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The aim of this research is to investigate the effect of the two most important threats to the solar power towers’
(SPT) performance, i.e. aerosols’ density and water scarcity, on the SPT feasibility in arid regions. The study is
the first attempt to include the site adapted aerosols effect on the SPT’s reflected irradiance and comprehensively
investigate several new configurations aiming at optimizing the performance and associated costs. Results show
that the inclusion of this effect causes an Annual Energy Generation (AEG) reduction of up to 9.1 %. Further, the
water consumption analysis is realized based on four different power cycle cooling options, i.e. wet, dry and two
hybrid scenarios. Then, a hybridization with Wind Turbines (WT) is proposed as a potential solution to improve
the performance of the SPT. The SPT-WT hybridization has been realized with the assistance of an in-house
developed algorithm where key design parameters such as solar multiple, thermal energy storage, SPT and
WT capacities have been varied over different ranges. It has been found that the configurations with bigger WT
share show clear improvements in the Levelized Cost of Energy (LCOE), water consumption and AEG and that’s
only when the TES is excluded. However, this comes with a penalty on the capacity factor (CF) which witnesses
considerable decreases. The results of this study provide new important information that can be used in con-

ceptual engineering studies and inform policy making.

1. Introduction

Solar Power Tower (SPT) has emerged as one of the most promising
Concentrated Solar Power (CSP) technologies due to the high sun irra-
diance concentration levels that it can achieve surpassing all other CSP
types [1,2]. Such high levels of concentration are achieved by gathering
thousands of flat reflectors, uniquely called heliostats, around a tower
top mounted receiver. This results in having an unmatched elevation of
the Heat Transfer Fluid (HTF) temperatures to the range of (290-565 °C)
[3], i.e. an appropriate working temperature range for the Molten Salt
(MS) [4]. This feature enables the technology to deploy the MS as both a
HTF and a storage media, which bypasses the need for a heat exchanger
between the solar field area and the storage facilities [5], i.e. a common
configuration in other CSP types. Also, higher temperatures of the MS in
the storage tanks means lower costs as less salt is needed to store an
equivalent amount of thermal energy [6].

However, SPT is unique among all other CSP technologies in having
its common receiver mounted on top of a tower, which results in having
large slant ranges, i.e. the distance between the reflectors and the
receiver. This usually reaches thousands of meters and in arid regions,
where dust storms are quite frequent, such slant ranges imply a probable
amplification of the aerosols effect on the reflected sun irradiance from
the reflectors towards the receiver. All other CSP technologies, which
have their own receivers within a few meters away from their reflectors,
are expected to be much less affected by the aerosols’ density on the
reflected solar field irradiance. In arid regions, while solar resources are
abundant, aerosols high density represents an important obstacle as it is
known as the most affecting factor in the attenuation of CSP’s main
design parameter, i.e. Direct Normal Irradiance (DNI) in cloud free
conditions [7-9].

Water scarcity is another aspect of the harsh metrological conditions
that can threat the viability of CSP in such regions. The latter affects the
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Fig. 1. The hybrid CSP-Wind model based on Solar Power Tower diagram with 3 power block condenser types.

CSP in two different domains, namely reflectors washing and power
cycle cooling. Despite being the smaller share in the water consumption
(10 % [10]), however, mirror washing cannot be replaced as of yet, as
other techniques that discard water usage have not been proven to be as
efficient [11]. As for the power cycle cooling process, which consumes
most of the water in the CSP, wet cooling condensers remain as the most
efficient among other cooling types such as air, due to the higher heat
capacitance of water compared to air [12,13]. Water scarcity in arid
regions presents another logistical/economical issue as water must be
imported from long distances to where CSP should be installed, i.e.
where DNI is most elevated and that is usually the driest parts of the
region. This is a serious issue for renewable energy application as for
example, the Middle East North Africa (MENA) region is known as one
among the highest in solar radiation, however, it is also the most
water-scarce region in the world [14].

