The

University
Of
Sheffield.

Techno -economic assessment and
optimization of wind and concentrating
solar power with thermal energy storage

under arid climatic conditions

By:

All J. Sultan

A thesis submitted in partial fulfilment of the requirements for the

degree of Doctor of Philosophy (PhD)

The University of Sheffield
Faculty of Engineering

Department of Mechanical Engineering

May 2022



Declaration

The work presented in this thesis is that of the author and has not been previously
submitted for a degree at this, or any other, university. The information about the
published work from the thesis 2 8§ ©! - zdcientific ¥! «®@¥wa) f - x£ yw

Section, starting from page (iii) , and within the thesis.

This copy has been supplied on the understanding that it is copyright material and
that no quotation from th e thesis may be published without proper

acknowledgement.

The right of Ali J. Sultan to be identified as theauthor of this work has been asserted

by him in accordance with the Copyright, Designs and Patents Act 1988.

© 2022 The University of Sheffield and Ali J. Sultan.



Scientific Journal Publications

(1) Peer-reviewed original research article (published):

)

®3)

Ali J. Sultan , Kevin J. Hughes, Derek B. Ingham, Lin Ma, Mohamed
Pourkashanian Techno-economic competitiveness of 50 MW concentrating
solar power plants for electricity generation under Kuwait climatic conditions
[1] Renewable and Sustainable Energy Review2020;134:11034Available from:
https://doi.org/10.1016/j.rser.2020.110342

Peer-reviewed original research article (published):

Ali J. Sultan , Derek B. Ingham, Kevin J. Hughes, Lin Ma, Mohamed
Pourkashanian. Optimization and performance enhancement of concentrating
solar power in a hot and arid desert environment [2]. Renewable and
Sustainable Energy Review2021;149:1114A%ailable from:
https://doi.org/10.1016/J.RSER.2021.111411.

Peer-reviewed original research article (under revising process):

Ali J. Sultan , Derek B. InghamLin Ma, Kevin J. Hughes, Mohamed
Pourkashanian.Comparative techno-economic assessment and minimization of
the levelized cost of electricity for increasing capacity wind power plants by

row and angle layout optimization.



(4) Peer-reviewed supplementary material (published):

Ali J. Sultan , Kevin J. Hughes, Derek B. Ingham, Lin Ma, Mohamed
Pourkashanian.Supplementary material for research article 110342rechno-

economic competitiveness of 50 MW concentrating solar power plants for

electricity generation under Kuwait climatic conditions U[3]. Renewable and

Sustainable Energy Review2020;134:11034Availablefrom:
https://doi.org/10.1016/j.rser.2020.110342> z | ®¥ £! wz | ©' = UWS §{ ¥z
i " 88E£{o{¥«wO°. zw«wU ¥ Ze ?

(5) Peer-reviewed supplementary material (published):

Ali J. Sultan , Derek B. Ingham, Kevin J. Hughes, Lin Ma, Mohamed
Pourkashanian.Supplementary material for research article 111411

WDptimization and performance enhancement of concentrating solar power in

a hot and arid desert environment U[4]. Renewable and Sustainable Energy
Reviews2021;149:1114A¢%ailable from: https://doi.org/10.1016/j.rser.2021.111411

>z ®¥£!wz | © o UW88{¥z =~ WD i-88£{ua{¥«wO®

(6) Peer-reviewed supplementary material (under revising process):

Ali J. Sultan , Derek B. Ingham, Lin Ma, Kevin J. Hughes, Mohamed
Pourkashanian.Supplementary material for research article. Comparative
techno-economic assessment and minimization of the levelized cost of

electricity for increasing capacity wind power plants by row and angle layout

optimization.



Acknowledgements

| want to express my deepest gratitude to several people and institutions for their
support during my PhD journey. Firstly, | would like to thank my supervisors, Prof.
Derek B. Ingham, Dr. Kevin J. Hughes, Prof. Lin Ma, and Prof. Mohamed
Pourkashanian, for their continuous guidance. In addition, | would like to thank the
Kuwait Institute for Scientific Research for the financial support to pursue my
degree of Doctor of Philosophy in Mechanical Engineeringand for supporting this
study. Moreover, | would like to thank the Kuwait Ministry of Electricity and Water
for making its fossil-based power plant data available which was used in this study.
Finally, I would like to thank all of my family and friends for their constant

encouragement and understanding throughout the past years.



Abstract

This work presents multiple techno-economic assessment and optimization results
for utilizing the Concentrating Solar Power - Parabolic Trough (CSRPT) with
Thermal Energy Storage (TES)and wind power technologies. The evaluation is
performed for electricity generation under arid climatic conditions and limited
water resources to promote the mega-scale implementation of renewable energy in
the Middle East and North Africa (MENA), including the Gulf Cooperation Courcil
(GCC) region. The coordination of these technologies is considered for the case of
Kuwait, which is a MENVYGCC member. The scope is technically challengingsince
Kuwait has a strategic target for achieving a 15% penetration in electricity demand
from renewable energyby the year 2030. The results obtained constitute an attempt
to provide recommendations on the validation, optimal design configurations, and
operating conditions for future possibilities of CSP-PT/TES and wind power plant

installations.

The CSRPT/TES technology performance is evaluated in a hot desert environment
with a comparative viewpoint. The techno-economic assessment is performed on an
existing power plant in Spain (i.e., the world's largest installed CSP shareholder), and
the model is validated using published data. It is revealed that the Direct Normal
Irradiance (DNI) of Spain exceeds that of Kuwait by a difference of 176.XWh/a H° ©
but the overall performance of the Kuwait case exceeds that of Spain.With a wet-
cooled condenser system, the Kuwait case performance exceeds that of Spain for
the annual overall plant efficiency (s ) by 2.9% and the annual efficiency of the
Solar Field (SF) system by 4.1%Additionally, the annual net electricity output of the
Kuwait case exceeds that of Spain by 14,534 7 E. With a dry-cooled condenser
system, the Kuwait case performance exceeds that of Spain fors by 1.1%and
the annual efficiency of the SF systemby 3.0% However, the annual net electricity
output of the Spain case exceeds that of Kuwait by only 749.8 7 E. The better
performance of the Kuwait case is due to the DNI impact on the number of full load
hours of steam turbine, ambient temperature, wind speed, and SF heat loss/dumped
energy. The results are realistic because the findings of the number of full load hours
of steam turbine are as follows: 3003 h (wet cooling, Spain), 2709 h (dry cooling,

Spain), 3306 h (wet cooling, Kuwait), and 2792 h(dry cooling, Kuwait). Additionally,
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the annual mean ambient temperature in Kuwait (25.8 °C) is higher than that of
Spain (14.9 °C), and the annual mean wind speed in Kuwait (#1/s) is lower than that
of Spain (6.7 m/s). Furthermore, the percentage reducti on in water consumption is
96.61% (Spain case) and 97.05% (Kuwait case) due to replacing a wetooled
condenser with a dry-cooled one. Due to limited water resources in the chosen
location within Kuwait, the techno -economic assessment also considered 589 design
configurations using a dry-cooled condenser system. The Solar Multiple (SM) and
the number of full load hours of storage (. ) are varied to identify optimal
configurations. It is concluded that the optimal SM is at 3.3, corresponding to the
lowest Levelized Cost of Electricity (LCOB of 15.0663(j E 7 Hor 16 h of storage.The
performance of the dry-cooled CSP-PT design configurationsis further evaluatedto
identify 19 optimal configurations for the Kuwait case based on the LCOE
minimization criterion . Such configurations have optimal SM values based on the
lowest LCOE.From the optimization results, it is concluded that the SM value for
optimal CSP-PT/TES configurations increases with an increasing number of .
Also, the . value has significant effects on the annual energy generation, capacity
factor, and LCOE. However, the impact of. ons is insignificant. Further, the
periods of 24 h continuous electricity generation from CSP-PT/TES without fossil

backup have been identified.

In addition, an evaluation of megascale wind power plants is performed under the
climatic conditions of Kuwait . The coinciding peaks in electrical load and solar/wind
resources have been revealed, promotingcogeneration from CSP-PT/TES and wind
power with significant benefits. Also, the wind speed is found to be at maximum
levels at high altitudes in the early daytime and late nighttime. Whereas inthe
afternoon, it reaches maximum values at low altitudes.The calculated wind shear is
between 0.140.18 and shows a cyclic behaviour, promotingmega-scale wind power
generation. Moreover, techno-economic assessment and optimization are
performed for multi-row design configurations of several wind power plants. The
optimal selection comes after evaluating 2220 configurations from which 60 optimal
configurations are determined for different values of the number of rows in the
wind power plant (. ) based on the LCOEminimization criterion . The 60 optimal
configurations have optimal values of wind power plant layout angle (J ) based
on the lowest LCOE.It is concluded that the. andf values impact the LCOE,

wake losses, performance ratio, and capacity factor. Further, the wind power
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density is calculated to be 289 W/i  and it is concluded that June and July have high
levels of generation, wind speed, temperature, and humidity. Also, the locally
estimated scatterplot smoothing regression analyses on the wind resource confirm

prevailing wind with a consistent northwest component.
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1.INTRODUCTION

1.1.Chapter journal publications

Some of the work that appears in this chapter is associated with peer-reviewed
scientific journal publications. This chapter is associated with publications (1) to (6).
The detailed information of these publications is £ 2 « { z Scie#tific«Jeufnal U

PublicationsUSection, starting from page (jii) of th is thesis.

12. Reference concentrating solar power  plant

There are four main types of Concentrating Solar Power (CSP) technologies, namely
CSP-Parabolic Trough (PT), CSRTower, CSRFresnel, andCSP-Dish (see Figure 1. 2.
The CSRPT technology is the most popular and represents 76.6-82% of the global
installed CSP capacity share,of which 45.9% have 50 MWecapacity ratings [5,6]. Built
between 1984 and 1991, the largest operating group ofolar power plants in the
world, with a total capacity of 354- 7 is the Solar Energy Generating Systems
(SEGS) HX. The SEGS {IX group is located within the Mohave desert in southern
California in the United States of America (USA) and consists of nine systems([7]. In
2007, the first mega-scale CSP-PT plant without Thermal Energy Storage (TES) in
the world (i.e.,Nevada Solar One) started operation in the USA The plant has a net
electricity out put of 64 - 7 with a solar-only Rankine cycle,and the plant generates

130" 7 Bf peak power annually with a capacity factor of 23%.

On the other hand, the first mega-scale CSRPT plant in Europe with TES is the
Andasol1 plant,which has been operational since 2009 in Spain [8]. The Andasol1
plant is a milestone for this particular technology because it is the first CSP-PT plant
in the world with TES capability. Therefore, Andaso}1 is used as the reference plant
in this work for assessment purposes, including optimization and performance
enhancement. The Andasotl plant has a gross capacity of 50 7 and is equipped
with a two-tank molten salt TES system. In addition, it has a thermal capacity of
nearly 964 - 7 Ealong with an oversized Solar Field (SF)to enable TES charging in
the daytime and discharging in the nighttime for up to 7.5 h. In summer, it can

operate for 20 h at full load on solar energy without the need for a backup system.



Due to its integrated TES system, thereference 50 MW CSP-PT plant (Andasol1)
generates more than the previously-mentioned Nevada Solar One plantwhich lacks
a TESsystem and has a larger capacity (64 MW). Several plants worldwide use the
design configuration of Andasoll since it represents the state-of-the-art
configuration of combined CSP-PT with TES.Within the reference CSP-PT plant, the
PT collectors are arranged north -south to track the sun movement during the cycle
of each day. The consecutive collectors (four to s ix) are arranged in two rows and
connected to a loop (see Figure 1. ), and the loops are supplied with Heat Transfer
Fluid (HTF) from the cold header pipes by a manifold. Then, the hot header pipes

collect the heated HTF and direct it to the heat exchanger system.

Power Cooling
Hot/cold header pipes that block towers Electricity
take heat transfer fluid (HTF) grid
to/from the power block

Figure 1.1Main system components inside a CSPPT plant.

Additionally, in the reference CSP-PT plant, the PT collectors are aligned in a north-
south direction in the SF system, consisting of 156 loops on an area of 510,120 .
The HTF(Dowtherm A, see Appendix A flows with a temperature of 293 °C at the
inlet and 393 °C at the outlet. Table 1.1shows the HTFthermophysical properties of
the HTF usedwithin the SF system inthe reference CSP-PT plant. The SF system size
is selected such that under normal conditions, the rated power is produced while
the TES system is fully charged. The TES mediuntonsists of 28,500 t of molten salt,
amixture of 60% sodium nitrate (. A . ) and 40% potassium nitrate (+ . /), inside

two tanks (hot and cold) with 14 min height and 36 m in diameter.
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Figure 12 lllustration of the leading CSP technologies and their installed ratio worldwide [6].

Table 11Thermophysical properties of the HTF used within the SF system in the reference

CSP-PT plant
Temperature,  Specific Der]sity, Viscosity, Kinematic Conductivity, Enthalpy,
JC Heat, kg/l Pas yiscosity, W/m -K J/kg
KJ/kg-K i -s
15 1558 1063.5 0.005 4.70E06 0.1395 23370
65 1.701 1023.7 0.00158 1.54E06 0.1315 110565
105 1.814 990.7 0.00091  9.19E07 0.1251 190470
155 1.954 947.8 0.00056 5.91E07 0.1171 302870
205 2.093 902.5 0.00038 4.21E07 0.1091 429065
255 2.231 854 0.00027  3.16E07 0.1011 568905
305 2.373 801.3 0.0002 2.50E07 0.0931 723765
355 2.527 742.3 0.00016  2.16E07 0.0851 897085
405 2.725 672.5 0.00012 1.78E0Q7 0.0771 1.10E+06
600 2.725 672.5 0.00012 1.78EQ7 0.0071 1.64E+06

The reference CSP-PT plan usesPT mirrors to heat the HTFto 393 °C. Then, some of

the HTFis fed directly to the oil -to-steam heat exchanger to produce power, while

the rest of the HTFis passed through an oilto-salt heat exchanger to heat molten

salt in the TES systemin an insulated tank at 386 JC [9]. Then, power can be

produced as needed when the molten salt heats the HTF, producing superheated

steam to feed the PB system[9]. Figure 1. 3shows a comparison between different



storage media in which it can be concluded that the TES medium (molten salt),
which is used in this work, a mixture of 60% sodium nitrate (. A. )} and 40%
potassium nitrate (+ . /), has the advantage ofa higher working temperature limit

with ahigh melting point (see Table 12 and Appendix B).

TES Melting | Upper Density | Thermal Heat
Material Point Temp limit | (kg'm) | Conductivity | Capacity
(‘C) (C) (W-mgK") | (kJkgK")
—_— 300 770 2.6

Mineral Oil 0.12

Synthetic Oil — 400 900 0.11 2.3
Silicone Oil — 400 900 0.10 2.1
Biphenyl/diphenyl oxide 13 400 815 0.21 2i3
(Therminol VP1 oil)

Solar salts 600 1899 0.52 1.46
Hitec 535 1640 0.57 1.6
Hitec XL 500 1992 0.53 1.8

*Solar salt (40% KNO3+60NaNO3), Hitec(53 % KNO3+ 7% NaNO3+40%NaNO2), Hitec XL (45%
KNO3+48% Ca(NO3)2+7 % NaNO3)

Figure 1.3 Comparisons between different TES materials[10]

Table 12 Thermophysical properties of the TESmedium used in the reference CSP-PT plant.

Property (unit) Value
Melting point (°C) 220
Boiling point (°C) 565
Thermal conductivity (W/m K) 0.53
Density (kg/m?3) 1804
Specific heat capacity (kJ/kg K) 1.52
Dynamic viscosity (Pas) 0.00169
Prandtl number 4.85

1.3. Justification for concentrating solar power

assessment

One of the main objectives of this work is to evaluate the techno-economic
competitiveness of CSP-PT plants for electricity generation under arid climatic

conditions and limited water resources . In addition, the aim is to support the future
mega-scale implementation of the CSP-PT technology in the Middle East and North
Africa (MENA), including the Gulf Cooperation Council (GCC) region. Such regions



have the advantageof high solar resources and limited water resources, which are
needed for wet cooling processes at power plants. Figure 1. 4shows the locations of
some MENA/GCC countries and a detailed map of KuwaitFigure 1. Sshows atypical
CSP-PT plant layout in Spainwith the Power Block (PB) system at the centre and

surrounded by the SFsystem consisting of PT collectors.

