid | Therminol VP-1 |
Min fluid volume 2438.11 |m® User-defined HTF fluid Edit...

Tank loss coeff 04 | W/mEK Storage HTF min operating temp 12]c

Estimated heat loss 0.764926 | Mt Storage HTF max operating temp a0 ]-c

Cold tank heater sct point 250]"C Fluid temperature 342]°C

Hot tank heater set point 365 |°C TES fluid density 765.461 | kg/m”
TES specific heat 2.45420 | W/kg-K
Dispatch Co

Storage dispatch  Turb.out.  Fossil fill
wisolar wfosoler  fraction fraction
Period 1: 1 1 075 °
Period 2: 1 1 08 o
Period 3: o 0 08 o
Period & ° [} 1 [
1 1 ) °
Period & o [} 07 o
Period 7: o 0 1 o
[ [} 1 [
Period & o [} 1 °

Figure (A. 8): Thermal storage parameter settings for the first selected site.

“Trough (phys). LCOE Calculator

Storage System
Location and Resource Full load hours of TES 3 hr Tank heater capacity 25 |MWe
Storage volume 287602 | m? Tank heater efficien
Solar Field E i
TES Thermal capacity 2494.38 | MWht Hot side HX approach temp 5|
Collectors (SCAs) Parallel tank pairs 1 Cold side HX approach temp 5|
Tank height 20]m Thermal storage exergetic efficien 1.000
Receivers (HCEs) 9 9 ? o
Tank fluid min height 1]m Initial TES fluid temp 300]c
Power Cycle Tank diameter 55.7163 |m Storage HTF fluid | Therminel VP-1 ¥
Min fluid volume 243811 |m? User-defined HTF fluid Edit...
Thermal Storage serdefine: . :
Tank loss coeff 0.4 | W/m™K Storage HTF min operating temp| 12|°C
Parasitics Estimated hest loss 0.764926 | MWt Storage HTF max operating temp. 400 |°C
Cold tank heater set point 250]"C Fluid temperature 32]c
Financial Parameters
Hot tank heater set point 365 |°C TES fluid density 765.461 |Ieg/m?
TES specific heat 245489 |/keg-K
Dispatch Cor
Pt [ Weekday Schedul
Storage dispatch  Turb. out.  Fossilfill
wisolar wjosolar fraction fraction
Period 11 1 1 o] o] 101
Period 2| 1| 1l o8| o] Jjjd
Period 3: [} 0 08 [ L
11
Period 4: [] 0 1 [] 11
1 1 0 0 11
Period & 1 1 043 0 i
11
Period T: [) 0 1 [}
11
[ o o 1 o I
Period & o] o 1] o] 11
11

Simulate >

Fy

Parametrics Stoc c

P50 / P90 Macros

Storage dispatch fractions apply to the maximum energy

storage.

Turbine output and fossilfill fractions apply to the design
turbine thermal input,

Use the weekday and schedule matrices to specify the month
and hour of day for each of the nine periods.

I Copy schedule from TOD Factors page

Figure (A. 9): Thermal storage parameter settings for the second selected site.
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Trough (phys). LCOE Calculator

Storage System

Location and Resource Full load hours of TES 8 |hr
Storage volume 48762.2 | m?
Solar Field 9
TES Thermal capacity 2494.38 | MWht

Callectors (SCAs) Parallel tank pairs
Tank height
Receivers (HCEs) ameneg
Tank fluid min height

Power Cycle Tank diameter

Min fluid volume
Thermal Storage
Tank loss coeff

Parasitics Estimated heat loss

Cold tank heater set point
Financial Parameters s

Hot tank heater set point

Tank heater capacity Mwe
Tank heater efficiency| 098]

5
5

=C
=C

Hot side HX approach temp
Cold side HX approach temp

Thermal storage exergetic efficiency| 1000
Initial TES fluid temp| 300 °C
Storage HTF fluid [Therminol V-1 ~|
User-defined HTF fluid Edit...
Storsge HTF min opersting temp. 12]-c
Starage HTF max opersting temp a00]c
Fluid tempersture 32 ]-C
TES fluid density 765461 |kg/m’
TES specific heat 245489 |k/kg-K

- Dispatch Control

Storage dispatch  Turb. out.  Fossil fill

w/solar wfosoler  fraction  fraction

Period 1 1 1 075 0
Period 2: 1 1 08 0
Period 3t o 0 08 0
Period 4: 0 0 1 0
1 1 ] ]

Period & 1 1 065 0
Period 7: 0 0 1 0
[ 0 1 ]

Period 9: 0 0 1 0

Storage dispatch fractions apply to the maximum energy
storage.