2. Literature review
2.1. SPT and aerosols effect

Aerosols effect on most of the CSP technologies is at best considered
in the used weather file, which describes the incoming irradiance among
other important metrological parameters. This can be captured as rela-
tively low values of DNI in the weather file. However, the aerosols effect
on the reflected irradiance from the reflectors towards the receiver is
usually neglected as most CSP receivers are within a very short distance
from their respective reflectors. In contrast, the effect of aerosols on the
reflected irradiance of the SPT technology is most likely to be big and not
to be neglected due to the large slant ranges of the SPT and this cannot
be encapsulated in the weather file.

The topic of solar irradiance extinction in SPT plants has been
studied since the 1970s when the Vittitoe and Biggs model was intro-
duced and implemented in the DELSOL code for SPT solar fields [15].
However, this model was limited in terms of elevations, atmospheres

and aerosols conditions, therefore its accuracy is limited [16]. Subse-
quently, this issue has been addressed by developing the Radiative
Transfer Models (RTM), e.g. Pitman & Vant-Hull [17], Ballestrin &
Marzo [18]. Based on these models, ray-tracing tools have been devel-
oped for more accurate solar extinction of the reflected irradiance in the
SPT solar field, e.g. HELIOS, MIRVAL and SAM. The substantial
improvement in this issue occurs when solar extinction is measured
adequately at ground level in Plataforma Solar de Almeria-PSA [19] and
by using models based on the local AOD parameter and validated with
PSA measurements [20].Among these models, the Polo model [20] is
one of the most used. The model includes the effect of aerosols in the DNI
attenuation through the integration of the Aerosols Optical Depth (AOD)
in addition to the slant range. This model has lead other studies to
project the effect of aerosols on the techno-economic aspects of the SPT
by different methods, namely: effect on the AEG based on different AOD
values [20], and testing the temporal resolution variation effect on the
AEG [21].

Despite the fact that the vast majority of the SPT techno-economic
studies in arid regions does not include the effect of the aerosols on
the reflected irradiance of the solar field [22-26], a previous work of the
authors has assessed this effect through a parametric analysis with a
variation of the TES and solar field size for a 50 MW SPT in Kuwait [27].
The study examined reported a maximum of 7.7 % decrease in the AEG
when considering a daily aerosols resolution effect on the reflected
irradiance of the solar field compared to the no-aerosols scenario. All
SPT are subject to more or less suffer from the aerosols density in arid
regions, and bigger SPT plant capacities, which requires larger solar
fields, are likely to suffer more from the aerosols density.

2.2. CSP hybridization

The integration of TES has given a great advantage to CSP technol-
ogies enabling them to extend their daily operational hours and thus
obtain higher Capacity Factors (CF); CF that can hardly be achieved in
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Fig. 2. The site adaptation of 5 years MERRA-2 AOF data with the assistance of 1 year ground measured data of AERONET.

other renewable energy technologies including WT [28]. This has
limited the WT in terms of being used as a baseload electricity provider,
despite the WT’s capability of providing low cost electricity compared to
CSP [29]. Hence, a CSP-WT hybridization can be considered viable so-
lution as this configuration can benefit from the WT’s decreased LCOE
values and the CSP’s increased CF.

Thus far, CSP-WT hybridization has been thoroughly studied. For
instance, Sahin [30] simulated different capacities of solar and wind
after defining the correlation of each technology’s potential in the
Arabian Peninsula. Similarly, Kost et al. [31] examined different
CSP-WT capacities in the MENA region and concluded that the hybrid
configuration comes with a lower cost compared to the standalone CSP.
Sioshansi and Denholm [32] examined different percentages shares of
CSP-WT hybridization fixing the solar field represented by a Solar
Multiple (SM) at 1 and varied both the technologies’ capacities. The
study concluded that a minimum of 67 % share of CSP is required for the
hybrid configuration to be economically beneficial. Further, Vick and
Moss [33] simulated a 100 MW hybrid model with an alternation of 33
% and 67 % of the CSP-WT shares while fixing the CSP’s TES to 6h. They
have found that the wind farm with 67 MW and the CSP with 33 MW
delivers the best techno-economic outputs.