SAUDI ARABIA

Figure 14 Maps of Kuwait: (A) Kuwait and the other GCC countries in dark-blue colour, and
(B) Kuwait governorates named and coloured differently x (Kuwait capital is shown in red
star) [11]

Figure 15 The reference 50 MW plant (Andasol-1)in the Granada Province in Spainwith the
PBsystem and TESsystem at the plant centre and surrounded by the SFsystem [12]

In this work, the performance assessment, enhancement, and optimization
objectives are achieved using the reference Andasoil plant in Spain, the world's
largest installed shareholder of CSP. It should be mentioned that the Andasotl plant
is located 10 kmeast of Guadix in the municipal area of Aldeire and La Calahorra in
the Marquesado del Zenete region, Granada Province, Spaif12] Figure 1.6 shows a
schematic illustrating the SF system layout of the Andasol1 plant.Figure 1. shows a
schematic illustrating the TES system layout of the Andasoll plant. Furthermore,
techno-economic comparisons are drawn with the performance of the same

reference plant under the arid climatic conditions of Kuwait.
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Figure 1.7 Schematic illustrating the TES system layout of the Andasol1 plant[14]

The following are the reasons for investigating the Kuwait case: (i) a detailed techno-
economic assessment of the CSRPT technology under the arid climatic conditions
of Kuwait has not, as yet, been publishedprior to this work , (i) Kuwait experiences
extreme conditions; for example, the maximum temperature reached 54 JC during
July 2016 in the shadereported as the hottest reliably measured air temperature on
Earth [15<19] (iii) Kuwait has one of the heavily subsidized prices of electricity
worldwide with 0.66 US-Tj E 7 BErom fossil-based plants [20x22]; therefore, the



Kuwait case represents a challenging one for evaluating the techno-economic
competitiveness of renewable technologies, such as CSP-PT and wind power,
(iv) Kuwait has a strategic target for achieving 15% of the electricity demand from
renewables by the year 2030, and the technology mix shares have not, as yet, been
finalized, (v) Kuwait is a MENAGCC member [11] (vi) the CSP-PT technology has the
advantage for retrofit applications within existing fossil-based power plants by
employing only the SF system, leading to minimizing investment cost, (vii) the
exclusive electricity provider in Kuwait is government-owned and reliant on fossil
fuels; hence, assessing CSHPT performance for electricity generation in a major oil -
producing country , such as Kuwait is highly encouraged for oil conservation,
(viii) dispatchable renewable power, such as combined CSRPPT with TES should be
considered as an attractive solution for electricity generation because such

configuration has the advantage of providing electricity on demand similar to

conventional technologies, (ix) a ~®w « ~wz ~{ £z «~{ ®| ©£zU?

of residential electricity in 2005 [23], and (X) a - ®w « ~wz ~{ Bgest« ~{

comparative size of per capita residential electricity consumption in 2010 [23].
Moreover, Figure 1. 8compares countries based on electricity consumption and

carbon dioxide (# / ) emissions, with Kuwait among the top [23x27].
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Figure 1.8 Comparison based on electricity consumption and # / emissions (the size of
bubbles shows the gross domestic product per capita in 2019) [27].

Kuwait has one of the heavily subsidized electricity prices in the world, with
0.66 I] E 7 Brom fossil-based power plants, as shown inFigure 1. 920x22]. It should
be noted that the Levelized Cost of Electricity (LCOE) from the CSP-PT technology is

£
®!



currently approaching the global fossil-fuel cost range with promises of further

LCOEreductions in the future .
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Figure 1.9 Subsidised electricity prices in the GCC region and the USA as of 201 with Kuwait
having the lowest rate (y-axis unit: US-$/kWh) [21,22]

The performance of the CSP-PT technology with a dry-cooled condenser system is
assessed to evaluate several technical aspects, including the total water
consumption savings. Such assessment is neededbecause one of the highest solar
resources is located in Shagaya(i.e., the chosen location in this work), which has
limited water resources within the western region of Kuwait [28]. Moreover, the
chosen location has minimal oil/ gas field concentrations and has one of the highest
wind resources [28,29] After considering the distribution of the transmission

networks in Kuwait [30], it can be observed that the capacity factor of future

networks in the chosen location can be maximized This can be achieved if the
coinciding peaks in the solar and wind resources are considered in determining
future renewable power technology shares. Furthermore, such an approach can
minimise the LCOE through renewable technology hybridization, especially since
CSP-PT is dispatchable once combined with TES [31] but wind power is not.
Alternatively, various grid services can be offered, such as spinning reserve with
dispatchable power. Figure 1. 10shows that the chosen location in the western
region has minimal oil and gas field concentrations. Figure 1. 1illustrates a map of
Kuwait showing the western region with minimal transmission networks. From
Figure 1. 11t should be recognized that the capacity factor of future networks in the
chosen location can be maximized due to the peak in the solar and wind resources.

Hence, detailed assessment and optimizationto minimize the LCOEfrom hybridizing



optimal design configurations of solar and wind power plants are highly encouraged,

emphasizingthe importance of this work .

KUWAIT'S OIL AND GAS INFRASTRUCTURE
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Figure 1.10Kuwait map showing the western region with minim al oil and gas field
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As mentioned earlier, solar and wind resources are at peak levels in the chosen
location, with minimal oil and gas field concentrations [28,29,3234]. Therefore,

utilizing the CSP-PT technology for electricity generation can provide economic

benefits for Kuwait compared to the current business -as-usual scenario, which is
the production of electricity from fossil-based power plants and then selling at
heavily subsided rates as low as 0.66[] E 7 Hsee Table 1.3). Generally, most
consumers in Kuwait are in the residential sector and pay about 6%
(i.e.,0.66 [ E 7 E of the average actual cost of electricity due to the massive
subsidies. It should be noted that the average actual cost of electricity in the

conventional plants of Kuwait is 14rj E 7 BE35x37]. For CSP, the power capacity of a
plant has a high impact with different ranges on the LCOE(economy of scale). Also,
the LCOE estimationsfor CSP technologies are progressively approaching the fossil-

fuel cost range [38]. Hence, CSP will playan essential role in the global energy mix in
the future. Figure 1. 1Xhows the LCOE comparisons between renewable power

projects with the fossil -fuel cost range.

Table 1.3 Summary of the subsidized electricity prices for different consumer categories in
Kuwait.

Sector Category Prior to 2017 From 2017 Monthly electricity
consumption range,
kWh

\ jEMq,j¢m~\ jE€M~ j¢ mo
Residential Private 2 0.66 2 0.66 All ranges
houses
Apartments 2 0.66 5 1.65 r GB
2 0.66 10 3.30 1,001x 2,000
2 0.66 15 4.95 > 2,000
Governmental 2 0.66 25 8.25 All ranges
Commercial 2 0.66 5 1.65 All ranges
Industrial Productive 2 0.66 3 0.99 All ranges
Non- 2 0.66 5 1.65 All ranges
Productive

Agricultural Productive 2 0.66 3 0.99 All ranges
Non- 2 0.66 5 1.65 All ranges
Productive

Others (e.g., 2 0.66 12 3.96 All ranges

chalets)

10
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Figure 1.121 COEestimations of renewable power projects [38] (the horizontal black-
coloured line is added to th e figure to indicate the average actual cost of electricity from the
fossil-based power plants in Kuwait).

14. Assessment approach for concentrating solar

power

The oil reserve of Kuwait is ranked in sixth place with 102Gbbl (i.e.,6% of the global
reserve). The oil sector accounts for 40% of the gross domestic product and 92% of
the export revenues. However, the reliance on oil export is no longer viable, giventhe
unpredictable global market shifts. In Kuwait, initial studies on natural resources and
renewable energy technology assessments have encouraged the future
establishment of mega-scale renewable energy projects [28,33,3%43]. The studies
share at least one objective: to preserve the natural resources of Kuwait and protect

its environment [44].

In this work, one of the goals is to assess the performance of CSPPT design
configurations. The assessment considers several CSRP-PT design configurations,
including 19optimal configurations specific to the climatic conditions of the chosen
location in Kuwait. The 19optimal configurations have optimal Solar Multiple (SM)
values based on the lowest LCOE. After evaluating 589 different design
configurations through a detailed parametric analysis and validating a 50 MW

CSP-PT model, the selection of the 19optimal configurations is performed . It should

11



be recognized that the SM value is used to determine the SF system area as a
multiple of the rated capacity of the PB system (i.e., the design turbine gross
output). It should be mentioned that the chosen location has an annual Direct

Normal Irradiance (DNI) of approximately 18571kWh/i yr.

As mentioned earlier, the CSP technologies consist of four technologies: CSP-PT,
CSP-Tower, CSRFresnel, and CSPDish. The CSPPT technology represents 76.6%
of the global installed share, of which 45.9% are rated as 50 MW[5] (see Figure 1. 13
In general, an investment in a megascale renewable power plant, such as CSPPT,
begins with some critical stages. One ofthese stages is design optimization, which
varies based on location and climatic conditions. Different locations should have
different optimal configuration s, depending on the § £ w Yopetafional philosophy
and design criteria. In most scenarios, the design is approved once demonstrated
through performance simulation to achieve the desired economic feasibility for the

proposed project lifetime , highlighting the importance of this work.

® Parabolic trough

® Fresnell

Tower

= Power = 50 MW ® 10 MW<Power <30 MW
50 MW<Power <100 MW  ® Power> 100 MW
= Power< 10 MW

Figure 1.13Global installed CSP capacites by technology and magnitude ofthe PBsystem in
which the CSR-PT technology andthe 50 MW capacity rating dominate globally [5].

15. The 2030 vision and renewable energy

The techno-economic assessment and optimization of wet and dry-cooled CSP-PT
plants for electricity generation are to be evaluated for the chosen location in
Kuwait, with an average DNI of about 5.1 kWH/ /d. Bythe year 2030, Kuwait should
invest in approximately 4,500 MW of renewable power to reach a strategic target of
achieving 15% of electricity demand from renewables. Kuwait has already ratified the
framework convention on climate change in 1995 and the Kyoto protocol in 2005.

Furthermore, Kuwait submitted the initial national communications in 2012 and the
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Nationally Determined Contributions (NDCs) in 2015 as part of the Paris Agreement.
The NDCs included proposed projects and steps demonstrating a sustainable

development plan until 2035.

The government-owned power sector in Kuwait is reliant primarily on fossil fuel -
based operations. Therefore, the current focus should be on achieving the 15% of
electricity demand from renewables by utilizing wind and solar resources, which are
abundant. Hence, the potential challenges facing CSPPT and wind power should be
evaluated due to the heavily subsidized electricity prices in a major oil-producing
country like Kuwait. In this work, optimization, performance evaluation, and
enhancement strategies are studied to assess the implementation of renewable
power technologies, which are relatively new to Kuwait. Furthermore, t he current
focus for advancingthe CSP-PT technology is to increase its feasibility under the arid
climatic conditions of the MENAregions, including the GCC, since these regions have
the advantage of both high solar and wind resources. Therefore, some of the
technical and economic challenges for CSRPT and wind power implementations to
achieve the above target (%15) are to be evaluated since Kuwait experiences

extreme arid climatic conditions and is both a MENAand GCCmember [11]

16. Coordination of wind and concentrating solar

power with thermal energy storage

Kuwait had ~{ £z «~{ ®! ©£zU2 £! ®{2« y! o8wOwc
2005 and the largest comparative size of per capita residential electricity
consumption in 2010[23]. Besides, Kuwait has an arid desert environmentone of the
harshest in the MENA/GCC regions. In 2016, the maximum temperature reached
54 JC in the shade, reported as the hottest reliably measured air temperature on
Earth [15¢19] The total area of Kuwait is approximately 17,818km? [45], primarily flat
desert land. Although there is limited research on wind power and CSP-PT/TES
coordination, none of the published studies provides a detailed performance
assessment and optimization of these technologies under Kuwait's climatic
conditions. It should be mentioned that t he intermittenc y in the wind resource can
be overcome by introducing an optimal TES system to the CSP-PT technology to
offer beneficial dispatchability feature s [31] This approach is helpful,especially since

wind power is currently more economically competitive than CSP -PT.
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One of the motivations of this work is that studies in line with the enerMENA project
framework are highly encouraged. Such studies should prepare the ground for
megascale CSP-PT implementation in the MENA/GCC regions and the proposed
connection to the European grid network. Therefore, research and development are
critical for reducing and improving renewable technologies in these regions, mainly

developing countries [46].

This work aims to assess,optimize, and enhance the performance of CSPPT/ TES
and wind power for electricity cogeneration under arid climatic conditions. The
future implementation s of CSP-PT and wind power technologies in the MENA/GCC
regions have already been planned on a megascale level by introducing and
announcing strategic national targets by many countries. However, the technical
challenges in the implementation process are inevitable. Some of these challenges
should be investigated because such regionshave the advantage ofhigh solar and
wind resources but limited water resources for cooling processes needed in power

plants, as in the case of Kuwait

The detailed coordination of CSP-PT/TES and wind power has never been
investigated for the Kuwait case prior to this work. Furthermore, the topic is

challenging considering the various economic, environmental, and political
constraints facing Kuwait, including the national target for achieving 15% penetration
in electricity demand from renewable technologies by 2030. In Kuwait, the # /

emission rate has increased from 73.1 M in 2007 to 99.4 Mt in 2017 within only a
decade [47x50]. It should be noted that renewable technology mix shares havenot
been finalized yet to achieve the 15% target for Kuwait. One of the essential
objectives of this work is to utilize the dispatchability of CSP-PT/TES [51]to reduce

the intermittency in the solar and wind resources , especially when accompanied by

wind power.

In this work, the CSRPT/TES performance using dry-cooled and wet-cooled
condensers is assessed since the highest solar resource (i.e., DNI) is located irthe
chosen location, with limited water resources [28]. In addition, this location has high
wind resources with minimal transmission networks to accommodate the 15% target
mentioned above [28x30,32x34]. Furthermore, the location has minimal
concentration s of oil and gas fields[29,52] Therefore, the capacity factor of future

networks at this location can be maximized if the coinciding peaks in the solar and

wind resources are appropriately considered , aswill be shown in Chapter 4.
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This work supports implementing CSP-PT/TES and wind power for electricity
cogeneration in an arid desert environment, which experiences high solar/wind
resources, limited water resources, and minimal transmission networks. The dry-
cooled CSP-PT performance is evaluated along with the wet-cooled one to
overcome technical limitation s. Furthermore, the coordinated scheme potential
between CSP-PT/TES and wind power is also studied to maximize the capacity
factor of future transmission networks in the chosen location by reporting optimal
design configurations of various CSP-PT and wind power plant capacities. These
optimal configurations are 2 8{y | y «| «~{ y~12{¥ £flhyw« | ¥
addition, a detailed evaluation of the wind speed profiles in this location is
performed since wind contributes to the initiation of sandstorms in desert regions
and because sandstorms contribute to the degradation of CSP-PT performanc e.
Especiiolauy since the sandstorm effect can be observed in the erosion of the

reflectors and PT collectors in hot and arid environments similar to Kuwait.

1.7. Reference w ind power plant and technology

selection

In a typical wind power plant, the most effective method to increase the energy yield

is to accurately predict wind availability, directly impacting electricity generation

from wind turbines. Extending this understanding to the entire plant's lifetime
emphasizes the importance of a reliable and detailed wind resource assessment

before the design and optimization stages to maximize wind availability estimation

for a specific location. In addition to reliable resource assessment atthe wind

«~©x ¥{ Uant, understandifig the turbine design characteristics, such as

power curve, is critical for predicting energy generation accurately. Based on

physical principles, the prevailing wind's kinetic energy is the primary determinant

«~w« WEE] ®2 ® ¥z {¥{0}° { «Owy« | ¥ «~0] -}~ «
speeds are encountered. Generally, wind density is influenced significantly by

ambient temperature, atmospheric pressure, and relative humidity. Thus, wind

density and wind speed define the kinetic energy in the blowing wind (see Appendix

E). However, in a desert region like Kuwait, the ambient temperature is at extreme

levels. Hence, the impact of harsh conditions should be investigated, along with the

wind resource and wind « - ©x ¥ { U2 z {2 }lsignifigantiy Sneeythe fvi@d 2 « y 2
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resource can be affected by complex factors impacting the reliability and feasibility

of generation.

Ideally, wind speed and direction measurements should be obtained, preferably at
«~{ ©{| {o{¥y{ ® ¥z.Furthedmore¥ifidctticalte gstimatp thp ~ «
wind shear (1), which is the change inthe wind speed with height above ground. In
addition, ambient temperature, atmospheric pressure, and relative humidity are

necessary for density calculation concerning any location under consideration as

«~{° z O©O{y«E° w||{y« «~{ «-0x ¥{U2 8! ®{0

Indeed, many countries have focused on implementing renewable power
technologies in the last few decades due to their electricity prices, which have
shown competitiveness with fossil-based generation. Certainly, Kuwait is one of the
countries that showed initial interest in the renewable energy arena as a MENA/GCC
member [11] Therefore, some studies [28,33,3%43] have promoted the initiation of
wind and solar projects. Several advantageshave been reported for establishing a
renewable energy presence in an oitrich country, such as Kuwait, including

environmental benefits and enhancing the quality of life and health [44].

One of the main objectives of this work is to perform a techno -economic assessment
and optimize wind power design configurations for electricity generation to suit
Kuwait desert's wind resource and climatic conditi ons. It should berecalled that the
chosen location is approximately 100 km from the capital city. Additionally, this
location is at an elevation of roughly 240 m above sea level. Furthermore, the
location is characterized by a plain topography and simple terrain without significant
obstacles from the surroundings that would influence the wind and disturb its flow.
Also, the location has no existing vegetationand obstructions that would promote

shading effects or wind disturbances .

Another objective is to perform detailed parametric analyses and identify optimal
design configurations for wind power plants with various capacity ratings. The
chosen location in this work has an existing 10 MW wind power plant(5 2 MW),
which is the first wind power plant in Kuwait and has a recent commission date.
After one year of operation, it was revealed that the plant had produced energy
production numbers that exce eded the industry average [53x56]. Hence, this work
will perform a detailed techno -economic assessment and optimization for higher

capacity wind power plants using a 2 MW rated wind turbine (i.e., the reference
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wind turbine) . This 2 MW turbine is used in the existing 10 MW wind power plant

mentioned above.