Turbine output and fossil fill fractions apply to the design
turbine thermal input.

Use the weekday and schedule matrices to specify the month
and hour of day for each of the nine periods.

[ Copy schedule from TOD Factors page

Fi

c

Simulate >

Parametrics Stock

P50 / P90 Macros

Trough (phys). LCOE Calculator

- Design Point Total
Location and Resource Piping thermal loss cosfficient 0.45 |W/m*K esign Point Totals
Solar Field Tracking power 125 |Wrsca Tracking[ 252000 [w

Required pumping power for HTF through power block 055 |W/kg
Collectors (SCAs) Required pumping power for HTF through storage 015 |k/kg
Receivers (HCES) Fraction of rated gross power consumed at all times 0.0055 Fixed 0.6103 |MWe
Power Cy[‘e Factor Coeff 0 Coeff 1 Coeff 2

BOP parasiticvalue[ 0| MWe/MWeap | 1 oas3|[ o517 o] BOP 0| Mwe
Thermal Storage Aux heater parasitic value | 002273 | MWe/Mwcap | ][ oass] ot o]  Aux 2.52303 | Mwe

Parasitics

Financial Parameters

Simulate >

P50 / P90 Mz

Figure (A. 11): Parasitics parameter settings.



3 54M2017.9.5: F\Research h 2nd files\Site no.1.sam

Filev (F)Add  Sit

Trough (phys), LCOE Calculator LCOE Cala

The fixed-charge rate method of calculating the levelized cost of energy simplifies time-dependent andis for | analysis
Location and Resource such as for the NREL Annual Technology Baseline, o for very preliminary project analysis. The cash flow method of SAM's other financial models is more
suitable for more detailed project analysis. See Help for details.
Solar Field

NREL Annusl Technology Baseline and Standard Scenarios website
Collectors (SCAs) N .
~Capital perating

Receivers (HCEs) System capacwtykW
O Enter costsin § (® Enter costs in $/kW
Capital cost 0.00
Thermal Storage Fixed opersting cost (snnual) 0.00 m
Parasitics Variable operating cost 0.0200 |$/kiWh

-Financial

I Financial Parameters I (O Enter fixed charge rate @ Calculate fived charge rate

Power Cycle

Fixed charge rate (real) 0.088 Analysis period 25 years Fixed charge rate (FCR)
Inflation rate 856 |%ryear FCR = CRF - PFF - CFF (see below)
Internal rate of return (nominal) 12 |%/year
Project term debt 70 | % of capital cost
Nominal debt interest rate 95 | %/year
Effective tax rate 225 |sfyear

Depreciation schedu\enq 4% of capital cost
Annual cost during :onstmmoan B0 | % of capital cost
Nominal construction interest rate 9 |3 ryear

Capital recovery factor (CRF) 0.050 Capital cost (CC)| 521,977,472.00 |5
Project financing factor (PFF) 1.280 Fixed operating cost (FOC) | 2197,793.73 |5
Construction financing factor (CFF) 0.827 Variable operating cost (VOC) D.02 |5/kWh
LCOE = (FCR - CC + FOC) / Annual Energy + VOC WACC (for reference anly) o0.018

Simulate >

Parametrics Stocha:

P50 / P90 Macros

Figure (A. 12): Financial parameter settings.
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Appendix B: Load Flow in Simulink and Results

After designing the Simulink model as shown in Figure (B.1), the powergui load flow
tool was used to solve the load flow problem by performing positive sequence load flow.
This tool uses a Newton Raphson algorithm for the solution. The general solver from the
configuration parameters in Simulink should allow phasor simulation; hence, solver
ode23tb was used for this purpose with variable step. The frequency was set as 50 Hz as
the simulation was conducted in the case of steady state. The simulation process itself in
Simulink can be conducted by two methods, either by accessing the power flow tool from

Simulink or by accessing it through commands in MATLAB.

In the first method, after setting all the input data, the machine initialisation tool was used
for setting the starting parameters for the synchronous generator block. As the simulation
was conducted for every hour of generation and there are five values of zero generation
from late at night to early morning. Consequently, the simulation was conducted 20 times
not 24. For each simulation the active power value was changed according to the values
of the hourly generated power. The final solution of the load flow each time was set as
the machine initialisation mode for the next simulation process; and it should be noted
that the synchronous generation started at zero for generated power at the first simulation

attempt.