Despite the large amount of CSP-WT work that exists, the literature
still lacks of a work that gradually varies both the solar field size and the
TES for different plant capacities along with different capacities of WT.
Most of the previous work has focused on the variation of each tech-
nology’s capacity share disregarding the key design parameters of the
CSP, i.e. TES and SV; it is necessary to first optimize these parameters to
fully exploit the solar resources by the deployment of a TES. Only then,
an optimization of the CSP-WT capacity share can be more accurate and
provide more meaningful results. This can be accomplished through a
parametric analysis that varies the solar field size paired with a variation
of the TES along with the WT hybridization. The importance of such a
study lies in the potential of locating a resized solar field-TES configu-
ration for different numbers of WT. The latter will drive the LCOE down,
while keeping a threshold for both the CSP capacity and the TES size will
ensure that both the AEG and the CF remain at high values. A simplified
schematic of the proposed hybrid plant is illustrated in Fig. 1.

The heliostats field reflects the incoming DNI towards the tower top
receiver. Then, the HTF passes through the receiver to absorb as much
thermal energy as possible from the reflected irradiance. The heated
HTF is sent directly to the power block or to the TES for later usage. At
the power block, the heated HTF raises steam that enters a typical
Rankine cycle, and finally the cold HTF is sent to the cold TES tank. As
for the steam, after generating electricity, it is condensed at the

condenser. In this work, three condenser scenarios are considered: air-
cooled, water-cooled and hybrid condenser with both air- and water-
cooled parts mounted in parallel. The generated energy of the SPT is
combined with that of the WT before being exported to the grid.

2.3. Water consumption

Water scarcity is a serious problem in the MENA region in which
countries such as the Arabian Gulf are suffering from the lack of both
surface and ground water. Kuwait for instance, has negligible surface
and ground waters reserves [34]. This water scarcity has a negative
effect on the costs of electricity generation as the required process water
is provided through Reverse Osmosis of sea water; a relatively energy
intensive process [35].

Since CSP emerged as a reliable renewable energy technology, a
great deal of attention has been dedicated towards the air-cooled con-
densers as a reasonable solution for limited water availability for solar
applications [36,37]. However, the water-cooled condensers remain as
the most efficient cooling type due to its higher heat capacitance,
especially in arid regions [38]. In addition, the air-cooled condensers are
known for their higher CAPEX compared to these water-cooled ones
which can reach up to three folds [39]. On the other hand, the wet
cooling option can be an impossible application in some remote arid
sites as the water production and transport is too difficult for such
locations.

Since water cannot be totally discarded as it is needed for washing
the solar field reflectors, therefore, the hybrid cooling option has
recently gained an increasing amount of attention; water usage can be
limited to the hottest periods of the day/year. Researchers have been
keen to observe the hybrid cooling performance with regards to water
consumption analysis [40] and AEG [39,41], where it is commonly
found that the hybrid option consumes less water compared to the water
cooled condenser, however with a penalty in the AEG. Also, the work of
El Marazgioui and El Fadar [42] has agreed with previous findings of
wet cooling superiority in having higher AEG; however, their work also
found that both dry and hybrid condensers have drastically cut down the
water consumption. These findings agree with the results of the previous
work of the authors [27] which dynamically sized both sides of the
hybrid condenser based on the mean dry bulb temperature and thus
limited water usage for hot periods of the year.

2.4. Objectives

The main goal of the current work is to assess all the important
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Fig. 3. The TAY assembly from the site adapted AOD data (adopted from Ref. [27]).

performance indicators, such as the LCOE, AEG, CF and, especially for
arid regions, water consumption in the evaluation process of all the
possible configuration of a hybrid SPT-WT plant. The objectives are
summarized as follows.

e To set-up and validate the SPT and WT models in the System Advisor
Model (SAM) simulation tool.

e To integrate the AOD in the SPT performance model in SAM.

e To hybridize the SPT with different capacities of WT.

e To perform a techno-economic assessment of the hybrid SPT-WT
configuration for different TES and SM ranges and different
condenser cooling options.