18. Justification for wind power assessment

According to a study [53], the monthly calculated capacity factor was obtained
during the first year of operation for the existing 10 MW plant mentioned aboveand
found to be near-record numbers reported worldwide. Thus, it is essential to assess
larger capacities of wind power plants for mega-scale commercial installation s in the
future to achieve Kuwait's 15% strategic targetby 2030. Hence, a detailed techno-
economic assessment and optimization of wind power plants for electricity
generation under Kuwait's arid climate is performed in this work. One of the
objectives is to provide necessary technical and economic data to aid in achieving
this target to maximize renewable penetration. The chosen location has one of the
highest wind and solar resources with minimal transmission networks [28x30,32x
34]. Furthermore, this location has minimal concentrations of oil and gas fields
[29,52] Therefore, the capacity factor of future networks can be maximized if the
wind resource peaks are identified for wind power dispatch scheduling. Also, using
wind power for electricity generation will provide economic benefits for Kuwait
compared to the current business -as-usual scenario. This work supports
implementing wind power for electricity generation in a desert environment with
high wind resource potential, limited water resources, and minimal transmission
networks. A detailed evaluation of the wind resource is performed since wind
initiates sandstorms, which contribute to the degradation of wind turbine
performance. The effect of sandstorms can be seen in the erosion of the turbine

blades in hot and arid environments.

1.9. Chapter conclusion

The main findings are summarized as follows:

i. the CSRPT technology is the most popular and represents 76.6-82% of
the global installed CSP capacity share Therefore, the CSRPPT
technology is to be investigated in this work for performance assessment,

optimization , and enhancement purposes
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Vi.

Vii.

viii.

the Andasoll power plant in Spain is a milestone for the CSRPT
technology because it is the first CSR-PT plant in the world with TES
capability,

approximately 45.9% of the global CSRPT installations have 50 MW
capacity ratings [5,6]. Therefore, a CSRPT plant with a 50 MW capacity
(Andasol-1) isselected for performance assessment and optimization of
the CSP-PT/ TEStechnology,

Kuwait experiences extreme climatic conditions; for example, the
maximum temperature reached 54 JC in July 2016 in the shadereported

as the hottest reliably measured air temperature on Earth [15<19]

Kuwait has a strategic target for achieving 15% of the electricity demand
from renewable technologies by 2030, and the technology mix shares

have not, as yet, been finalized

Kuwait is a MENAGCC member [11jand has one of the heavily subsidized
prices of electricity in the world , with 0.66 I} E 7 Hrom fossil-based

power plants [20x22],

dispatchable renewable power, such as combined CSRPT with TES
should be considered an attractive solution for electricity generation in
Kuwait because such configurations offer the advantage of providing
electricity on demand, similar to fossil-based power technologies

(e.g.,gas turbines),

dispatchable CSRPT/TES accompanied with wind power can minimize

the intermittences in the solar and wind resources ,

the detailed coordination of CSP-PT/ TES and wind power has never been

investigated for the Kuwait case prior to this work , and

the Kuwait case represents a challenging one for evaluating thetechno-
economic competitiveness of renewable technologies such as
CSP-PT/TES and wind power due to various economic, environmental,
and political constraints, including the national target for achieving a 15%
penetration in electricity demand from solar and wind power

technologies bythe year 2030.
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2.LITERATUREREVIEW

2.1.Chapter journal publications

Some of the work that appears in this chapter is associated with peer-reviewed
scientific journal publications. This chapter is associated with publications (1) to (6).
i ~{ z{«w £{z ¥| 1 ©ow« | ¥ 1| «Seigntific Jofrrak £ y w«
faXx£f yw« !'¥2U i{y« | ¥B 2«wO« ¥} | O©Ola 8w}{ >

2.2. Background

By the end of 2017, renewable energy had a 26.5% electricity production share, and
the global capacity of CSP reached 4.9 GW57], as shown n Figure 2. 1The USAand
Spain are where most CSP plants are located, with Spain having the largest installed
share of CSPin the world, as shown in Figure 2. 2 It should be noted that wind
power has the maximum share (5.6%) of the total renewable energy electricity
production (26.5%), leaving the non-renewable electricity share accounting for the

remaining 73.5%

73.5%

Non-renewable
electricity

| 5.6% wind power

16.4%

Hydropower

1.9% Solar PV

oy Ocean, CSP and
0.4% geothermal power

Figure 2.1Global technology shares for electricity production [57].

Gigawatts World Tota
4.9 Gigawatts

Rest of World

“ Spain

B United States
30

iS
o a -

2007 2008 2009 2010 2om 2012 2013 2004 2005 2006 2017

Figure 2.2 Global technology shares: capacity of CSP (20072017) with Spain (the location of
the reference CSP-PT plant in this work) holding the maximum share [57].
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According to the International Energy Agency (IEA)[58], the country rankings in
electricity generation and fuel sources are as follows: (i) China, USA, India, and Japan
for using coal, (ii) Saudi Arabia, Japan, Irag, and Kuwait for using oil, (iii) USA, Russia,
Japan, and Iran for usingNatural Gas (NG), and (iv) China, USA, Brazil, md Canada
for using renewables. In the Middle East, energy consumptionincreases rapidly
because most countries are developing (industrial growth effect). The rates of the
increase in energy consumption for different countries are as follows: (i) Iran by
502% during 25 years (1980-2009) [59,60], (ii) Jordan by 27% during 13 years (1979
2010) [61] (iii) United Arab Emirates (UAB by 152% during 14 years (1998010)
[62,63], (iv) Bahrain by 234% during 15 years (1977992) [64], (v) Kuwait by 77%
during 10 years (19952005) [65], (vi) Oman by 130% during 6 years (1990.996) [66],
and (vii) Syria by 50% during 7 years (20002007) [67] (see Table 2.J).

Table 2.1Energy consumption in selected countries in the Middle East [68].

Country Energy consumption Unit Year Reference
Iran 193.20 Mbbl 1980 [59]
650.70 Mbbl 2000 [59]
1,164.00 Mbbl 2009 [60]
Jordan 10.28 Mbbl 1997 [61]
12.76 Mbbl 2004 [61]
13.07 Mbbl 2010 [61]
Saudi 1.11 Mbbl 1970 [69]
Arabia 271.74 Mbbl 1983 [70]
1,020.00 Mbbl 2008 [69]
UAE 228.80 Mbbl 1996 [62]
397.60 Mbbl 2005 [63]
575.70 Mbbl 2010 [63]
Egypt 250.00 Mbbl 1994 [71]
250.83 Mbbl 1996 [71]
185.52 Mbbl 2008 [72]
Bahrain refined gasoline: 638,000 US-bbl 1977 [64]
refined gasoline:  2,131,00( US-bbl 1992 [64]
Kuwait 85.00 Mbbl 1995 [65]
150.00 Mbbl 2005 [65]
Oman 18.02 Mbbl 1990 [66]
41.37 Mbbl 1996 [66]
Syria 107.85 Mbbl 2000 [67]
149.73 Mbbl 2005 [67]
161.40 Mbbl 2007 [67]

For the per capita electricity consumption, Kuwait is at the top rank [73,74]in the
range of 16,00017,000 kwWh per capitafrom 2003 to 2011/68] (see Figure 2. 3. It is
worth mentioning that NG development in the Middle East is due mainly to the
power generation and petrochemical sectors. Furthermore, the share of oil in

electricity production decreased (54% in 1971 and 28% in 2016)75], as shown in
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Figure 2. 4 On the whole, the breakdown of the world gross electricity production is

as follows [76]: (i) 65.1% from fossil fuels (coal, oil,NG), (i) 2.3% from biofuels,
waste, (iii) 16.6% from hydroelectric plants including pumped storage, (iv) 10.4%
from nuclear plants, (v) 5.6% from geothermal, solar, wind, tidal, other sources, and

(vi) 2.3% from biofuels and waste.

According to IEA[76], the following shares are allocated: (i) the combined share for
the total consumption of the residential sector along with the commercial and public
service sector has increased from 48.4% in 1974 to 62.9% in 2016, (ii) the amount of
electricity consumption in the industry sector has increased from 1874 TWh (1974)
to 3031 TWh (2016)[76], and (iii) the industry share of total electricity consumption
has decreased from 48.7% (1974) to 31.9% (2016). As of 201fk8], the global
electricity generation is 24,973 TWh with the following share distributions: (i) 38.4%
coal, (i) 3.7% oil, (iii) 23.2%NG, (iv) 10.4% nuclear, (v) 16.3% hydro, and (vi3% non-

hydro renewabl es/waste (see Figure 2. 9.
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Figure 2.3 Annual variations for energy use per capita in the Middle East (i), and energy use
in Middle Eastern countries showing Kuwait at the top rank (ii, iii, iv) [68,74].
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Figure 2.4 Electricity generation by source in the Middle East [75].
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Figure 2.5 Global estimates: (i) electricity generation between 19712016 by fuel (in TWh)

[58], (ii) gross production by source for 2016 [76], and (iii) consumption by sector for 1974-
2016[76].
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2.3 Experience s of the Middle East and North

Africa , and the Gulf Cooperation Council

2.3.1 Distinguished Middle East and North Africa

experience of Morocco

In Morocco, the Greenhouse Gas (GHG) emissions from fuel combustion are
estimated at 42.1Mt of # / for 2008, with an expected rise to double that amount by
2020-2025 due to the growth in the residential and energy sectors. It should be
mentioned that Morocco signed the United Nations Framework Convention on
Climate Change (UNFCCC) inthe year 1992 and ratified t in the year 1995. The
country formed a national committee on climate change in 1996 and a national
scientific and technical committee in 2000. In 2001, Morocco submitted the first
national communication on climate change and ratified the Kyoto Protocol in 2002
[77,78] Morocco's energy consumption distribution is as follows: 61.9% petroleum,
22.5% coal, 6.9% electricity trade, 1% wind, 3% hydropowerand 4.6% NG. The
electricity production profiles are as follows: 53.4% coal, 15.8% import, 0.8% wind,
6.1% hydropower, 12.1% gas, and 22.8il. The installed capacity targets in 2020 are
categorized as follows: 14% solar power, 27% coal, 10% fuel, 21% gas, 14%
hydropower, and 14% wind power [79]. In 2008, the government set renewable
energy implementation targets. The renewable energy share in 2020is expected to
be 42% of the installed capacity, which is 2 GW of solar power, 2 GW of wind power,
and 2 GW of hydropower. The electricity demand increased by an annual average of
6.8% between 2000 and 2011 Asa result, consumption per capita increased by 5.2%
per year on average Some estimates reveal that the consumption could double by
2020 and quadruple by 2030 [80]. Moreover, Morocco was dependent on energy
imports within the last decade since only 1% of the consumed fossil fuels have been

produced locally [46,81]

According to a study [82], the most advanced technology for solar thermal power is
CSP. The MENA desert has the advantage of high solar resources, which contributes
to the popularity of CSP [83,84]. The initiative to utilize MENA desert lands to
construct future CSP plants and electricity export to Europe is the most

encouraging near-term prospect for CSP [85,86]. The German Aerospace Center
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(DLR) has promoted renewable energy in the MENA region. There exists a network
of meteorological stations under cooperation between DLR, inter national research
institutes, and industry partners [87]. The aim is to provide reliable meteorological
data of the MENATregion, critical for CSP performance predictions. This network
was established as part of the enerMENA initiative to shut down nuclear plants in
Germany by 2022. The existing and planned grid interconnection(see Figure 2. §
between countries in GCC, MENA, and Europe has encouraged Germany to support
this initiative, which motivated the creation of the Europe -MENA partnerships with
Morocco [88].
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The announced proposal was to use areas in Morocco to export electricity to Europe
from future CSP projects. According to a DLR study[89], it was assumed that by
2025 most renewable power technologies will be cheaper than conventional ones,
and renewable energy will dominate the Mediterranean region. Although the study
promoted a broad mix of renewable technologies, it concluded that solar thermal

technologies would play the leading role. Furthermore, the total CSP capacity in the



Mediterranean region will be more than the total combined capacity of wind,
Photovoltaic (PV), biomass, and geothermal since CSP can produce up to double the
energy production once combined with a TES system, underlining the importance of
this work. It should be noted that CSP is a strong candidate for maximizing solar
energy benefits. Once an optimal TES system is combined with CSP, the dispatch
flexibility and capacity factor are maximized [90,91] Moreover, the advantage of CSP
is that it is capable, through TES, to overcome the intermittency in the solar

resource due to diurnal variation and cloud cover effects [92].

2.3.2 Distinguished Gulf Cooperation Council experience

of United Arab Emirates

The UAEhas a 5.8% share of the global proven oil reserve, estimated at 97.&bbl
[49,93]. The crude oil production is approximately 2.97 Mbbl/d, putting the country
in eighth place among the largest oil-producing countries and the world's third -
largest oil exporter with a 2.4 Mbbl/d production rate . The proven NG reserve is
estimated as 6,091"1 with a marketed production of 54,085.7 - | . The NG
exports amount to 12,109 | [94]. According to IEA[95,96], the breakdown of the
total final energy consumption in the UAE is as follows: (i) industry with the largest
share of 63% (1.2Z&J), (i) transportation sector with 22% (0.4 EJ), and
(i) residential/commercial sector with 15% (0.3 EJ). In the UAE, electricity is
generated mainly from NG, accounting for 15% of the total energy consumption. For
the power generation fuel share, NG accounts for 99% [97]. According to the UAE
government [98], most electricity generation, which is 110,000' 7 Eused NG as
input fuel in power plants in 2013. The UAE plan is to integrateNG distribution
networks in all its emirates, which will alleviate peak demand shortfalls. In 2012, the
total installed capacity was 27,200 MW. The UAE is considering a balanced energy
mix to sustain the rising demand. The UAE is the first GCC country to start a new
energy strategy involving nuclear power and solar/NG power. It should be
recognized that the UAE isaiming to raise its power generation target concerning
clean energy to 30% in 2030 by achieving 2530% of electricity from nuclear and
solar energy. The UAE has already committed to producing at least 7% of total power

generation from renewable resources by 2020.

One of the applications of PV is to lower peak demand during the daytime [99]. CSP

can perform the same application and address nighttime peak demand once
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integrated with TES. According to a study [20], the following technologies were
considered for electricity generation in the UAE: PV, wind, CSP, cogeneration, waste
to energy, and nuclear power. The nighttime generation was promoted as a
characteristic of CSP once combined with TES, allowing flexibility and coverage of
nighttime peaks. In another study [100], the following sustainable energy transition
visions were examined: (i) behaviour of supply options under high/low DNI for the
UE{wz U HFI F (ii- eledtricity ¥aAd des¥lination capacity deployment. In
addition, the impacts and dynamics of an integrated sustainable energy transition
plan for the UAE were studied. The sustainable energy transition plan provides
benefits, such as minimizing installed conventional power capacity, driven by the
reduction in overall demand due to demand-side-management measures. In
addition, the compatibility and dependability drive other benefits from PV and CSP
with TES. This means that PV covers afternoon peak demand, and CSP/TES covers
nighttime peak in the UAE plan. The outcome of the plan is the reduction in
conventional electricity supply capacity by more than 40%, from 38.9 GW in 2030
>Uy -00{ ¥«U yw2a{? «! HGDI |m >U£{wzU yw2a{?2D

2.4 Kuwait experience

Kuwait has one of the heavily subsidized prices of electricity worldwide , with
0.661] E 7 HKsee Table 2.2) [20x22]. As of 2014, theGCC's total installed renewable
capacities were: 0.6 MW for Bahrain, 0.2 MW for Kuwait, 0.7 MW for Oman, 28.2 MW
for Qatar, 25 MW for Saudi Arabia, and 134.9 MW for UARO], as shown inTable 2.3
[20]. Furthermore, it should be mentioned that t he GCC renewable energy sectors
are still at an early stage, and deployment projects have slowed down except for the
UAE. Nevertheless, the GCC countries have set strategic targets for renewable
energy implementation. Still, they are to be executed into mega-scale projects with

ambitious plans in the short and medium term s.

Table 2.2 Subsidised electricity prices as of 2014 inthe GCC countries [20].

Bahrain  Kuwait Oman Qatar Saudi UAE
(US cents/kwh) Arabla  ApuDhabi  Dubai
Residential Tariffs 0.8 0.7 26 22-6.0 13 56-87 78-121
Commercial Tariffs 0.8 07 57 25-49 3.2 42 78-121
Industrial Tariffs 3.8 0.4 4.2 22 41 4.2-8.0 78-121

Note: The tariff changes effective from January 2016 in Saudi Arabia and Abu Dhabi are included!.
Sources: (RSB, 2015), (DEWA, 2015), (RCREEE, 2015a)
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Table 2.3 Capacity of renewable energy technologiesin the GCC countries (wind, PV, CSP,
and biomass/waste) [20].

Countrie/ on a2 20

Capacity
(MW) Total RE*  Total RE* Total RE*  Total RE* Wind PV Csp Biomass
and Waste

#l Bahrain 06 06 06 0.6 05 01 0 0
= Kuwait 0.1 0.1 0.2 0.2 0 1 0 0

s Oman** 0 0 0 0.7 0 07 0 0

W Qatar 25 28.2 282 28.2 0 3.2 0 25
B Saudi Arabia 0 19 25 25 0 25 0 0
= UAE, Abu Dhabi 19.5 20 1349 134.9 09 33 100 1

‘RE = renewable energy
**Oman’s 7 MW, enhanced oil recovery plant is not included because this table addresses only electricity.

Source: IRENA Renewable Energy Statistics; (REN21, MOFA and IRENA, 2013); (RCREEE, 2015b)

2.4.1Total carbon dioxide emission

British Petroleum (BP) company has estimated the # / emissions globally [49].
According to BP, the rate of# / emissions have increased from 73.1Mt (2007) to

99.4 Mt (2017) in Kuwait (see Figure 2. 7.
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Figure 2.7# /| emissions in Kuwait according to BPfrom 2007 to 2017.