The second approach in conducting the simulation was by using commands through
MATLAB to access Simulink. These commands open the same interface that was used
in the first method and set the initial active power value for the synchronous generator
(machine initialisation) and solve the load flow and initialise the model with the load flow
solution for the next simulation. Finally, it computes the load flow and generates a report
containing the results. The commands are shown in Figure B. 2 and the powergui load

flow interface is shown in Figure B. 3.

As the simulation was conducted for 24 hours, the load flow solution showed the values
for each hour during the day including the total generation, total losses, and all the p.u.
values of voltage and voltage angles. In addition to these, the mechanical power input and

field voltage were given. The results are shown in detail in Table B. 1.
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Figure (B.1): Simulink model of the proposed CSP plant’s connection to the grid network.

Command W

»» Mparam = power_ loadflow('Modell');
»» Mparam(l).set

struct with fields:

BusType: '"P & V generator'
TerminalVoltage: 13800
RBectivePower: O
ReactivePower: 0
Phaselan: 0

»>> LF = power_loadflow('-v2', 'Modell');

> LF = power_loadflow('-v2','Modell','solve');

»> LF = power loadflow('-v2','Modell','solve','report');
fx >> |

Figure (B. 2): The commands used for accessing the powergui load flow tool in MATLAB.



Powergui Load Flow Tool. madel: Modell — [m} X

Block type Bus type  BusID | Vbase (kVi[Vref (pu) Vangle (deg) | P (MW) | @ (Mv...| Qmin (Mvar) | Qmax (Mvar)| [ V_LF (pu) [Vangle LF (deg)| P_LF (W) | @ LF (Mvan | Block Name
1 |sM o BUs13.8 13.80 1 0.00 73.13 20.00 0.00 Inf L] 0.00 0.00 0.00 13.2 kV 100 MW

TRLC load PQ BUS13.8 13.80 1 0.00 0.10 0.00 =Inf Inf ] 0.00 0.00 0.00 Three-Phase Parallel
TVSL‘C‘ swing BUS220_1 220.00 1 0.00 10.00 2.00 -Inf Inf [ 0.00 0.00 0.00 220 kV
TBus - BUS220_2 220.00 1 0.00 0.00 0.00 0.00 0.00 ] 0.00 0.00 0.00 Load Flow Bus3
T;LC load BQ BUS11 11.00 1 0.00 0.10 a._00 -Inf Inf a a._0a 0.00 0_.00 Three-FPhase Series RL{
TRLC load BQ BUS380 0.38 1 0.00 40.00 5.00 -Inf Inf L 0.00 0.00 0.00 380 V 40 MW 5 MVAR
TBus - BUSEE €6.00 1 0.00 0.00 0.00 0.00 0.00 Q 0.00 0.00 0.00 Load Flow Busé

< >

T

Figure (B. 3): The powergui load flow tool interface showing the load bus data.




Table (B. 1): Results of the load flow solution.

82

Voltage (p.u.) and angle (deg)

Total i
Hours Total Total PQ 1000 bivs“li‘i Csp No. of mech};nical Vi
generation load Q P &Q iterations (p.u.)* (p-u)*
Bus Bus Bus 66 Bus11 Bus 380
13.8 220 (load) (load)
41.50 0.43 MW -18.04 59.54
1 MW/ 40.20 MW /14.40 MW MW/ 1/ 1/ 0.982/ 0.946 / 0.938 / ) 0.54 115
20.18 /5.00 MVAR MVAR /19.28 0.90 -25.65° 0° -32.54° -40.48° -43.06° ’ ’
MVAR MVAR MVAR
15.68 25.72

) 41'1461 Sl\;IW 40.20 MW/ 0314(‘)1\7/[3\7\// MW/ MW/ 1/ 1/ 0.982/-32 54 0.946/ 0.938 / ) 0.23 1.03

M\;AR 5.00 MVAR MV-AR 16.60 0 -28.13° 0° ’ ’ -40.48° -43.06° ’ ’

MVAR MVAR
41.39 MW 0.32 MW 41.39
3 '15 68 40.20 MW ) /9.9 MW/ oMW/ 1/ 1 0.982/ 0.946 / 0.938 / ) 0 0
; /5.00 MVAR ‘ 15.55 0 MVAR -30.02° /0° -32.54° -40.48° -43.06°
MVAR MVAR
MVAR
41.39 MW 0.32MW 41.39

4 '15 63 40.20 MW '/9 9 MW/ oMW/ 1/ 1 0.982/ 0.946/ 0.938 / 5 0 0

MVAR /5.00 MVAR MVAR 15.55 0 MVAR -30.02 /0 -32.54 -40.48 -43.06

MVAR




Table (B.1): Results of the load flow solution (continued).