3. Materials and methods
3.1. Metrological data

The metrological data has a great effect on the simulation outputs of
the renewable energy technologies. Thus, the accuracy of such data is
essential, and the weather file used for the SPT simulation is in the best
available form (ground measured data) for the case study location, i.e.
Shagaya Renewable Energy Park (SREP) in Kuwait. The weather file is in
the form of Typical Metrological Year (TMY) which is basically a long-
term data represented by the most typical manner in the form of a sin-
gle year. This file has been provided by the Kuwait Institute for Scientific
Research (KISR) for the benefit of this work.

Despite the TMY’s inclusion of the most important weather param-
eters for a CSP technology, it only describes the incoming irradiance and
does not include any parameters that describe the probable attenuation
on the reflected irradiance from the reflectors towards the receiver. To
do this then the most important factor of this probable attenuation, i.e.
aerosols are quantified in this work by an entire year of AOD forming a
Typical Aerosols Year (TAY). This TAY is a product of a site adaptation
process that takes the advantage of one year of the highest quality
ground measured AOD data from the Aerosols Robotic Network (AER-
ONET) [43] station in the case study location in addition to a robust five
years of AOD data acquired form the Modern-Era Retrospective analysis
for Research and Applications Version 2 (MERRA-2) reanalysis model
and this is illustrated in Fig. 2.

The inclusion of a multiple year data set is to avoid any short-term
data abnormalities that might exist in the one-year ground measured
data. It is clear that the AERONET ground measured data used in this
work helps in lowering the interpolated AOD values of the MERRA-2 as
the 5 years average decreases from 0.429 to 0.326 (dimensionless
parameter).

After the site adaptation, a TAY that represents the typical AOD data
has been assembled based on the most typical long and short monthly
behaviors of AOD over the entire 5 years site adapted period. This has
been accomplished with the assistance of the Finkelstein-Schafer sta-
tistics (FS) technique which is able to measure the closeness of both the
long and short monthly behaviours as follows [19,44]:

Z| =
M=

||
—

FS= |CDF(giy — CDFy m(ai) (€D)]

i

where CDFyg; is the long-term cumulative distribution function of the
indices (d;) daily mean, CDF, ;q; is the short-term cumulative distri-
bution function in year y and month m and N is the days number in the
corresponding month. Once the site adaptation is completed, the TAY
assembly is carried out by selecting the months with the closest
CDFy pm(gi) to the CDF,q; and thus forming an entire year as shown in
Fig. 3 [27].

The TAY results in an AOD yearly average value of 0.3205, which has
been used in the atmospheric attenuation function of the SPT in this
work as well as the previous work of the authors [27]. It is worth
mentioning that no later data of the same quality has been measured by
the same station of the case study location which limits this work’s
ability to use a more recent data. This value is to be integrated in the SPT
performance model in the simulation tool used in this work, i.e. SAM. As
for the wind resource data, the wind speed and direction among other
important metrological parameters for the WT simulation have been
acquired form the PVGIS [45].

3.2. System Advisor Model simulation tool

The main simulation tool of this work is the SAM, which is a transient
simulation tool that has multiple renewable energy performance models
including CSP and WT. The tool approximates a transient system via
running a series of steady state solutions over one year period on an
hourly resolution. This feature gives accurate hourly outputs which is
essential for renewable energy systems due to their intermittent nature.
Another substantial advantage of the tool is that it includes both the
technical and economic aspects of the simulated technology which
permits the user to carry out accurate techno-economic assessments.
Also, the tool permits users to import user assembled weather files be-
sides the option of choosing the existing files of the weather library. This
is important especially when ground measured data is available as this
type of data represents a more accurate input to the tool compared to the
widely used satellite data. In addition, the SAM offers a couple of ways to
automate the performance models, namely the System Development Kit
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(SDK) and the Language Kit (LK). The former enables the user to auto-
mate the tool from outside of the simulation core via multiple languages
such as C/C++, JAVA, Python, Matlab, while the latter enables the user
of automating the SAM from the inside of its simulation core [46].