Additionally, the IEA has estimated the# / emissions for various countries [47].
Figure 2. 8 shows the # / emissions for Kuwait. Moreover, the World Bank has
estimated the # / emissions in Kuwait [48], as shown n Figure 2. Q Currently, there
is no active strategy for a carbon mitigation plan in Kuwait with advertised targets

for each of the major contributors of # / emissions at the national level. Insteadthe
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Environment Public Authority (EPA) of Kuwait continues to implement the rules,
regulations, and guidelines set in 2001 for major criteria air pollutants. Moreover, the

EPA of Kuwait has funded major projects to assess air qualityithin the country [44].
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Figure 2.8 # /| emissions in Kuwait according to IEAfrom 19710 2015(the labels indicate
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2.4.2 Nationally determined contributions

Kuwait ratified the UNFCCC in 1995 and the Kyoto Protocol in 2005. For the Paris
Agreement, Kuwait submitted the initial national communications in 2012 and the
NDCs of Kuwait in 2015. The NDCs consisted of a proposal demonstrating the
y!l - ¥«©° U2 a-a«w ¥wxE{ z{-{E£]| Seopfoposal did Mot ¥
set a# / reduction target percentage. According to the NDCs of Kuwait, the goals
are summarized as follows: (i) diversifying energy sources, which contribute

towards avoiding an increase of# / and GHG emissions bythe year 2035, and

(if) imposing sustainable development standards.

It should be noted that the contributions are based on planned projects which are
still under development for the most part . Some of the projects that Kuwait intend
to implement are as follows: (i) improving petroleum products by producing clean
fuels according to environmental specifications to supply conventional plants by
2020, in addition to constructing a new refinery (Al zour) to replace the country's
oldest oil refinery (Shuaiba), (ii) proposed projects focus ing on energy production
from municipal solid waste, (iii) energy prod uction from renewable sources,
(iv) mass transit project (metro system), and (v) making use of district cooling

systems in new residential areas.

2.4.3 Greenhouse gas inventory

For the submission of the NDCs of Kuwaitto UNFCCC in 2015, a GH@wventory was
developed. The outcomes were that the energy-related activities accounted for the
dominant portion of the GHG emissions. The distribution of GHG emissionswas as
follows [50] (also seeFigure 2. 1QFigure 2. 1ITable 2. 4 and Table 2. 3:

i 95.3% of the GHG emissionswere associated with the combustion of

fossil fuels and the release of fugitive emissions from oif gas operations,
iil. waste management accounted for 2.4% ofthe GHG emissions,
iii.  industrial process emissions accounted for 2.1%,
iv.  agriculture emissions accounted for 0.2%, and

V. managed tree plantations throughout the country sequestered less than
0.1% ofthe GHG emissions
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a) By sector b) By GHG
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Figure 2.10Distribution of emissions by sector and GHG type in 1994[50].
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Figure 2.11Breakdown of GHG emissions associated with energy activities in 199450].

Table 2.4 Total GHGemissions in Kuwait[50].

GHG Sources & Sinks CO,e CO, CH,4 N,O NO, CO NMVOC SO,
1 Energy 30,855 28,856 92,69 0.17 113 544 522 320
2 Industrial Processes 668 668 0.00 0.00 0 0 0 0
3 Solvent & Other Product Use 0 0 0.00 0.00 0 0 0 0
4 Agriculture 66 0 2.70 0.03 0 0 0 0
5 Land-Use Change & Forestry -22 -22 0.00 0.00 0 0 0 0
6 Waste 784 0 33.80 0.24 0 0 0 0
Total National Emissions 32,373 29,524 129.19 0.44 113 544 522 320
Net National Emissions 32,351 29,502 129.19 0.44 113 544 522 320

Table 2.5 GHG amissions of energy activities in Kuwait[50].

GHG Source Categories CO,e CO, CH,4 N,O NO, CO NMVOC SO,
A Fuel Combustion Activities 28,944 28,856 1.69 0.17 113 502 95 204
1 Energy Industries 23,255 23,210 0.36 0.12 63 7 2 204
2 Manufacture/construction 0 0 0.00 0.00 0 0 0 0
3 Transport 5,393 5,351 128 0.05 50 495 93 0
4 Other Sectors 296 295 0.05 0.00 0 0 0 0
B Fugitive Emissions from Fuels 1,911 0 91.00 0.0 0 42 427 115
1 Solid Fuels 0 0 0.00 0.0 0 0 0 0
2 Oil and Natural Gas 1,911 0 91.00 0.0 0 42 427 115
Memo Items 3,474 3,474 0.00 0.0 0 0 0 0
International Bunkers 3,474 3,474 0.00 0.0 0 0 0 0
CO2 Emissions from Biomass 0 0 0.00 0.0 0 0 0 0
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2.4.4 Development plan

It should be mentioned that the promises to achieve the NDCs of Kuwait could be
fulfiled by engaging the private sector in the electricity/water sector and the oil/gas
sector. Article 4.7 of UNFCCC states that the extent to which developing parties,
including Kuwait, fulfil their obligations under UNFCCC depends on the developed
§ wO« ° U %t to%he 8e¥dloping parties with finance and technology transfer to

ensure adequate global cooperation.

Kuwait's second development plan (20152020) vision is to transform the country
into a financial and commercial centre by the year 2035. This vision has addressed
various sectors, including the energy sector, by presenting targets for the oil and
electricity sectors focusing on capacity and performance. During the launch of the
U éw KuwaitUproject, the Kuwait oil minister mentioned that a 50% gake in a power
and water company could be sold to the private sector in the future [101] This
approach is expected to lead to the creation of three new power companies

emphasizingrenewable energy.

2.4.5 Land assessment

Kuwait has a total area of 17,81& | , consisting primarily of flat desert lands [45].
There exist nine islands in which Boubyan Island, the largest island with an area of
863 E [ ,is located in the northeast part of the Gulf water . This island is linked to the
mainland by a metal bridge. Most of the islands are in the planning stage for future
development projects with no existing transmission network s connecting them. In
this work, the chosen location in the western region has no future development
plans, which makes it ideal for development projects toward the 15% target to fulfil
local electricity demand from renewable energy. Besides, this location has minimal
oil and gas field concentrations [52]. Furthermore, the location experiences peaks in
solar and wind resources. Kuwait haspractical plans for development in which it will
require the use of most of its land. Currently, mega-scale projects are scheduled for
growth in the northern sub -regional area [102] The national physical plan strategy
for 2005-2030 has determined the exact boundaries for development projects and
size estimations of new population settlements [103] It should be noted that the
national development plan for 2035 has a living environment pillar [104] which is

achieving a 15% renewable energy penetration.
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2.4.6 Installed capacity and electricity generation

The oil reserve of Kuwait is ranked globally in sixth place with 102Gbbl, 6% of the
global reserve as of 2012[105] Furthermore, Kuwait has sufficient solar resources
that could improve the economic feasibility of electricity generation from renewable

technologies. However, the arid climatic conditions impose technical challenges.

In Kuwait, the oil and gas sector accounts for about 40% of the gross domestic
product and about 92% of the export revenues [106] As of 2018the oil production
reached 2.7 Mobl/d, and the marketed production of NG reached 17.1'1 [106] It
can be estimated that approximately 342,842 bbl were used for -electricity
generation in 2016[107] the exclusive electricity and water provider . This estimation
corresponds to 12.7% of domestic oil production. It should be mentioned that the
locally consumed fossil fuels are as follows: gas oil, crude oil, heavy oil, andNG [108]
In addition, the domestic oil consumption for electricity generation is estimated to
reach 1 Mbbl/d by 2030 [109,110]This consumption equals approximately 37% of the
2017 oil production, leaving Kuwait with 63% for oil exports in case the 2030 oil

production remains as that of 2017.

In particular, the Kuwait Ministry of Electricity and Water (MEW), the exclusive
electricity and water provider, has estimated that the peak load could reach
33,000 MW in 2030, rising from 13,390 MW in 2014107] Currently, MEW operates
eight fossil-based power plants listed in Table 2. 6 with their capacities.
Furthermore, MEW is exclusively responsible for generating, transmitting, and
distributing electricity in Kuwait. The total installed power assets are about
18,850.4MW [107] (i.e., 47.6% steam turbines, 12.2% combined cycle gas turbines,
and 40.2% open cycle gas turbines). Most of these assets are categorized under
thermal generation units with high potential for retrofit applications with CSP -PTto

provide feed-in steam to existing steam turbines.

Moreover, Figure 2. 1Zhows the minimum/peak load, installed capacity at the fossil-
based power plants, and population in Kuwait from 1997to 2016. AlsoFigure F. 1
illustrates that the summertime represented by the third quarter (Q3) is when peak
generation occurs due to the excess air conditioning load (comfort c ooling in

buildings).
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Table 2.6 Total installed power capacity at each of the fossil-based power plants in Kuwait as
of 2016.

Plant Name Total installed power capacity, MW
Shuwaikh 252
Shuaiba North 875.5
Shuaiba South 720
Doha East 1,158
DohaWest 2,541
Alzour North 1,631.4
Alzour South 5,805.8
Sabiya 5,866.7
Total 18,850.4

mmMin Load, MW  ® Peak Load, MW = Installed Capacity, MW -e-Population
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Figure 2.12Minimum/peak load, installed capacity, and population from 1997to 2016 in
Kuwait.

2.4.7 Electrical load

Figure 2. 13llustrates the monthly peak/minimum load and average peak/minimum
load at MEW plantsfor 2016, confirming that the peak load isin the summer. Also, it
should be recognized that the previous years followed a similar trend (see Figure F.
2 to Figure F. 9. Figure F. 3and Figure F. 4show that maximal load values occur
between hours 13:00 to 16:00 (afternoon) during the summer months (April to

October). Additionally, it is observed that minimal load values occur between hours
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03:00 to 05:00 (early morning) during the winter months. Furthermore, it should be
noted from Figure F. 3and Figure F. 4that during the winter months, maximal load
values occur during the nighttime between hours 17:00 to 19:00 due to the minimal
effect of air conditioning load (comfort cooling in buildings). Figure F. 5and Figure F.
6 show that maximal load values occur at exactly 15:00 during the summer months
(April to October). Also, it is observed that minimal load values occur at exactly
04:00 during the winter months. In addition, it should be noted from Figure F. 5and
Figure F. 6that during the winter months, maximal load values occur during the
nighttime at exactly 18:00 due to the minimal effect of air conditioning load (comfort
cooling in buildings).

mmPeak Load, 2016 mmMin Load, 2016 -==Ave Peak Load, 2016  -=Ave Min Load, 2016
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14,000 13,050 13:3107 1339043445
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Load Demand, MW
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2,000

0
| 2 3 4 5 ) 7 8 9 10 11 12
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Figure 2.13Monthly profile of the peak/minimum load and average peak/minimum load for
2016 in Kuwait.

Figure 2. 140 Figure 2. 1'&how the hourly electrical load profiles for hours 00:00 to
23:00 during 2016 in Kuwait. It is observed that there exists a summer consistent

peak trend (i.e., red-coloured areas), which is apparent in the hourly electrical load

profiles throughout the ye ar.

Moreover, Figure 2. 140 Figure 2. 1/#eveal a remarkable resemblance between the
electrical load profiles and the solar resource. The similarity highlights the need for
further evaluation of the solar resource later in Chapter 4, especially since the solar

resource frequently peaks during summer in Kuwait.
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Figure 2.14Hourly electrical load profiles for hours 00:00 to 05:00 from the fossil -based
power plants during 2016 in Kuwait.

During 2006-2007, a scheduled power shutdown routine was implemented in Kuwait
to prevent failure in meeting demand when the peak load as a percentage of
installed capacity was 87% (i.e., 13% reserve), as shown figure 2. 18 Furthermore,
Figure 2. 19shows the load profile of August 18" (the day of maximum peak load in
2016) from MEW plantsin Kuwait.
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Figure 2.15Hourly electrical load profiles for hours 06:00 to 11:00 from the fossil-based

power plants during 2016 in Kuwait.

Figure 2. 20shows the annual profiles from 1997 to 2016 for the minimum/peak load,

installed capacity, and per capita peak load share. According to MEW][107] the

projections of total installed capacity are as follows 18447, 18947, 20327, 20627,

20627, and 20627 MW 6r the years 20172022, respectively.
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Figure 2.16Hourly electrical load profiles for hours 12:00 to 17:00 from the fossil-based
power plants during 2016 in Kuwait.

It should be recognized that these projections represent the additions of future
steam and gas turbines. The conventional power plants are currently in eastern

coastal areas to ease access to the Gulf water used in evaporative cooling.
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Figure 2.17Hourly electrical load profiles for hours 18:00 to 23:00 from the fossil -based
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Figure 2.18Annual profiles from 1997to 2016 in Kuwait: peak load, capacity, peak load as a
percentage of capacity, and reserve.
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Figure 2.19Electrical load profile of August 18" (the day of maximum peak load in 2016)from
all fossil-based power plants in Kuwait.
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Figure 2.20 Annual profiles from 1997to 2016 in Kuwait: minimum/peak load, installed
capacity, and per capita peak load share.
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2.4.8 Fuel types and consumptions

Figure 2. 21shows the consumption of fuels at MEW plants from 2005 to 2016in
Kuwait, in which the fuel consumption for electricity and water production

accounted for 55%. Most consumers are in the residential sector, the largest
consuming sector. It should be mentioned that under the electricity consumption

category, the residential sector's fuel consumption share equals 34% [108]
Figure 2. 22shows the profiles of peak load, maximum relative humidity at peak load,
and maximum temperature at peak load at the fossil-based power plants. It can be
concluded that the peak load during 19972016 occurred at maximum temperatures
up to 50 °C. According to a study and official announcements the cost of electricity

production from these plants is averaged at approximately 14lj E 7 E35x37].
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Figure 2.21Consumption of fuels at the fossil-based power plants in Kuwait.
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Figure 2.22 Annual profiles for peak load, maximum relative humidity, and maximum
temperature during 19972016 in Kuwait.
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However, most residential consumers pay as low as 6% of this average actual cost, as
shown in Table 13. Furthermore, Figure 2. 23shows the percentage of the electricity
generation share of Kuwait relative to the Middle East and the world. Also, Table 2.7
shows the conventional power technologies and installed capacities at the fossit
based power plants as of 2016 in Kuwait. Additionally,Figure F. 7shows the annual
profiles of electricity generation and the number of consumers in Kuwait from 1997
to 2016.
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Figure 2.23 Percentage of the electricity generation share of Kuwait relative to the Middle
Eastand the world.

Table 2.7 Conventional power technologies and installed capacities atthe fossil-based power
plants as of 2016 in Kuwait.

Power technology Installed capacity, MW Percentageshare, %
Steam turbines 8,970 47.53
Combined cycle gas turbines 2,294.4 12.16

Open cycle gas turbines 7,586 40.20

Total 18,850.4 100

Figure F. 8 shows the type of electricity consumers for 2014-2016 in Kuwait.
Figure F. 9shows the NG consumption in SCF/boe units and the thermal energy in
SCF/BTU units. Figure F. 10shows the primary energy consumption for 2007 -2017
and fuel type for 2016-2017 in boétoe units. Figure F. 18hows the calculated thermal
energy consumption and electricity generation at MEW plants for 2015 and 2016.
Figure F. 1Zhows the calculated thermal energy consumption and related fossil fuel
costs at these plants for 2015 and 2016Figure F. 1teveals the relationship between
electri city generation and calculated thermal energy consumption at the fossil-based
power plants in Kuwait for 2015 and 2016.This analysis approach provides an

overview of the thermal efficiency of these plants. It should be noted that MEW
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employs steam turbines, which make up 47.53% of its installed capacity.The gas
turbines represent 40.2%, used during emergencies and peak load periods. The
remaining 12.16% consists of combined cycle gas turbinesThe thermal efficiency
indicator for electricity generation from fossil fuels is illustrated in  Figure F. 1LFigure
F. 12shows the calculated thermal energy consumption and the corresponding cost
of fossil fuels in which the average actual cost ofelectricity generation is 14¢/kWh. It
should be noted that this economic indicator reflects the cost of fuels only , which
means that the following costs are excluded from the analysis: capital,operations,

and maintenance costs.

2.4.9 Renewable energy projects

One of the early studies[39] in which a wind farm (6 5 kW) was installed in Kuwait
for powering wireless service stations was completed by the Kuwait Institute for
Scientific Research (KISR)in 2009 in Shagaya. The main objective of this study was
to provide electricity to remote desert locations and therefore reduce the operating
costs, such as diesel fuel and transportation costs. Furthermore, several studies on
wind/solar resources and renewable technology assessments [28,33,3%43] have
encouraged megascale renewable energy projects, such as the Shagaya Renewable
Energy Park (SREP)managed by KISRAIso, i should be mentioned that KISR has
launched its renewable energy program as a core part of its seventh strategic plan.
As an initial step, the program includes the implementation of SREP (Phase 1I),
consisting of 70 MW of commercially proven renewable technologies. One of the
primary purposes of SREP establishment is to evaluate various renewable
technologies to select the optimal shares to achieve 15% of local electricity demand
from renewables by 2030. As a result, KISR has installedlifferent meteorologi cal

stations across Kuwait for reliable data collection and forecasting purposes .