83

Voltage (p.u.) and angle (deg)

Hours Total Total PQ Total Swing CSP No. - Vi
eneration load losses bus P & P &Q of mechanical (p.u)*
& Q Bus Bus Bus 66 Busll  Bus380 iterations (p-u)* p-u.
13.8 220 u (load) (load)
41.39
s ?v}\i/? 4020MW/ 032MW/ MW/ OMW/ 0 1/ 1/0° 0.982 / _(2(9)2682 0.938/- 5 0 0
15.68 500 MVAR 99MVAR  15.55 MVAR -30.02° -32.54 : 43.06°
MVAR MVAR
41.39 0.946 /
6 MW/ 4020MW/  032MW/  41.39 OMW / 1/ 1/ 0.982/ ao4ge 0938 5 0 0
15.68 500 MVAR 99MVAR MW/ 0 MVAR -30.02° 0° -32.54 : 43.06°
MVAR 15.55
MVAR
41.39
MW/ 4020MW/  032MW/  41.39 OMW/ 1/ 1/
7 15.68 500 MVAR 99MVAR MW/ 0 MVAR -30.02° 0° 0'3928§ 4/ %g‘tfgﬁ 3'39 %86/ 2 0 0
MVAR 15.55 e Y :
MVAR
41.39 MW 032 MW  26.66
14.73 MW/ 1/ 0.946 /
/15.95 40.20MW/ /10.17 MW . 1/ 0.982/ . 0.938/-
8 MVAR  500MVAR  MVAR 1605 0.00 MVAR  -28.94 0° -32.54 0487 43060 2 0.133 1.008
MVAR
41.46 MW -5.64
o / 40.2 MW/ 031921\7/[1\” MW 47.10MW 1/ U oe 0.982 / 0946/  0.938/- ) 0425 005
18.49 5.00 MVAR MVAR 18.13 036 MVAR  -26.56° -32.54 -40.48°  43.06° : :
MVAR MVAR




Table (B.1): Results of the load flow solution (continued).

84

Voltage (p.u.) and angle (deg)

Hours Total Total PQ Total Swing CSP No. P \%i
. load losses bus P & P &Q of mechanical (p.u)*
generation Q Bus Bus Busgs  Busll  Bus380 iterations (p-u.)* P
13.8 220 us (load) (load)
41.54 27.93
0 MW/ 40.2MW/ 10640ZMW/ MW 6947 MW 1/ Lo 0982/ 0.946/  0.938/- ) 027 208
121.82 SOOMVAR (&M% 2035 /147 MVAR -24.92° -32.54° L40.48°  43.06° : :
MVAR MVAR
41.56 0.49 3276 7432 0946
y MW/ 40.2MW/ MW MW/ MW/ 1/ oo 0982/ onel 0938/ ) 061 38
2271 SOMVAR  /16.93 2091 1.80 -24.56° -32.54° : 43.06° : :
MVAR MVAR  MVAR  MVAR
4156 osaw, 3242 7414
" MW/ 40.2MW/ o MW/ MW/ 1/ Lo 0982/ 0.946/  0.938- ) 0,660 237
22,67 soMvAR (&) 2089 1.78 -24.57° 132.54° L40.48°  43.06° : :
MVAR MVAR  MVAR
0.49 3278
" f;;gle 4020MW/ MW MW 17_;"034 MW7y oo 0982/ 0946/  0.938/- ) 061 |18
roan SO0MVAR /1693 21.02 AR -24.56° 132.54° 4048 43.06°
MVAR  MVAR
4156 s, 3363
14 MW/ a020mw >0 MW 7520 MW/ 1/ e 0982/ 0946/  0.938)- ) 067 | ous
22.88 sooMvaR (NP 210 1.86 MVAR  -24.50° 132.54° 40480 43.06° : :
MVAR MVAR




Table (B. 1): Results of the load flow solution (continued).