3.2.1. Solar power tower model

Since the SPT’s subcomponents mathematical representations have
been thoroughly detailed in the literature [47,48], in this work, only the
SPT subcomponents of importance are shown in detail.

3.2.1.1. Solar field. The calculation of the solar field incident thermal
energy (Qrieq) is carried out by the SAM as follows [49]:

Qrietd = Npel - Anet - DNI )

where Np is the number of heliostats and Ay, is the area of a single
heliostat in the solar field. The solar field is supposed to entirely reflect
the incident thermal energy at the receiver, however, the solar field of
the SPT, as do other CSP types, suffers from specific type of losses which
define the optical efficiency of the solar field (77,,):

r’opt =Meos Mat - qsp - Msab (3)

where 7, is the cosine loss, 7, is the attenuation loss, 7, is the spillage
loss, 7., are the losses due to the shadowing and blocking [50]. The
conventional set up in the SAM only considers the distance effect in the
attenuation loss 7, and that is in the form of a third order polynomial.
An introduction of aerosols representative coefficients is necessary in
order for the polynomial to include the most important factor in the
probable attenuation of the reflected DNI as follows:

A(%)=aS® +bS* +cS+d 4

The mathematical calculation of the four polynomial coefficients is
carried out in this work based on the Polo model [20], which integrates
the effect of the aerosols in addition to that of the distance. The Polo
model is given as follows:

a=3.13A0D®>-1.9 AOD? + 1.6 AOD - 0.133
b=-14.74 AOD® + 2.49 AOD? - 11.85 AOD + 0.544 (5)
¢=28.32 AOD® - 7.57 AOD? + 48.74 AOD + 0.371

d=-2.61 AOD? + 3.70 AOD?* - 2.64 AOD + 0.179

Eventually, the incident thermal energy that manages to reach the
receiver after being affected by the aerosols among the other optical
losses of the solar field is calculated as follows [51]:

Qrec :Ahel . Nhel .DNI . ”up[ (6)

Also, the relation between the energy delivered from the solar field
size and that needed at the power cycle is described by the SM, which is
the ratio of the thermal power produced by a specific solar field size at
the design point to the power required at the power cycle block at
nominal conditions [5]. In other words, a SM of 1 basically represents a
solar field size with which the plant should deliver just enough power
directly to the power block with no excess power. While a SM of 2 can
provide the sufficient power requirement at the power block in addition
to an equivalent amount of excessive power (to co-generation or the TES
for later usage). The SM can be calculated as follows [52]:

_ Quiea
Qpp

where Qy is the thermal power required at the power block for nominal
conditions operation. Also, a variation of the SM is projected at the
tower height and thus, a variation of the slant range. The relation be-
tween the SM and the tower height can be expressed as follows [53]:

SM

)

Results in Engineering 24 (2024) 102968

hSM = h* Vv SM (8)

where the h is the tower height for a SM = 1 while the hgy, is the tower
height at any other specific SM value.

3.2.1.2. Thermal energy storage (TES). In this work, the TES is simply
represented by the number of full hours that the storage system can
deliver to the power block at its rated capacity. In terms of thermal
energy, the amount of energy required for the desired number of full
load hours of TES within the designated range can be calculated as
follows:

Qres = Qurr * & ©

where ¢ is the number of TES full load hours and Qg is the required
thermal energy to be transferred to the HTF which can be obtained based
on the solar field output and the efficiency of the receiver as follows:

QHTF = Qrec * Nrec (10)

The receiver efficiency 7,,. is based on multiple probable losses that
the receiver suffers from and is broken down in more detail in the
supplementary materials.