It should be noted that MEW has estimated the future peak load in 2030 to reach

33 GW, which is 41% more than therecorded 2016 peak load (13.4 GW) and 57%

more than the 2016 installed conventional power capacity (18.9 GW).Furthermore,

the following is a statement from MEW [107P Uj ~{ ©{ a w @B OwE | X
Kuwait to produce 15% from total power production by sustainable energy

(renewable energy) ¥ HFI FB ®~ vy ~ a {  8I{ additiprg the« | x{
MEW deputy minister confirmed that the objective is to fulfil 15% of the peak load

demand in 2030 from renewable energy [111]Also, one of the seven pillars of the
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Kuwait national development plan towards 2035 is to promote 15% renewable

penetration [104]

Renewable technologies, such as CSPPT and wind power, can provide sustainable
and economic opportunities for Kuwait with benefits, such as reducing local
consumption of fossil fuels and ensuring new sources for generating additional
revenues. The most critical requirement in selecting a location for a CSP-PT plant is
the availability of suitable DNI. Shagaydas one of Kuwait's highest solar and wind
resource levels. Additionally, it is situated in a suitable terrain in a flat desert, mainly
classified as undeveloped land. Besides, it does not feature any considerable change
in topography with no significant obstacles for construction or for becoming
potential causes of shading[45]. Thus, the chosen location in this work is selected to

be Shagayaafter thorough consideration.

2.5 Survey on simulation software(s) and tools for

performance modelling

Table 2.8 provides a detailed review in the form of a survey on the following various
software(s) and tools to aid in performing modelling objectives: SolarTherm,
AEETES, SGHAT, ASAP, TIM, CAVITY, SIMPLY, CIRCE, ThermoSysPro, DELSOL,
CPLEX, Dish Field System Model, CSDS, DRAC/TOPAZ, Prosim,
CosmosWorks/ANSY S/Visual HFLCAL, RESYSpro, FLUENT, SolarPILOT, GATECYCLE,
INSEL, HELIOS, MESSAGE, MIRVAL, REBEN, RADSOLME, REMixOptiMo, SAM,
REMixEnDAT, SOLERGY, Dymola/Modellica, SOLTRACE, RETScreen, STEAMPRO,
PolySun, FBRD, SimulinkMATLAB, TROUGH HELIOS, PLEXOS, TRNSYS, and IPSEpro.

2.6 Survey on specifications of concentrating

solar power plants

Table 2.9 provides a survey result, which includes a detailed review focusing on the
specifications of selected CSP plants worldwide [112,113,12131,114,1:8P37,128 21]
As part of the provided survey results, the following are included for each selected
CSP plart: (i) plant name and location, (i) CSP technology, (i) TES medium, (iv)

nominal temperature, (v) TES option,(vi) plant capacity, and (vii) TES capacity.

43



Table 2.8 Summary of software(s) and tools for performance mode lling.

Software/Tool  Description Comments

SolarTherm For analyzing the viability and overall impact of CSP components Its library of flexible CSP components and control strategies can be
and system designs. It is an opepsource simulation tool that adapted or replaced with new designs to meet the particular needs of
includes a simulation framework and a library of flexible CSP end-users[138]
components and control strategies.

AEETES For modelling the dish-cavity receiver, specifically for geometries It predicts the thermal performance of pool -boiler and heat-pipe reflux
with asymmetric incident fluxes [13%142] receivers.

SGHAT For evaluating the effect of glint and glare from CSP technologies. Sandia imposed restrictions. The tool was developed initially for
internal Sandia uses only. The glare code and algorithm are available for
licensing from Sandia[143]

ASAP For modelling of optics for CSP technologies [144] optical design Compatible with SolidWorks/CosmosWorks for mode lling gravity and

and performance, Gaussianbeam decomposition, polarization ray wind effects, for example, on heliostats.
tracing, and other wave-optics phenomena [145,146]

TIM For modelling CSRTower by analyzing the heliostat field and Tower llluminance Model (TIM) evaluates the solar irradiance and
reflected glare with a 3-D interface. The approaches are annulus, feather temperature of birds flying through the receiver [147]
point-per-group, up-aiming, and singlepoint-focus [143]

CAVITY For modelling of energy transfer in CSP-Tower receivers. Generally, No maintenance or updated versions are currently delivered. Instead,
it assesses receiver performance [144] and determinestube/fluid FLUENT[148,149Fan be used to model the receiver performance of the
temperature distributions. Also, it calculates thermal losses and CSPTower.
efficiencies.

SIMPLY A compiler based on a declarative language for CSP modiing More development is needed to make it competitive with advanced
(standard SMT-LIB format). It uses SMT solvers. software tools for CSP modelling [150]

CIRCE For modelling the optical performance of dish systems and linear It provides users with a design tool that is easy to implement without a

concentrating systems [151,152]and analyses on the solar collector
component, such as an analysis of a poirtfocus concentrator with a
flat target.

longer processing time to obtain results.
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Table 2. 8Cont. Summary of software(s) and tools for performance mode lling.

Software/Tool Description

Comments

ThermoSysPro The tool uses component models from the ThermoSysPro
(Modelica-based) library. It provides a generic library for simulating
plant performance, including CSP.

DELSOL For modelling of CSRTower, and optical design and performance of
heliostat [154x157]

CPLEX CPLEX solver based on the YALMIP/MATLAB used in CSP mdteg.
Thermal/ electrical demands and operating objectives are used as
inputs to minimize operating costs.

Dish Field For evaluation of the impact on the shaded performance of
System Model  staggering the field layout for maintenance reasons|[159]

CsSDSs Concentrating Solar Deployment System Model (CSDS) is a multi
regional/time -period, GIS, and linear programming model. The tool
is used in capacity expansion for electricity sectors.

DRAC/TOPAZ The tool analyzes the fluid flow and piping heat transfer of
CSP-Tower [161,162] For assessing receiver performance
[157,161,163]

Prosim The tool contains an extensive component library for conventional
and nonconventional plants.

CosmosWorks/  For finite element analyses to examine thermal performance [165x
ANSYS/Visual  168]
HFLCAL

Its library has been validated against several testcases belonging to
plant performance mode lling (nuclear, thermal, biomass, and solar
domains) [153]

It is used for implementing an analytical approach to designing and
evaluating performance. It can be combined with SOLERGY for more
capability.

The optimization model is solved as a Mixed Integer Linear
Programming (MILP) problem [158]

For optimizing the layout of dishes and cost/benefit ratios.

It focuses on the principal market and policy issues related to the
penetration of CSP technologies for electricity generation [160}

No maintenance or updated versions are currently delivered.

It has the disadvantage of a long calculation time for mega-scale
applications [164]

It is used with ASAP/CIRCE to evaluate the impact on optical
performance and determine the stress on receiver tubes.
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Table 2.8 Cont. Summary of software(s) and tools for performance mode lling.

Software/Tool

Description

Comments

RESYSpro

FLUENT

SolarPILOT

GATECYCLE

INSEL

HELIOS

MESSAGE

MIRVAL

It is used in evaluating the performance of water and power systems,
including wind, PV, and conventional technologies.

It is used in solar receiver performance [170] Also, it isused for heat
transfer and hydraulic analyses to perform computational fluid
dynamics analyses[171]

Solar Power Tower Integrated Layout and Optimization Tool
(SolarPILOT) is used in the performance assessment of the
CSP-Tower.

It is used in the modelling of PB systems [173,174]In addition, it is a
commercially available heat and mass balance program for the
analysis of a variety oftypes of plants.

INSEL (INtegrated Simulation Environment Language) was used for
calculating hourly generation from thermal power generating units,
such as CSP.

It is used in modelling the optical behaviour of reflecting solar
concentrators (e.g., solar flux density from heliostat fields using cone
optics) [177,178]

It is used as an optimization tool to minimize the total cost
associated with expanding energy systems.

It models solar flux density from a heliostat field using ray tracing
[154,157,180,184lso0, t is used in analyzing the optical design and
performance of heliostats.

It is capable of performing technical, economic, and ecological
performance [169]

It is used in heat transfer analysis for TES components, piping layout, and
receivers.

It is used in calculating anualized thermal efficiency with minimum
optimization performed on design [172]

Its library does not include a solar collector. Instead, the software
predicts solar power generation [175]

It is used for calculating hourly electricity generation from PV plants [176]

No maintenance or updated versions are currently delivered

It provides the user with the least-cost energy estimation and predicts

electricity supply mix scenarios [179]

No maintenance or updated versions are currently delivered.
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Table 2.8 Cont. Summary of software(s) and tools for performance mode lling.

Software/Tool Description Comments

REMixCEM It contains several modules for power generation technologies, The CSP module allowsthe modelling of dry and wet-cooled CSP-PT
including CSP. plants [182]

RADSOLVER For modelling of energy transfer of CSP-Tower receiver [183] and No maintenance or updated versions are currently delivered.
for analyzing receiver performance [157]

REMixOptiMo It uses meteorological data to calculate time-series power It makes decisions on the operation protocols for renewable systems

System Advisor
Model (SAM)

REMixEnDAT

SOLERGY

Dymola/Modellica

SOLTRACE

outputs of main renewable technologies, including CSP.

For performance analysis of CSRPT and other technologies with

TES capability (PV, high concentrating PV, wind, biomass, anc
geothermal power) [185] Also, t models HTF transport, exchange,
storage, and PB[186x191]

It evaluates the leastcost and operation of power systems.

It models CSP-Tower [157,196]and evaluates the effect of plant
dispatch strategies on net electricity output. It models CSP in
which the energy collection and production subsystems are
connected through TES.
It is used to develop validated control algorithms for CSP
collector fields [197,198]

A ray-tracing code for complex solar optical systems [199,200]
For optical design and performance of heliostat.

by considering cost figures in the calculations [184]

Detailed processes (e.g., optics) are modelled in SAM, which combines
annual time-series power production models with financial models to
estimate the LCOE[192194]and other financial metrics for renewable
energy technologies.

It minimizes costs from expenditures arising from the installation of
new assets [195]

It uses FORTRAN, and it is considered as a quasteady-state plant
model with a constant time step.

It is based on the open Modelica language.

No maintenance or updated versions are delivered.
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Table 2.8 Cont. Summary of software(s) and tools for performance mode lling.

Software/Tool

Description

Comments

RETScreen

STEAMPRO

PolySun

T-BRD

Simulink-

MATLAB
TROUGH
HELIOS
PLEXOS

TRNSYS

IPSEpro

It is based on Microsoft Excel and is freely available. Also, i
evaluates energy production, savings, and costs for leading

renewable technologies [201]

It is used for modelling steam power cycles[202,203]

It is a commercial product that simulates solar thermal, PV, and

geothermal systems.

It is used to model the Solar Two (CSP-Tower) receiver system
dynamics and test initial design concepts. Also, it is used in the

dynamic simulation of tubular receivers [204].

The model of CSRTower plants can be built using Simulink-

MATLAB[205].

It models the optics of CSP-PT and predicts the incident flux

[206,207].

The tool is used in cost minimization routines. Also, it optimizes
various power systems by minimizing costs from fuel/emission,

operation s/maintenance, start -ups, etc.

Modular software for mode lling different power systems, including

solar power systems and components [209,210]

It performs PB cycle modelling [211,212]

Its analysis steps are as follows: energy model, cost analysisGHG
analysis, financialsummary, and sensitivity and risk analysis

It shares many features with GATECYCLE.
It conducts financial analyses, such as payback period, annua
savings/costs, and net present value[201]

No maintenance or updated versions are currently delivered.

No built-in economic features of CSP performance.

No maintenance or updated versions are currently delivered.

The cost minimization routine in PLEXOS does not optimize the CSP
lg{Ow« '¥ | ©Olo «~{ 8§H2¥.« | ®¥{oU=a

TRNSYS is used within the performance moddling engine of the SAM
software.

It is used in calculating heat balance and assessing process simulatior
[213]
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Table 2.9 List of selected operational CSP plants worldwide.

Plant CSP TES medium Nominal temperature, TES option Plant capacity TES capacity Reference
name and location  technology JC
Cold Hot

IEASSPS, PT Santotherm 55 225 295 One tank 1.2¢c m, 5¢c m~ [11%114]

: , thermocline
Almeria - Spain
Irrigation pump, Tower oil 200 228 One tank NA 3c m~ [115,116]
Coolidge AZ- USA thermocline
Nevada Solar One, PT Dowtherm A 318 393 Oversized 64c my 0.5h [117,118]

field piping

Nevada- USA
Aalborg CSP, PT NA 252 312 Without TES 16.6 MW NA [119]
Brgnderslev -
Denmark
Holaniku Keahole PT Water NA 200 Indirect 2¢ m, 500 2h [120,121]
Pnint ¢ m
Hawaii- USA
Arcosol 50, PT Molten salt 293 393 Indirect two - 49.9 MW 75h [122]
Cédiz - Spain 28,500t tank

60% sodium nitrate, 40%
potassium nitrate
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Table 2.10List of selected operational CSP plants worldwide.

Plant CSP TES medium Nominal temperature, TES option Plant capacity TES capacity Reference
name and location  technology JC
Cold Hot
Planta Solar10, Tower Pressurized water 240 260 Steam 1llc my 50 min/20 ¢ m~  [117,123,12¢
Sevilla- Spain accumulator
ASE Demo, PT Molten salt 290 550 Direct two - 0.35 MW 4.27¢c m~, [125]
Massa Martana- 50t tank
Italy 60%. A. /fand 40%+ .
Casablanca- PT Molten salt 293 393 Indirect two - 50 MW 75h [214]
Moroccco 60%. A. /and 40%+ . tank
Planta Solar-20, Tower Pressurized water NA 250-300 Steam 20c my 50 min [112,117]
Sevilla- Spain accumulator
La Florida, PT Molten salt 292 386 Indirecttwo - 50 ¢ my 75h [117,127]
. . 29,000t tank
Bad -S ' <
adajoz- spain 60%. A . /and 40%+ .
Gujarat Solar One, PT Molten salt 293 393 Indirecttwo - 28 MW 9h [128]
Kutch - India 60%. A. /and 40%+ . tank
Andaso}l1, PT Molten salt 292 386 Indirecttwo - 50 ¢ my 7.5h/964c m~, [117,127,12¢
. 28,500t tank
Granada- Spain 60%. A. /and 40%+ .
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Table 2. 9Cont. List of selected operational CSP plantsworldwide.

Plant CSP TES medium Nominal temperature, TES option Plant capacity TES capacity Reference
name and location technology JC
Cold Hot
Gulang, PT Molten salt 293 393 Indirecttwo - 50 MW 9h [215,216]
Wuwei x China 60%. A. /and 40%+ . tank
Andasol 2, PT Molten salt 292 386 Indirecttwo - 50 ¢ m; 7.5h/1010- 7 E [117,127,129
60%. A. /and 40%+ . tank
. 28,500t
Granada- Spain
llanga I, PT Molten salt 293 393 Indirect two - 100 MW 5h [131]
Upington - South mixed nitrates tank
Africa
Extresol-1, PT Molten salt 292 386 Indirecttwo - 50 ¢ my 7.5 h/1010c m~ [117,127,132
Badajoz- Spain 60%. A. /and 40%+ . tank
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Table 2. 9Cont. List of selected operational CSP plants worldwide.

Plant CSP TES medium Nominal temperature, TES option Plant capacity TES capacity Reference
name and location  technolog JC
y Cold Hot
Kathu Solar Park, PT Molten salt 293 393 Indirect two - 100 MW 45h [133]
Kathu - South mixed nitrates tank
Africa 45,000t
Manchasol1, PT Molten salt 292 386 Indirecttwo - 50 c my 7.5 h/375¢c m~, [112,117,127
_ _ 60%. A. /and 40%+ . / tank
Ciudad Real- Spain 28.500 t
KaXu Solar One, PT Molten salt NA NA Indirect two - 100 MW 25h [134]
Poffader - South mixed nitrates tank
Africa
Manchaso}2, PT Molten salt 292 386 Indirect two - 50 ¢ m; 75h [117,127]
) _ 60%. A. /and 40%+ . / tank
Ciudad Real- Spain 28.500 t
KVK Energy Solar, PT Molten salt NA NA Indirect two - 100 MW 4 h/1010c m~, [135]
Askandra x India mixed nitrates tank
La Dehesa, PT Molten salt 292 386 Indirect two - 50 ¢ m; 7.5h [112,117,127
60%. A . /fand 40%+ . / tank

Badajoz- Spain

29,000t
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Table 2.9 Cont. List of selected operational CSP plants worldwide.

Plant CSP TESmedium Nominal temperature, TESoption Plant TEScapacity Reference
name andlocation  technology JC capacity
Cold Hot
Puerto Errado 1, Fresnel Saturated steam NA 270 Steam 1l.4c my NA [112,117]
accumulator
Murcia - Spain
Archimede, PT Molten salt 290 550 Direct two- 5¢ m 8 h/100c m~, [112,117]
60%. A . /fand 40%+ . / tank
50t
Sicily - Italy
Torresol Tower Molten salt 290 565 Direct two - 17¢c my 15h [112,127]
Gemasolar, 60%. A . /and 40%+ . / tank
Seville- Spain
Dahan, Tower Saturated steam/oll 220 350 Steam lc my 1c m~ [112,136,137]
accumulator/
concrete

Beijing x China
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2.7 Research and knowledge gaps

This work aims to offer optimal design configurations to expand the implementation
of renewable technologies, specifically in the CSRPT and wind power arenas. One
objective is to suggestpotential mega-scale applications of these technologies in the
MENA/GCC region. Another objective is to assess the feasibility of electricity
generation by investigating the technical and economic performance in a hot desert
environment. It should be noted that the outcomes to be obtained will include a
detailed techno-economic assessmentfor the establishment of stand-alone power
plants and an investigation of the economics of scalefor larger power capacities and
future expansion. In addition, this work will offer new knowledge about the optimal
performance of CSP-PT and wind power plants under the harsh climate of Kuwait
for mega-scale deployment, which has never been investigated before. Additionally,
both the power and industrial sectors will benefit from offering new power supply
solutions, among other possibilities, such as heat augmentation or industrial process
heat applications using the CSP-PT/TES technology. The longterm benefits also
extend to reducing # / emissions and saving strategic commaodities, such as oil and
NG, from excessive consumption for steam production at conventional power plants
in Kuwait. Especially since the Kyoto protocol mandates GHGemission reduction in
which # / is the primary gas. Hence, the recommendations to be provided could

enable Kuwait to exchangeits # / quota in the future .