85

Voltage (p.u.) and angle (deg)

Hours Total Total PQ Total Swing CSP No. P \% 1
eneration load losses bus P & P &Q of mechanical (p.uw)*
g Q Bus Bus oo Busll Bus380 iterations (p-u.)* p-u.
13.8 220 (load)  (load)
0.5 3452
s ‘2‘;(5); MW go20Mw MW/ MW/ 7609 MW 1/ o 0982/ 0.946/  0.938)- ) 0687 | 249
o /SO0MVAR 1727 2113 /192 MVAR  -24.43° 32,540 40480 43.06° : :
MVAR  MVAR
41.60 -39.99
y MW/ 40.20 MW (1)'85§8MW/ MW/ §1SOMW 1/ e 0982/ 0.946/  0.938/- ) 0737 256
2416 SOOMVAR (099 2182 234MVAR  -24.03° -32.54° 40480 43.06° : :
MVAR MVAR
41.53 -25.98
" MW/ 40.20 MW (1)‘5429MW/ MW 67.51 MW/ 1/ o 0982/ 0.946/  0.938/- ) 0,609 o7
2147 SO0MVAR >0 2013 135MVAR  -25.06° 132.54° L40.48°  43.06° : :
MVAR MVAR
4155 0.48 -30.87
MW/ 4020MW MW/ MW 1/ 0982/ 0946/  0.938)-
18 2235 /5.00 MVAR 1657 20.69 126"7‘2MN\[,VAVR 24700 VO 3540 40480 43.06° 2 0.65372 12262
MVAR MVAR  MVAR -
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Table (B. 1): Results of the load flow solution (continued).

Voltage (p.u.) and angle (deg)

Swing
Hours bus P & No. P
Total Total PQ Total Q CSp Bus Bus Bus 66 Busl1 Bus 380 of mechanical A%
generation load losses P &Q 13.8 220 " (load) (load) iterations (p-u.)* (p.u.)*
41.55 230,64
o MW/ 40.20 MW (1)'64 §3MW/ MW/ TI9MW 1/ oo 0982/ 0.946/  0.938/- ) 051 |22
2231 SO0MVAR (&% 20,66 /1.65 MVAR  -24.72° 32,54 40.48°  43.06° : :
MVAR MVAR
41.55 oasnw 3012
o MW 020w IS EW vy 716TMW 1/ oo 0982/ 0946/  0.938/- ) 0647 | 293
2221 SO0MVAR {08 20,60 /1.62 MVAR  -24.76° 32.54° 4048°  43.06° : :
MVAR MVAR
0.56 4585
o 7215633MW 40.20 MW MW/ MW/ 8748 MW/ 1/ oo 0982/ 0946/  0.938/- ) 0759 327
oy /S00MVAR 19,65 22.60 283 MVAR  -23.59° 32,54 40.48°  43.06° : :
MVAR  MVAR
41.60 MW 0.53 -40.73
P43 40.20 MW / MW MW/ 8233 MW/ 1/ oo 0982/ 0946/  0.938/- ) 0743 .
MVAR  5.00 MVAR /18.53 2191 240 MVAR  -23.97° 32.54° 4048 43.06° : :

MVAR MVAR




Table (B.1): Results of the load flow solution (continued).
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Swing CSP Voltage (p.u.) and angle (deg) P Vi
Hours Total Total PQ Total bus P & No. mechanical
generation load losses Q P &Q of (p.u.)* (p-u.)
Bus Bus Bus 66 Bus11 Bus 380 iterations
13.8 220 (load) (load)
41.58 0.51 MW -35.82
23 MW/ 40.20 MW/ 1‘7 52 MW 77.39 MW / 1/ 1/ 0° 0.982/ 0.946/  0.938/- ) 0.699 1258
23.30 5.00 MVAR MVAR 21.29 2.02 MVAR  -24.33° -32.54° -40.48°  43.06° ‘ ’
MVAR MVAR
41.55 -31.57
24 MW/ 40.20 MW (1)642 Mw/ MW 73.13 MW / 1/ 1/ 0° 0.982/ 0.946/ 0.938/- ) 0.66 1231
22.48 /5.00 MVAR MVAR 120.77 1.71 MVAR  -24.65° -32.54° -40.48°  43.06° ’ ’
MVAR MVAR

*Both the field voltage and the mechanical power input values were obtained during the load flow analysis using the value of the active output power

based on SAM results.
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