Then, in order to store the corresponding volume of molten salt that
can store the desired thermal heat in the HTF (Qgrr), the mass of the HTF
must be calculated. This can be obtained as follows [54]:

Qrzs _ Qurr * t
CP * ( Thot - Tcold) CP * (Thot - Tcold)

My = an

where Cp is specific heat of the molten salt, Ty, and T4 are the hot and
cold tanks temperatures, respectively. Hence, the volume of the molten
salt Vg is obtained as follows [55]:

Ve = 12)

where pyp is the HTF density. This eventually shapes the TES tank size
(V1gs) as follows:

Vigs =—— 13)

3.2.1.3. Power block (condenser scenarios). Despite the reported lower
performance of the air-cooled condensers in the literature, the latter can
sometimes be an obligation rather than an option in arid regions due to
water scarcity. On the other hand, a water consumption elimination in
the CSP plant is not, as of yet, a solution in the reality as all CSP plants
require water to clean the reflectors. Based on the latter, a trade off
solution is proposed in this work by the assessment of a hybrid
condenser scenario which only consumes water when it is needed. That
is avoiding water consumption when the ambient air temperature is low
enough to perform as good, or close to, the heat rejection process in the
power cycle as the water would do. Thus, when the ambient temperature
is high in the summer period, the water-cooled side of the hybrid
condenser is activated. This being said, based on the reference ambient
temperature a switch takes place from air to water cooling and vice
versa.

The dry bulb temperature is considered as the reference temperature
in this work as it describes the air temperature. Along with that, it is
taken as a measurement for the performance of the air-cooled power
cycle as it has been found that beyond certain air temperatures, a clear
drop of the efficiency of the air-cooled condenser takes place. In this
work, both 32 °C and 37 °C are taken as reference temperatures for
scheduling two hybrid condenser operating strategies as these results
have been found to be on the threshold of having a noticeable and a
serious efficiency drop, respectively [56].

In an air-cooled based Rankine cycle, the cycle efficiency is a unique
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Fig. 4. The SAM hybrid condenser system control for (a) the 19 % hybrid scenario and (b) the 30 % scenario [27].

function of the dry bulb temperature (T4) and can be obtained as follows
[57]:

ng= — 0.1468 T, + 22.526 14

On the other hand, in the water-cooled condenser, both the dry bulb
temperature and the relative humidity are of importance in the effi-
ciency of the power cycle. This is because the difference between the wet
and dry bulb temperatures depends on the humidity in the air (wet and
dry bulb temperatures are equal at 100 % humidity [38]). Thus, the
water-cooled condenser efficiency is obtained as follows:

My =a($)Ta+b(¢) (15)

Where ¢ is the relative humidity, and a and b can be obtained as follows:

a(¢) = —0.102 ¢ — 0.0684 (16)

b(¢) = — 0.305 ¢ + 24.26 a7

The SAM enables the user to assign the ambient temperature at
design and this is known as the temperature at which the power cycle is
supposed to operate at its rated efficiency. For an air-cooled condenser,
the ambient temperature at design must be the dry bulb temperature,
while conversely it should be the wet bulb temperature in the case of the
water-cooled condenser [57,58]. The current work has employed the
average wet/dry bulb temperatures from March to September of the
weather file as the design temperatures because this period of the year is
the period at which CSP is usually expected to deliver its highest pro-
duction [59].

Consequently, based on the two dry bulb temperatures that have
been assigned as the reference for both scenarios in accordance with the
dry bulb temperature profile in the used weather file of the case study

Results in Engineering 24 (2024) 102968
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location, the two hybrid condenser scenarios are set up as follows: 30 %
of the annual hours are found to be superior than a dry bulb temperature
of 32 °C, thus the water-cooled side of the hybrid condenser is only
activated for 30 % of the year time and thus the first hybrid scenario is
named accordingly: 30 % hybrid condenser. On the other hand, only 19
% of the year have been found to be superior to 37 °C which insists on
activating the water-cooled side and thus the second scenario is named
as 19 % hybrid condenser. This has been automated in the SAM for every
hour of the day over the entire year as it is illustrated in Fig. 4.