One focus area of this work is the CSP-PT technology with considerations of DNI,
ambient conditions, operating conditions , HTF flow characteristics (Dowtherm A,
see Appendix A, and heat losses.In general, the PT collector thermal efficiency
should be maximized throughout « ~ {  § IEetin¥edyJcdbntinuously maintaining the
optimal design conditions. After that, the overall energy and economic yields can
improve and become competitive. Furthermore, the DNI, which is naturally transient,
is the heat source in a CSPPT plant. Hence, it is necessary to provide
recommendations on the validation, optimal design configurations, and operating
conditions for future possibilities of CSP -PT/TES plant installations in Kuwait. Only
then one can analyzethe thermal efficiency to locate and quantify heat losses and

performance degradation accurately .

Furthermore, the heat collection in the PT collectors is performed by the Heat

Collecting Element (HCB. Therefore, performance evaluation and investigation of
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the thermal efficiency are critical because the HCE is the component that delivers
solar heat to the medium (HTF), which absorbs the heat inside the HCE.
Furthermore, the analytical approach in this work is critical because maximum
thermal energy extraction from the DNI is a continuous challenge for the solar

energy industry, not only the CSP-PT technology.

Consequently, the HCE and HTF operating temperatures should be maintained close
to specific ranges based on engineering design. If the temperatures increase or
decrease beyond those ranges, HTF decomposition and accompanying hydrogen
permeation into the vacuum annulus of the HCE will occur eventually. As a result,the
hydrogen in the annulus space will increase heat losses and decrease thermal
efficiency. Therefore, a CSRPT model to evaluate the thermal efficiency is needed to
be investigated, specifically for a location with an arid desert environment like
Kuwait, since the operational problems are more frequent in such a region.
Furthermore, r ecommendations are to be provided for validation and operating
conditions of future CSP-PT plant installations. This is achieved by utilizingan
existing CSRPT plant (Andasoll) for performance evaluation, enhancement, and
optimization. Then, optimal CSP-PT plant design configurations specific to the
climatic conditions of Kuwait are determined to maximize the overall plant

efficiency.

It should be noted that global financial loaners (e.g., World Bank) consider the ratio
of thermal efficiency of the power plant versus the average thermal efficiency of the
existing fleet of plants in the base year as a key performance indicator to approve
loans for plant development [217] Hence, this indicator supports the analysis
approach in this work since thermal efficiency is a rational indicator for assigning
CSPPT plant monetary values (¢/kWh or LCOB. Also, such an approach is
imperative because one of the main objectives of this work is to provide data on the
economic and technical limitations of the CSP-PT technology in the arid climate of
Kuwait (dust storms, high humidity, extreme temperatures). Besides, periodic
evaluation of the thermal performance is critically needed because it improves the
§ £ w ¥condmic feasibility by increasing the annual energy production, reducing the

operational challenges, and decreasing the LCOE.

Moreover, this work aims to assess and optimize future wind power plant
installations to achieve Kuwait's strategic target by modelling various megascale

wind power plant capacities. The performance assessment and optimization are
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performed by integrating specific design parameters, operating conditions, ambient
conditions, and onsite measured meteorological data (wind speed, wind direction,
etc.). This objective is imperative to provide recommendations for optimal design
configurations, performance degradation evaluation, and overall wind power plant
performance « ~©! =} ~! 2w« «~{ 8fw¥«U2 £ | {« wn{D

different optimal wind power design configurations is determined.

2.8. Chapter conclusion

The main findings are summarized as follows:

i. renewable energy had a 26.5% electricity production share, and the
global capacity of CSP reached 4.9 GW57], with Spain having the largest

installed share of CSPin the world,

ii. itshould be noted that wind power has the maximum share (5.6%) of the
total renewable energy electricity production share (26.5%), and the

non-renewable electricity share accounts for 73.5%,

iii. an existing CSPPT plant in Spain is selected as the reference plantin this
work for performance assessment and optimization of the CSP-PT

technology,

iv.  concerning per capita electricity consumption, Kuwait is at the top rank
[73,74]within the range of 16,000:17,000 kWh per capita during 20032011
[68],

v. according to a study [82], the most advanced technology for solar thermal
power is CSP. The MENA desert has the advantage of high solar
resources, which contributes to the popularity of CSP [83,84]. Therefore,
the initiative to utilize MENA desert landsto construct future CSP plants
and electricity export to Europe is the most encouraging near-term
prospect for CSP [85,86],

vi. the DLR has promoted renewable energy in the MENA region. There
exists a network of meteorological stations under the cooperation
between DLR, international research institutes, and industry partners
[87]. The aim is to provide reliable meteorological data, which is critical

for CSP performance predictions ,
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Vil.

viii.

Xi.

Xii.

this network of meteorological stations was established as part of the

enerMENA initiative to shut down nuclear plants in Germany by 2022. The
existing and planned grid interconnection between countries in the GCC,

MENA, and Europe has encouraged Germany to suport this initiative,

which motivated the creation of the Europe -MENA partnerships with

Morocco [88],

Kuwait is part of the grid interconnection in the Middle East [88];
therefore, the Kuwait case is investigated in this work to assess and

optimize CSP-PT/TES performance under arid climatic conditions ,

Kuwait has one of the heavily subsidized prices of electricity worldwide ,
with 0.66 I E 7 E As of 2014, Kuwait's total installed renewable energy
capacity was 0.2 MW [20],

the chosen location (Shagaya) in Kuwait has no future development
plans, making it ideal for future development projects toward the 15%
target to fulfil local electricity demand from renewable energy by 2030.
The location in the western region has limited water resources, and the
majority of the population resides within/or close to the eastern coastal

areas. Besides, the location has minimal oil and gas field concentration s
[52]. Furthermore, the location experiences peaks in solar and wind
resources. Hence, investigating the different optimal design
configurations of dispatchable CSP-PT with TES accompanied with wind
power should minimize the intermittences in the solar and wind

resources (i.e., an advantage)

Kuwait's oil/gas sector accounts for about 40% of the gross domestic
product and about 92% of the export revenues [106] As of 2018, Kuwais
oil production reached 2.7 Mbbl/d, and the marketed production of NG
reached 17.1' 1 [106] It can be estimated that approximately 342,842 bbl
were used for electricity generation in 2016 [107] This estimation

corresponds to 12.7% of domestic oil production,

Kuwait's domestically consumed fossil fuels are gas oil, crude oil, heavy
oil, and NG [108] Suchdomestic oil consumption in electricity generation
is estimated to reach 1 Mobl/d by 2030 [109,110]This consumption equals
approximately 37% of the 2017 oil production, leaving<uwait with 63% for

oil exports in casethe 2030 oil production remain s as that of 2017
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Xiii.

Xiv.

XV.

XVi.

XVil.

XViii.

XiX.

MEW has estimated that the peak load would reach 33,000 MW in 2030,
rising from 13,390 MW in 2014107]

KuwaitU 2 «installE power assets are about 18,850.4 MW [107]
(i.e., 47.6% steam turbines, 12.2% combined cycle gas turbines, and 40.2%
open cycle gas turbines). Most of these assets are categorized under
thermal generation units with high potential for retrofit applications with
CSP-PT,

the third quarter ( Q3, summer) is when peak generation occurs due to
the excess air conditioning load (comfort cooling in buildings) in Kuwait,

and the peak load occurs during the summer.

The fuel consumption for electricity and water production accounted for
55% in Kuwait,

according to a study and official announcements, the cost of electricity
production from fossil -based power plants is averagedat approximately
14Tj E 7 Bh Kuwait [35x37]. However, most residential consumers pay as

low as 6% of this average actual cost

detailed review material on various software(s) and tools for
performance modelling are provided. Therefore, SAM has been selected
for performance assessment and optimization of wind power and

CSP-PT, along with other time-series analysis software(s), and

the result of a detailed review on the specifications of selected CSP
plants worldwide is provided [112,113,22031,114,1:8P37,12821] The
Andasol1plant in Spain, with TES capability and 50 MW capacity rating
[5,6], is selected in this work as a reference plant for performance

assessment enhancement,and optimization of the CSR-PT technology.
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3. METHODOLOGY

3.1.Chapter journal publications

Some of the work that appears in this chapter is associated with peer-reviewed
scientific journal publications. This chapter is associated with publications (1) to (6).
i ~{ z{«w E£{z ¥| 1 ©Qow« | ¥ || «Seiéntifif Jo@rrak £ y w«
faXx£f yw« !'¥2U i{y« | ¥B 2«wO« ¥} | O©Ola 8w}{ >

3.2 Model description

3.2.1 System components and energy balance

In this work, the main model components consist of the following: (i) atransmission
network for grid connection, (i) wind power -generating units using a reference
2 MW wind turbine, and (iii) a reference 50 MW CSP-PT plant (i.e., Andasotl in
Spain). It should be noted that the CSP-f j 8§ Ef£w¥«U?2 y| o8| ¥{ ¥«? ®fC
after assessment of the used model in Ref.[218] Figure 3. Iprovides an illustration of
the main model components with energy balance parameters. The CSRPT plant
consists mainly of the SF, TES, and PB systesnFigure 3. 2shows the process flow
diagram for the reference CSRPPT plant. The process flow diagrams for the
reference plant with the wet and dry cooling option s are provided in Appendix C. A
detailed breakdown of the estimated costs for the reference 50 MW CSRPT plant,
including the condenser system, is provided in Appendix H. In this work, the energy
balance equations are expressed in a comprehensive approach for the complete
thermal analysis of a CSPPT plant It should be recognized that Figure 3. 3 Figure 3.
4, and Figure 3.5 (HCE energy balance)illustrate the main components of the HCE
where the initial heat gain process takes place inside the PT collector within the SF

system in a CSRPT plant.

Figure 3. 3and Figure 3. 4illustrate the HCE designand how it allows the HTF to
absorb the heat from the sun. It should be noted that the annulus between the

absorber tube and the glass envelope is evacuated[219] This setup prevents heat
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conduction/convection from the absorber tube to the glass envelope. Furthermore,
the radiative heat loss from the absorber is minimized by means of coating the tube
with a surface that has high solar absorption (>0.95) and low thermal emittance
[219] Furthermore, heat conduction at the ends is reduced by utilizing a long HCE
(>4 m). Finally, the absorber diameter is small relative to the collectin g aperture of

the reflector mirror , decreasing the surface areaand heat loss[219]

The heat collection process in the HCE composes of all modes of heat transfer as

follows:
i.  convection into the stainless-steel tube,
ii.  convection in the annulus between stainless-steel tube/glass envelope,
iii.  convection from the glass envelope to ambient air,
iv.  conduction through the stainless -steel tube/glass envelope walls, and

v. radiation from the stainless-steel tube/glass envelope surfaces to the

glass envelope and the skyrespectively.

ConcRat =

Wind Power Generating
Units, 2 MW Each

s

PT Collector M R

reciever

Nparallel

S ] ‘ r— |l
’ I! Ii Nseries

TES
Np

= Transmission
Line

Generating Unit,
50 MW

I
I
I Thermal Power
I
I
I

Figure 3.1lllustration of the transmission network for grid connection , the reference wind
power -generating unit, and the design configuration of the reference CSP-PT/TES plant with
energy balanceparameters.
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Figure 3.2 Process flow diagram for the reference 50 MW CSP-PT plant with the wet cooling option (see Appendix Cfor the dry cooling option ).
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Figure 3.4 Description of the HCEinternal housings [221]
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Figure 3.5 Energy balance for the HCE(receiver) xthe control volume (box) encompasses
the HTF[188]

It should be noted that the mass flow rate and temperature of the HTF (Dowtherm A,
see Appendix A travelling inside the HCE affect the plant's thermal efficiency. This
means that higher mass flow rates and/or higher temperatures of the HTF lead to
higher thermal efficiency. Therefore, the operating conditions of the PT collector
and HTF characteristics should be considered in a detailed analysisusing a validated
model, which calculates the efficiency profiles for the reference 50 MW CSP-PT
plant. It should be recognized that Dowtherm A (see Appendix A is a synthetic
organic HTF and a eutectic mixture of two very stable compounds, biphenyl
# ( )and(# ( /).
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The collectors are fueled by a transient source (i.e., DNI), which continually changes
magnitude; therefore, the model should incorporate the characteristics, operating
conditions, and ambient conditions of the chosen location in Kuwait. Furthermore,
the HCE, which collects the solar heat in the collector, is housed inside the Solar
Collector Assembly (SCA) with support structur es (see Figure 3. § within the SF
system (see Figure 3. jJ. The SF systemconsists of numerous SCAunits and HCEs
through which the HTF flows and absorbs heat from incident solar radiation from

sunrise (east) to sunset (west).

B

] y

Receiver Tube Reflectors
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Vi NaNENa A\
Lsca Metallic 4‘ \T%
i ’ i Structure ‘

Local Control /
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Pylon : ;
drive unit

Receiver

Tube ™

NN

b Central pylon with the
hydraulic drive unit

Figure 3.6 Schematic diagram of a single unit of SCA usedin the SF systemin which the HCE
(receiver) is shown as ared line (left) [222,223]

HTF piping

Figure 3.7 The SFsystem (top) with other CSP-PT plant systems(bottom) [224].

Whenever the heat losses in the HCEs are at minimal levels, the HTF temperature
can be estimated proportional to the receiving heat flux from solar radiation.
Therefore, an assessment ofthe heat losses considering the solar radiation rate of

change should be coupled with a thermal efficiency analysis to comprehensively
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understand the heat collection process within the CSP-PT plant Similarly, the
process in which solar radiation (heat gain) affects the HTF temperature should be
understood as it impacts thermal efficiency calculations. Contrary to conventional
generation processes, the heat absorbed in the PT collectors comes from solar
radiation , which changes with considerable daily and hourly fluctuations. It should be
recognized that analyzing such behaviour requires a model to investigate the
thermal efficiency profiles based on variable ambient conditions (throughout the

year) and several design parameter inputs (see Appendix D). Especially since the
heat absorbed by the collectors should be monitored duringthe 8 £ w¥ « U2 £

after passing the following tests, which CSRPT plants initially undergo: (i)
performance testing, (ii) provisional acceptance testing, and (iii) reliability test run

at the stage of plant handover.

It is critical to understand the thermal response in PT collectors because they
contain different heat transfer processes for collecting and transferring heat.
Generally, the HCE in the collectors heats the HTF, a mediunthat processes heat
and dissipates it at different rates depending on the operating and ambient
conditions. Therefore, the vital role of the collectors highlights the need for detailed
thermal analysis from the viewpoint of efficient input fuel (i.e. , solar heat gain) and
HTF flow rate. Furthermore, the collector is driven by solar heat from the HCE;
therefore, the ambient conditions (e.g., temperature, solar radiation) will
significantly affect thermal efficiency calculations. Hence, sufficient measures need
to be checked through modelling due to the existence of hundreds of collectors in a
CSP-PT plant.

The previous tests may be performed under steady -state conditions in some
instances in CSRP-PT plants. However, the trend of solar radiation is naturally
transient. This makes« ~{ 2! £wO ©Owz w« | ¥U?2 ({sed if the«
thermal efficiency calculation) follows a similar trend . Thus, there is aneed to set
assumptions regarding each of the following: (i) the Irradiation At Design (IAD),
(i) the heat losses due to thermal inertia effects, (iii) the HTF incompressibility, and
(iv) the mass flow control effectiveness. Therefore, some assumptions are required

so that the HTF outlet temperature satisfies steady-state conditions for efficiency

calculation purposes. Furthermore, it is critical to investigate the steady-state
conditions under the assumption that the change in HTF flow rate follows the
variation in solar radiation (heat input). Thus, the HTF flow rate is adjusted by

control functionality during plant testing to ensure close to constant HTF outlet
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temperature. It should be noted that later in Chapter 5, the IAD effects are
investigated. It should be recognized that a control strategy is utilized within the SF
system in the reference CSP-PT plant. The HTF mass flow rate is monitored so that
the loop outlet temperature (see Figure 1. Lperforms as per the design point. The
HTF temperature is calculated iteratively because the receiver heat loss and surface
temperature are functions of HTF tem perature, which is a function of HTF mass flow
rate. This is achieved through an initial estimate for the field mass flow rate and
temperature values, and then the mass flow rate is recalculated and adjusted until

the outlet temperature converges to the d esign value.

One of the essential needsto utilize a validated model in this work is to calculate
thermal efficiency profiles considering solar radiation changes and perform the tests
mentioned above, including the reliability test run. Here, reliability is the overall
consistency of thermal performance under the same operating conditions. It should
be recognized that a CSP-PT plant would be considered highly reliable if it has

consistent thermal efficiency under the same testing condit ions.

According to a study [188] a header pipe supplies each loop with an equal HTF flow
rate in the SF system,and another header returns the hot HTF to the PB system or
the TES system. Each loop contains multiple SC#& and HCEs. This looping
incrementally heats the HTF to the design outlet temperature for the CSP-PT plant.
In this work, it should be recognized that the SCA is treated as the lowest
discretisation level in modelling, and each SCA is considered an independentnode

within the loop inside the SF system The steady-state HCE model determines the

temperature rise across the node, HTF mass flow rate through the HCE and HTF

specific heat. The energy balance for nodei is represented as follows:

~

. N
i A
3.1

In the SF system, attention should be gien to the transient effect produced by the

HTF thermal mass in the headergreceiver piping and the HTF change in energy,
internal energy ( —), which is a function of time (t) . Figure 3.5 shows the energy
balance for a single SCA nodein which it can be observed that the heat flows are
dependent on | ,4 1, and4 . Further, it should be noted that — is defined as

the change in energy of the node which is dependent ont and calculated as follows:
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3.2

Here, m is the HTF mass in the node, L is the SCA length, adl  is the HTF specific
heat, the term | A ; L is to account for the thermal mass of piping, joints,
insulation, and other SCA components that thermally cycle with the HTF. It should be
recognized that the term [ A ; L is dimensionally equivalent to the HTF
capacitance term m A and is represented by a single value.Also, t should be
noted that t his term is dimensionally defined to describe the thermal energy (per

collector length) required to raise the temperature of the node one degree K. The

temperature of node i from the previous time step is stored, and the inlet
temperature is adjusted equivalent to the outlet temperature of the previous node.

In order to analyze the change in HTF temperature, there is a need to perform an

energy balance in the control volume as follows:

N +N =— +K

3.3

One of the essential parameters to examine is the inlet and outlet heat flows, which

can be calculated as follows:

N-N =i A 4 -4 )=21 A (4 -4
3.4

where 4 is the average temperature. After considering the above relation along with
the definition for the internal energy and solving for the first differential, the

following is obtained:

A cli 4 4 N
AO T A i A
3.5
The general solution to the above relation is as follows:
4 # e — Y0 4
h
3.6

where # is solved after enforcing boundary conditions as follows (when t=0):
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3.7

Substituting # into the above general solution, the outlet temperature from each

SCA(4 ) can be calculated as follows:

Fori=1to.

3.8

The above relation is concerned with each node i in the loop within the SF system in
the CSP-PT plant, where 4 ; is equivalent to the outlet temperature from the
previous node in the loop, 4 j . It should be understood that the calculated
temperature for each node depends on the inlet temperature from the previous
node and the node temperature from the previous time step; ther efore, such values
should be considered as boundary conditions within the system. In the modelling
algorithm, the temperature of the node at the previous time step is stored in
between time steps. Additionally, the inlet temperature is set equal to the outlet
temperature of the previous node. Additionally, the HTF mass of each node is
calculated as a function of the receiver piping volume (, ! ) and the local HTF

density (m ) as follows:

Fori=1to.

3.9

According to a study [219] the HTF temperature increase as it flows through one
loop was analyzed. In the study, the heat loss testing of the Schott PTR70 2008
receiver, which is used in this work, has been performed. Figure 3. 8shows the HTF
temperature rise, which looks linear with a slight down curve. It was concluded that
the temperature rise (per meter) decrease d from 0.18 °C (at4 = 293 °Q to

0.16°C (at4 = 391 °C. In addlition, the net energy gain decreases as the fluid
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passes through the loop since the heat loss increases as the HTF temperature

increases, as a result.
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Figure 3.8 HTF temperature increase as it flows through one [219]
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Figure 3.9 Heat loss as a function of HTF temperature[219]
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Figure 3.10 Heat loss per unit length of HCE vs average HTF temperature for Schott
PTR70 2008 used in this work within the SF system[190,219]
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Figure 3. 10 shows thatthe solid red curves use an average HTF temperature
assuming a temperature jump of 100 °C between input and output HTF
temperatures . Also, the dashed blue curves assume a constant HTF temperature
throughout the receiver . Additionally, the lower curves correspond to an ambient

temper ature of 40 °C, middle curves to 20 ° C andupper curvesto 0 °C[190]

3.2.2 Justification for simulation model selection

In this work, the following reasons contributed to the selection of the SAMsoftware,
based on the Transient System Simulation (TRNSYS), for CSRPT/TES and wind
power performance modelling: (i) detailed performance analysis from the viewpoint

of total system-level simulation, (i) availability of input datasets for design
parameters of plant components (see Appendix D), and (iii) ability to run a large
number of simulations by employing the writing of scripts and codes using several
programming languages to perform parametric analyses. It should be recognized
that a detailed review has been conducted to demonstrate various software(s) and

tools available for CSRPT and wind power modelling [138,139,148157,140,158
167,141,16874,178178,142,13487,189,143,18099,144,208209,145,218213,146,147]

These software(s) and tools are listed in Table 2.8, as previouslymentioned.

According to SAM developers [188] the software is based on hourly simulations
interact ing with performance and financial models to calculate energy outcomes and
costs/ cash flows. SAM allows for exchanging data with external software for further

detailed analysis, such asusing advanced statistical tools, asin this work's case. Most
inputs can be used as parametric variables (see Appendix D) to investigate the
impacts of variations in technical performance and economic indicators, such as
LCOE SAM system uses aperformance engine (TRNSYS software), which includes
customized components, developed at the University of Wisconsin. It should be
recognized that TRNSYS is atime-series simulation program that can simulate
system component performance, and it is integrated into SAM for faster simulation
run time. The default source code folder \ SAM\ <version
number>\exelib\trnsys\source contains the FORTRAN code for each TRNSY

module as follows:
i. sam_mw_trough_Type250.f90 (the SF systen),

ii. sam_mw_trough_Type251.f90 ¢the TESsystem and dispatch),
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iii. sam_mw_pt Type224.f90 (the PB system), and

iv. the shared HTF property subroutines sam_mw_pt _Type229.f90 and

sam_mw_pt_propmod.

It should be noted that the aim of the PB systemmodel is to characterize off-design
performance and provid e flexibility in dealing with the steam Rankine cycle. Instead
of directly incorporating a detailed model into TRNSYS, process-simulation software
is used to construct a representative cycle. Then, the output is converted into an off -
design performance. It should be noted that SAM uses the design of experiments
statistical approach [225] to characterize variable dependencies and generate

response surfaces [226,227]

3.2.3 Computational algorithm and control

The SAM software is demonstrated as software that handles the comprehensive
performance of CSP/TES and wind power technologies. In general, total system
analysis software(s), such as SAM, evaluate the overall performance metrics
(e.g.,LCOB and energy outputs depending on detailed processes with information

concerning the performance of subcomponents [228] (see Figure 3. 1Bnd Figure 3.

12.

—— Total system models - performance and cost
A (e.g., SAM, SOLERGY)

Component and process models
(e.g., collector/reflector optics, receiver performance, thermal
storage processes, power output)

Input parameters and distributions
(e.g., geometry, reflectivity, solar radiation, temperature,
flow rates, efficiencies, costs )

Figure 3.11llustration of the modelling pyramid in SAM [228].

The complex process models in SAM require input parameters (see Appendix D) and
distributions for uncertainty and sensitivity analyses obtained from surveys of power
plants, operational tests, detailed reviews, and expert judgments. The framework for
modelling complex systems relies on passing information from various process
models to prioritize modelling and characterization for the objectives that impact
the financial and performance metrics. In one study [229], the algorithms in SAM for

analyzing the components, parameters, and time-dependent inputs are explained.
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The control flow diagram for the physical CSP-PT model is provided by the National
Renewable Energy Laboratory (NREL]188](see Figure 3. 13 SAM is usually used for
total system-level simulation by estimating the technical performance and
economics thro ugh the integration of elements from DELSOL and TRNSYSwhich is
used within the performance mode lling engine of SAM. Additionally, SAM uses
embedded models for both piping (a source of heat loss) and TESsystems, which
are treated as lumped systems. The performance and economic models are taken
from the Excel-based model EXCELERGYi.€.,developed by NREL), which provides a

framework for analyzing system costs and performance.
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Figure 3.12System computational algorithm in SAM[229].

EXCELERGY is an engineering design, performance, and economic model for CSPT
plants. The model is prepared using Microsoft Excel and Visual Basic programming

language. The user can provide inputs based on the desired design, plant operation,
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and financial target to determine the impact on plant performance and economics. It
should be mentioned that hourly data is used in the performance simulation. In
addition, EXCELERGY can run an optimization task to assess the optimal SF system
area compared to the TES system volume. Because EXCELERGY is not maintained

further, the performance and economic models have been transferred into SAM.
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Figure 3.13Control flow diagram for the CSP-PT/TES model in SAM[188]
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According to a study [230], some efficiency factors are aggregated into single input
values in the SF system within SAM. In this work, the input data to the model are
provided (see Appendix D). For instance, sources of optical losses are represented
by a single optical efficiency number. In addition, a user can enter time-dependent
losses to account for soiling and other forms of degradation, such as dust storms. In
the PB system, pumping power requirements for the HTF through the PB system are
distinguished by a load-based coefficient which is a multiple of the HTF mass flow
rate. The user can modify this parameter as needed to match expected parasitic
consumption. In SAM,the thermal losses to the ground are negligible as opposed to
the losses to the other surroundings. For this reason, it should be recognized that
the modeller should increase the thermal loss input to the walls in order to
compensate for the lossesto the ground. The TES model in SAM uses a single heat
loss coefficient for all tank areas; therefore, SAM considers that the temperature

along the inner tank surface is constant.

In addition, SAM combines hourly simulation models with performance and
economic models to estimate energy output, financial metrics, and cash flows. This
is because SAM includes bui-in cost and performance models, and it can exchange
data with external models developed in Microsoft Excel. Furthermore, SAM can
model plant-level simulations since the performance of each of the component
models is based on correlations, analytical furctions, and factors describing the
physical processes. This allows detailed process modelling, including spatial and
temporal variability within subcomponents. Also, SAM can handlethe detailed optical
analysis of the solar collector component. Hence, SAM is selected as one of the

analysis tools in this work after surveying numerous software(s).

3.3 Techno -economic competitiveness of
concentrating solar power  plants with thermal

energy storage

In this work, two locations are considered for CSP-PT performance assessment in
two different countries (Kuwait and Spain). The meteorological and DNI data used
with the reference plant in Spain are provided by NREL The data for the chosen
location in Kuwait is provided by KISR meteorological stations and enhanced with

satellite-driven data. Further detailed information about the meteorological data is
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provided later (see Section 4.2). In general, these data are used as inputs for

performance mode lling of the reference 50 MW CSP-PT plant located in Spain using

SAM by implementing the following steps:

Vi.

validation of the CSPPT/TES model performance against the
performance of the reference plant (Andasol -1in Spain) with 50 MW
capacity under the climatic and DNI conditions of Spain in which the

reference plant uses a wet-cooled condenser system,

simulation of the referenc e plant performance under Spain's climatic and
DNI conditions with the dry cooling option instead of the wet cooling

option,

simulation of the reference plant performance under the arid climatic
and DNI conditions of the chosen location in Kuwait with the wet and dry

cooling options,

investigation of the influence of the dry-bulb temperature, wet -bulb
temperature, and DNI on the plant performance under the conditions of

Kuwait and Spain, considering both the wet and dry cooling optio ns,

assessment of the following performance parameters: number of full load
hours of steam turbine (operation under the rated design condition) ,
annual net electricity output, overall plant efficiency, solar irradiation on
the SF system, thermal power from the SF system, dumped thermal
energy from the SF system (due to mirror defocusing) , efficiency of the

SFsystem, and total water consumption, and

evaluation of techno-economic parameters considering several 50 MW
CSP-PT design configurations with various TES capacitiesusing the dry
cooling option under the arid climatic and DNI conditions of the chosen

location in Kuwait, with limited water resources.

Based on an hourly simulation within SAM, the total defoaused thermal energy from

the SF system (i.e.,dumped thermal energy) is tracked throughout, which is the

amount of DNI that cannot reach the collector due to mirror defocusing. Moreover,

the dumped thermal energy can be calculated from multiple parameters (e.g., the

fraction of defocused SCA units and the maximum temperature at which the fluid

may exit the collector), as shown later in Chapter 5 It should be noted that the

selection of the optimal IAD value, a design point value for a CSFPT plant, is essatial
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because it reflects on the amount of auxiliary power needed in the SF system for
mirror defocusing and therefore reflects on the total operating cost and LCOE
estimations. If the plant's location experiences DNI levels above the design IAD value,
the plant operator must perform excessive control by defocusing some mirrors in
the SF system. This procedure is necessary to avoid collecting excess thermal

energy, which is neither required by the TES system nor the PB system.

3.4. Optimization and performance enhancement

of concentrating solar power  plants

3.4.1 Parametric analyses

In this work, the optimization and performance enhancement strategies include
techno-economic assessment, established by studying the effects of two critical
design parameters in a reference CSP-PT plant with a 50 MW rated capacity
(Andasol-1in Spain). The first parameter is the SM, and the second parameter is the
number of full load hours of storage (. ). It should be recognized that the SM
value is used to determine the SFsystem area as a multiple of the rated capacity of
the PBsystem (i.e.,the design turbine gross output). Table 3.1shows some design
parameters for the reference CSP-PT plant. In the optimization and parametric
analyses, thirty -one (3) SM values are considered starting from 1 to 4 with an
increment of 0.1. Furthermore, nineteen (19 values of. are considered starting
from O to 18 with an increment of 1. Thus,a total of 589 design configurations are
evaluated for the CSP-PT model with TES capability. The configuraton variations are
the product of 31 and 19 (31 19). Later in Chapter 6, performance evaluations of 19
optimal design configurations with optimal SM values based on the lowest LCOE
values are evaluated as a function of . This means that the performance of the
optimal design configuration for each of the 19 categories of . is evaluated

(for t . p J It should be noted that each category considers 31 SM values.

The SAM software[187,188,231$ utilized to simulate CSP-PT/TES performance. The
model used in this work is validated using actual and simulated published data,

provided later in Chapter 5. Moreover, the simulation accuracy and reliability of SAM
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are compared with the actual and simulated plant performance data. The results of
two simulated cases (Spain and Kuwait) are studied and compared with actual data
from the same reference plant (Andasol-1), which became operational in 2009 [8].
Notably, Andasol1 isthe first CSP-PT plant inthe world with TES capability.

The TES mediumconsists of 28,500 t of molten salt, a mixture of 60% sodium nitrate
(. A. ) and 40% potassium nitrate (+ . /), which remains in the liquid state
throughout the charging and discharging processes of the TESsystem. The two-tank
TES systemhas a cold tank heater set point of about 292 °C and a hot tank heater
set point of about 386 °C. These set points refer to the minimum allowable storage
fluid temperature in the storage tanks. If the fluid temperature falls below the set
point, the electric al tank heaters deliver energy to the tanks, increasing the
temperature to the set point. This energy in the performance model results in the

tank freeze protection energy .

It should be recognized that the outcomes from the Kuwait and Spain casesare
compared in terms of accuracy and reliability for several CSP-PT plant

configurations' technical and financial results, shown later in Chapter 5.

Table 3.1Design parameters for the reference CSP-PT/TES plant (Andasol-1) used in this
work.

Description Value Unit
Total land area 477 acres
SF area 329 acres
Number of loops 156 -
Aperture reflective area 510,120 i
HTF type Dowtherm A (see Appendix A -
Design loop outlet temperature 393 JC
Design loop inlet temperature 293 JC
Irradiation at Design (IAD) 700 Wi/
Number of SCA units 624 -
SCA type EuroTrough ET150 (SkalET PT) -
SCA aperture width 5.77 m
SCA focal length 1.71 m
SCA length 148.5 m
SCA aperture area 817.5 i
Absorber tube inner diameter 0.0655 m
Row spacing 17.3 m
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Table 3. ICont. Design parameters for the reference CSP-PT/TES plant (Andasot1) used in
this work.

Description Value Unit
Mirror reflectivity 93.5 %
Absorber absorptivity 96 %
Envelop transmissivity 96.3 %
Total collectors 624 -
Storage medium Molten :§alt -

60%. A. fand 40%+ . /

28,500t

(see Table 12 and Appendix B)
Number of full load hours of storage 7.5 h
¢ )
Cold tank heater set point 292 JC
Thermal storage capacity 964 - 7E
Hot tank heater set point 386 JC
Rated cycle conversion efficiency 38 %
Nominal capacity 50 MW
Total parasitics 5 MW
Turbine inlet conditions: pressure 100 bar
Design back pressure 0.08 bar

In this work, the CSP-PT performance assessment location is within KuwaitU 2
western region, with limited water resources. As mentioned earlier, the
meteorological data of the chosen location is provided by meteorological stations
and enhanced with satellite-driven data. Additionally, the meteorological data is
utilized as inputs for performance mode lling using SAM. Furthermore, optimization
and performance enhancement of dry-cooled CSP-PT is studied along with the

viability of the wind resource for cogeneration by performing the following:

i. evaluation of the validated CSRPT model performance with the actual
performance of the 50 MW reference plant under the climatic condition

of the chosen location in Kuwait,

ii. assessment of the solarwind resources and electrical load profile s in

Kuwait,

iii.  investigation of the following performance parameters: LCOE capacity
factor, thermal power produced by the SF system, annual energy
generation % ), annual overall plant efficiency (s ), and c¢ycle

electrical power output , and

iv. assessment of the following performance enhancement strategies:
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a. integration of TES,

b. integration of wind power ,

C. cogeneration with temperature derating effect ,
d. cogeneration with load consideration,

e. evaluation of the periods of 24 h continuous generation from
CSP-PT/TES without fossil backup, and

f. comparison of the CSP-PT/TES performance between winter and

summer sessions.

3.4.2. Mode lling approach

As statedearlier, one of the software (s) used in this work is the SAMsoftware, and it
should be recognized that SAM is based on TRNSYSsimulation [188] The selection
came after a thorough literature review on various tools for modelling purposes
[138,139,148157,140,15867,141,16874,178178,142,1%187,189,143,18099,144,208
209,145,218213,146,14,/4s shown inTable 2.8.

SAM allows the user to input design parameters (see Appendix D) for CSP plants to
match the desired operation philosophy and design conditions. Furthermore , SAM
allows a detailed performance assessment on an hourly basis and provides financial
and economic estimations for the project [228,229] Also, SAM provides dispatch
optimization features based on user inputs into the dispatch control algorithms and
weekday/weekend schedules. Hence, SAM gives the user options to evaluate the
impact of plant performance and economics. Additionally, SAM provides a
comprehensive approach for examining the TES energy to electricity conversion
[226,232] In one study, SAM was sed to assess water consumption for cooling
purposes with an hourly resolution within a year for the Noor 1 power plant [233].
The 160 MW CSP plant (phase 1) of the Noor Ouarzazateproject has already

generated power near the simulation estimates [80].

The primary input data to SAM are as follows: (i) the TESsystem parameters such as
thermal capacity, tank volume, fluid medium properties, heat losses, exergetic
efficiency, other parameters including dispatch control, (ii)) the PT collector
parameters, such as collector geometry, piping distance between assemblies, optical

parameters, tracking error, dirt on mirrors, (iii) the HCE parameters , such as
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absorber tube inner/outer diamete rs, glass envelope inner/outer diameter, flow
pattern, absorber absorptance/emittance, envelope transmittance, annulus gas
type/pressure, shadowing, heat loss at design, (iv) the Typical Meteorological Year
(TMY) file (for CSP-PT modelling), (v) the site characteristics, such as elevation,
latitude, longitude, (vi) the SF system and HTF characteristics, such as single loop
configuration, land area, collector orientation, tilt angle, azimuth, loop
optical/conversion efficiencies, (vii) the financial paramete rs such as analysis
periods, interest rate, price escalation, inflation rate, and (viii) the PB system
parameters such as gross output, conversion efficiency, net output at design, rated

cycle efficiency, ambient temperature at design, condenser pressure ratio.

The detailed meteorological and resource data in the form of a TMY file, which are
supplied to SAM, are as follows: (i) day of theyear, (ii) time in hourly format,
(iif) Global Horizontal Irradiance (GHI), (iv) DNI, (v) diffuse irradiance, (vi) sun
azimuth angle, (vii) sun altitude/elevation, (viii) air temperature, (ix) relative
humidity, (x) wind speed, (xi) wind direction, (xii) atmospheric pressure, and

(xiii) wet-bulb temperature.

3.5. Comparative techno -economic assessment

and optimization of wind power plants

3.5.1 Parametric analyses

In this work, the following outcomes are provided using detailed analyses
i.  daily profiles for wind speed and J at different height levels,

i.  monthly profiles for wind speed and direction frequenc ies at the

reference 2 MW wind turbine U2  ~ - x with formial-distributions ,

iii. statistical results of the wind speed in m/s, the wind direction in deg (J)
unit, the ambient temperature in °C unit, and other meteorological data
at« ~{ ©Of | { Of ¥y{ «s@@k ¥{U2 ~-x ~{ }~«

iv.  Locally Estimated Scatterplot Smoothing (LOESS) regression analysedor

the wind resource.
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Additionally, several evaluations are performed by varying the number of rows in the
wind power plant (.  and the wind power plant layout angle [ , which are the
primary investigated design parameters. The impact of varying. and| on the

annual gross energy, LCOEperformance ratio, capacity factor, and wake losses are
evaluated for 2220 configurations, including 60 optimal design configurations. The
model simulation is performed for 2220 runs from which 60 optimal configurations
are identified corresponding to various row configurations (i.e., 1-row, 2-row, 3-row,
OB -rbv, as will be shown later in Chapter 7 It should be mentioned that the
optimization and performance assessment includes a techno-economic evaluation in
which it is established by examining the effects of the two primary design

parameters as follows:
i . is varied from 1 to 60 with an increment of 1 row, and
i f is varied from 0 to 360Jwith an increment of 10J.

The total variations bring the investigated simulation runs to 2220 runs, which are

divided into 60 categories as follows:
i. category 1 of 60:

(2-row x 0J), (Zrow x 10QJ), (Zrow x 20J) ..., (2row x 360J),

ii. category 2 of 60:
(2-row x 0J), (2-row x 10J), (2-row x 20J) ..., (2row x 360J)B OQand
up to,

iii. category 60 of 60:
(60-row x 0J), (60-row x 1QJ), (60-row x 20J) ..., 60row x 360J).

The detailed monthly performance for the following selected 8 of the 60 optimal
configurations of wind power plants is further evaluated later in Chapter 7. It should
be recognized that the optimal configurations have optimal values of [ based on

the lowest LCOE values:
i. category 1 of 60:the optimal I-row configuration ,
ii. category 2 of 60:the optimal 2-row configuration ,
iii.  category 3 of 60:the optimal 3-row configuration ,

iv. category 4 of 60:the optimal 4-row configuration ,
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v. category 40 of 60: the optimal 40-row configuration ,

vi.  category 46 of 60:the optimal 46-row configuration ,
vii.  category 52 of 60:the optimal 52-row configuration , and
viii.  category 58 of 60: the optimal 58-row configuration.

In addition, the frequency profiles for the following 12 assessment parameters are

evaluated from January to December:
i. assessmentparameter 1 of 12:
wind speed in m/s unit at the reference turbine U2  heiglx,
ii. assessment parameter 2 of 12:
wind direction indeg (J unitw«  «~{ ©f{ | { ©{ ¥y{ ,«-©O©x ¥{ U2
iii. assessment parameter 3 of 12:
ambient temperature in°Cunit w« «~{ ©{ | { ©{ ¥y { ,«-0©x ¥{ U
iv. assessment parameter 4 of 12:
atmospheric pressure inatmunit w«  «~{ Of{ | { ©{ ¥y { , «20Ox ¥{
v. assessment parameter 5 of 12 under category 1 of 60:
generation of the optimal 1-row configuration in KW unit ,
vi. assessment parameter 6 of 12 under category 2 of 60:
generation of the optimal 2 -row configuration in KW unit ,
vii.  assessment parameter 7 of 12 under category 3 of 60:
generation of the optimal 3 -row configuration in KW unit ,
viii.  assessment parameter 8 of 12 under category 4 of 60:
generation of the optimal 4 -row configuration in kW unit ,
ix. assessment parameter 9 of 12 under category 40 of 60:
generation of the optimal 40 -row configuration in kW unit ,
X.  assessment parameter 10 of 12inder category 46 of 60:
generation of the optimal 46 -row configuration in kW unit ,

Xi.  assessment parameter 11 of 12 under category 52 60:
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generation of the optimal 52-row in kW unit, and
xii.  assessment parameter 12 of 12 under category 58 of 60:
generation of the optimal 58-row configuration in KW unit.

Furthermore, the Monthly Frequency Profiles (MFPs) and the Annual Frequency
Profiles (AFPs) for the 12 assessmentparameters mentioned above are evaluated.
Additionally, the Hourly Frequency Profiles (HFP9 for the 12 assessment parameters

are evaluatedlater in Chapter 7.

3.5.2 Mode lling approach

In this work, one of the software(s) used in the analysisof wind power performance

modelling is the SAM software [187,188] The flexibility of selecting various design
parameters is one of the main reasons for choosing SAM, as it gives the user the
capability to set rated design conditions. In addition, SAM allows performing a
detailed performance assessment on an hourly basis and provides financial and
economic estimations for the project under investigation [228,229] Furthermore,

SAM provides dispatch optimization features based on user inputs (see Appendix D)

into the dispatch control algorithm, including weekday and weekend schedules.

Hence, it gives the user options to evaluate the impact of wind power plant

performance and economics. Finally, the approach used is a comprehensive one in
which the plant's energy balance and electricity output are considered [226,232]
Such features strongly support the use of SAM in project assessments for wind

power plants to provide feasibility measures before installation and construction

stages[80,233]

SAM requires the input of design parameters to run the simulations for wind power
modelling. The inputs are as follows: wind turbine design parameters, SRW
meteorological file type, location characteristics, and financial input parameters. The
input meteorological parameters to the simulation model are as follows: air
temperature, relative humidity, wind speed, wind direction, and atmospheric
pressure for 8760 hours (i.e., oneyear). The main risk in modelling a meg-scale
system such as a wind power plant consisting of varioussubsystems is to overcome
the computational demand of subsystem models by employing methods to reduce

simulation running time. Some techniques that help mitigate intensive computational
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time, especially when performing detailed parametric analyses, are the use of

software(s) for time -series analyses, which are considered in this work .

3.6. Chapter conclusion

The main findings aresummarized as follows:

as part of building the methodology of this work , the system components
have been determined for the wind power and CSP-PT model
configuration s as follows: transmission network for grid connection, wind
power -generating units using a reference 2 MW wind turbine, and a
reference 50 MW CSP-PT plant (i.e., Andasotl in Spain) with energy

balance parameters,

justification has been provided for utilizing the SAM software, based on
TRNSYSsimulation, to achieve some of the modelling objectives in this

work ,

the computational algorithm and control have been explained for a
comprehensive performance assessment of the CSRPT model, along
with overall performance metrics such as LCOE and other energy-related
parameters with information concerning the performance of

subcomponents [228]. The control flow diagram for the model is also
provided [188]

amethodology has been determined for the optimization and parametric
analyses in which 31 SM values are considered from 1 to 4 with an
increment of 0.1. Furthermore, 19 values of are considered from O to
18 with an increment of 1. Thusa total of 589 design configurations are
evaluated for the CSP-PT model with TES capability. Theconfiguration
variations are the product of 31 and 19 (3119). The methodology has
been determined for the performance evaluations of 19 optimal design
configurations for CSP-PT/TES with optimal SM values based on the

lowest LCOE valuesas a function of. ,

a methodology has been determined to optimise and enhance dry-cooled
CSP-PT, considering the viability of wind resources for cogeneration. The

methodology includes an evaluation of the validated CSRPT model
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performance with the actual performance of the 50 MW reference plant

under the climatic condition of the chosen location in Kuwait, including

the assessment of solarwind resources and the national electrical load

profile . Furthermore, the methodology includes an investigation of the

following performance parameters:

a.

b.

LCOE

capacity factor,

thermal power produced by the SFsystem,
% g,

S , and

cycle electrical power output .

Also, the methodology includes an asessment of the following

performance enhancement strategies:

a.

b.

integration of TES,

integration of wind power,

cogeneration with temperature derating effect,
cogeneration with load consideration,

evaluation of the periods of 24 h continuous generation from

CSP-PT/TES without fossil backup, and

comparison of the CSP-PT/TES performance between winter and

summer sessions.
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4. NATURAL RESOURCES ANDM ETEOROLOGICAL

CHARACTERISTICS

4.1.Chapter journal publications

Some of the work that appears in this chapter is associated with peer-reviewed

scientific journal publications. This chapter is associated with publications (1) to (6).

Thez { «w £{ z ¥| | ©oaw« | ¥ | « ~ { Scigntifi€ JoxrBal y w« | ¥
fax£f£ yw« | ¥2U i{y« | ¥B 2«wO« ¥} | ©' o 8sw}{ >

4.2. Meteorological data

In a few studies [40,234], five locations were evaluated for Kuwait's solar and wind
resourc es. The studies supported the outcome that the chosen location in this work
(Shagayg has high solar and wind resource potentials using data from
meteorological stations. In addition, the studies employed ground-measured and
satellite-driven data for enhancement purposes. Another study [28] supported the
high potential of solar and wind resources in the same location. Furthermore , the
wind power density across Kuwait was evaluated by another study [33], which

considered the same location attractive for wind power technology implementation.

In this work, a TMY file, which is established on a monthly basis for individual years
with long-term monthly characteristics , serves as input to the SAM software In
selecting the most representative month, different weights are considered for the
following parameters: DNI, ambient temperature, relative humidity, wind speed, and
wind direction. However, these parameters, excluding DNI, have minimal weight in
deciding on the choice of the representative month. A higher weight is given to the
DNI because it has the highest impact on the annual net electricity output from a
CSP-PT plant.

Before the assessment of the techno-economic competitiveness of the CSP-PT
technology (using wet and dry-cooled condenser systems), as shown later in
Chapter 5, it is required to determine the main design climatic conditions ( Table 5.

1) for future CSP-PT plants in the chosen location in Kuwait. Therefore, the statistical
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results for the DNI and meteorological parameters during a typical year in Kuwait

are provided in Table 4. 1

The primary factor affecting a dry-cooled condenser system is the dry-bulb
temperature. Notably, higher dry-bulb temperatures decrease the dry cooling
system performance, reducing the Rankine cycle efficiency in a CSPPT plant.
Therefore, the condensing temperature should be close to the dry-bulb
temperature in an ideal dry-cooled condenser. It should be recognized that the
critical parameter in the dry cooling system is the dry-bulb temperature, which
affects the PB system, as showrlater in Chapter 6 in Equation 6. 1land Equation 6. 2
It should be noted that the negative impact of high ambient temperatures on the
CSPf | 8f£w¥«U2 §{ ©]| | ©n efficignty of the dr@-fobled<cdndenser!

system.

Furthermore, Kuwait is characteristic of hot summers between May and October
and short winters between December and February, as shown inTable 4. 1In a CSP
PT plant, the better performance is due to the DNI impact, ambient temperature,
and wind speed. Table 4. 1shows the meteorological parameters in Kuwait, the
annual mean for the dry-bulb temperature is 25.8 °C, the annual mean for the wet

bulb temperature is 12.1 °C, and the annual mean wind speed isd/s.

It should be recognized that the data (shown in Table 4. ) is used along with the
input data to the model (shown in Table 5.3). It should be noted that the input data
to the model for the condenser system as per design is provided in Table 5. 3 Also, It
should be noted that for a wet-cooled condenser system. the condenser is driven by
water evaporation (latent heat) to remove heat energy from the PB system; thus, it is

dependent on the wet-bulb ambient temperature .
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Table 4.1Statistical results for the DNI and meteorological parameters during a typical year in Kuwait.

Month DNI Dry-bulb temperature Wet-bulb temperature Wind speed

W/aH  kw/eH  w/aH °C °C m/s

Mean Sum  Maximum Mean Maximum  Minimum Mean Maximum  Minimum Mean Maximum  Minimum
1 186.2 138.5 906 11.3 23.3 0 5.8 14.4 -3.6 3.6 9.6 0.3
2 191.3 128.6 931 15.1 26.2 4.1 7.2 15.2 -0.2 3.6 9.5 0.3
3 220.5 164.1 953 211 371 6.8 9.4 17.5 0.1 34 8.7 0.1
4 188.4 135.7 877 26.9 42.4 12.3 13.3 20.7 3.1 4.3 9.1 0.5
5 207.4 154.3 784 31.9 441 17.2 14.5 20.4 6.8 3.8 9.4 0.2
6 251.9 181.4 763 354 47.4 22.0 154 20.1 9.5 5.2 11.9 04
7 257.7 191.7 798 37.1 49.6 24.9 16.5 21.8 11.2 4.5 10.6 0.5
8 245.8 182.9 785 37.6 50.1 26.3 16.8 21.7 11.1 4.2 11.2 0.1
9 246.1 177.2 819 33.7 47.3 20.1 14.9 21.2 7.8 4.1 10.0 0.9
10 210.5 156.6 862 27.2 39.6 14.0 145 21.0 7.4 3.8 9.1 0.3
11 171.0 123.1 840 18.8 33.0 6.3 10.0 19.1 0.4 3.6 9.2 0.2
12 165.4 123.1 880.0 13.5 29.4 0.9 6.7 17.6 -3.3 3.5 8.9 0.4
Annual 1,857.1
sum
Annual 212.0 25.8 12.1 4.0
mean
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Furthermore , the monthly profiles of hourly DNI are shown in Figure 4. 1
Additionally, Figure 4. 2shows the monthly profiles of the dry -bulb temperature in
Kuwait and Spain. Finally, based on ground measurements from a meteorological
station at 10 m, the monthly statistical variations in the ambient temperature and

humidity for the chosen location in Kuwait were analyzed, as illustrated inFigure 4. 3

M Direct Normal Irradiance at Time 00:00, W/m*2 M Direct Normal Irradiance at Time 08:00, W/mA2 M Direct Normal Irradiance at Time 16:00, W/m*2
MDirect Normal Irradiance at Time 01:00, W/m*2 M Direct Normal Irradiance at Time 09:00, W/m*2 M Direct Normal Irradiance at Time 17:00, W/m*2
M Direct Normal Irradiance at Time 02:00, W/m*2 I Direct Normal Irradiance at Time 10:00, W/m2 W Direct Normal Irradiance at Time 18:00, W/m*2
M Direct Normal Irradiance at Time 03:00, W/mA2 Direct Normal Irradiance at Time 11:00, W/mA2 Direct Normal Irradiance at Time 19:00, W/m”2
Direct Normal Irradiance at Time 04:00, W/m"2 M Direct Normal Irradiance at Time 12:00, W/m"2 M Direct Normal Irradiance at Time 20:00, W/mA2
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Direct Normal Irradiance at Time 06:00, W/m*2 Direct Normal Irradiance at Time 14:00, W/m*2 M Direct Normal Irradiance at Time 22:00, W/m*2
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Figure 4.1Monthly profiles of the hourly DNI (mean) in Kuwait.

Figure 4. 2illustrates that the monthly profiles of the dry -bulb temperature in Kuwait
are higher than in Spain. Furthermore, the monthly statistical variations in the
ambient temperature and humidity for the chosen location in Kuwait , shown in
the relation between ambient

Figure 4. 3 confirm inverse meteorological

temperature and humidity for most monthly representations.
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Figure 4.2 Monthly profiles of the dry -bulb temperature in Kuwait and Spain.

Figure 4.3 Monthly temperature and humidity profiles based on ground measurements at
10m in Kuwait.
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