3.2.1.4. SPT model validation. As the SPT is one of the most sensitive
and complex CSP technologies, and this is mostly due to the solar field
configuration, the simulation in this work is carried out with two steps
validation. The first step of the validation is accomplished against data
from the commercial SPT of Gemasolar [60] in Sevilla, Spain (see the
supplementary materials for more details). This step is carried out to
prove the tool’s compatibility in simulating real life applications.
Further, the second step is carried out only because the required SPT
capacity for this work (50 MW) is limited in terms of the available
published data from commercial plants of the same capacity. Hence, a
validation against a 50 MW SPT simulated published data [61] has been
carried out and the results can be found in a previous work of the authors
[27]. Both validation steps yielded good agreement as no more than a
5.7 % deviation has been found in the AEG and the CF. A maximum
deviation of 8.8 % has been found in the LCOE between this work and
the data derived from Ref. [61] and this is most probably due to the
different economic parameters used by the authors for their specific
location.

This work’s base model inputs have been mainly based on the data
from Ref. [61], as it is of a similar plant capacity. However, some specific
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Table 1

SPT technical parameters.

parameter

description

System Design

Tower and Receiver

Heliostats Field

Atmospheric
attenuation

Solar multiple
Irradiation at design
HTF hot temperature
HTF cold temperature
Full load hours of
storage

Tower height

Receiver diameter
HTF type

Receiver flow pattern
Layout configuration
Heliostats length
Heliostats width
Water usage per wash
Annual averaged AOD
Polynomial coefficient

1 to 3.8 (with a step of 0.4)
700 W/m?

565 °C

290 °C

0-18 (with a step of 3 h)

Obtained from optimization
(SolarPILOT)

Obtained from optimization
(SolarPILOT)

Molten Salt (60 % NaNOs + 40 %
KNO3)

Configuration 2

Always optimize

12.2m

12.2m

0.7 L/m?

0.3205

—0.0037298

0
Polynomial coefficient 0.154
1

Polynomial coefficient —0.0348

2

Polynomial coefficient 0.0028768
3

Power Cycle Air-cooled, wet-cooled and
Hybrid

31.6 °C for the air-cooled and

Condenser type

Ambient temperature

at design hybrid condensers
14.3 °C for the wet-cooled
condenser
Thermal Energy Storage type Two tanks
Storage Tank height 20 m
Table 2

Technical characteristics of the 10 MW wind turbines in SREP (adopted from
Ref. [64]).

Parameter Details

Turbine make and model Siemens_Gamesa G97

Rated power per turbine (MW) 2
Number of turbines 5
Hub height (m) 78.98
Rotor diameter (m) 97
Swept area (m?) 7390
Wind cut-in speed (m/s) 3
Wind rated speed (m/s) 11
Wind cut-off speed (m/s) 25
Distance between wind turbines (m) 330

inputs, such as the atmospheric attenuation polynomial function co-
efficients and condenser temperature at design, have been figured out
specifically for the location of SREP. Table 1 shows the inputs of the SPT
model  which has been simulated in  the SREP
(47.06°W/29.20°S/47.16°E/29.30°N) where another 50 MW CSP
(Parabolic Trough Collector), 10 MW WT and 10 MW PV plants are
already in operation.

3.2.2. Wind turbines model

The WT used is Siemens-Gamesa G97 type, i.e. an identical type of
the 10 MW pilot plant WT that is already in operation in SREP. The
generated energy from this type of WT can be estimated from the turbine
power curve that is provided by the manufacturer’s catalogue [62] and
this can be found in the supplementary materials. Based on the power
curve, the following expression can provide the power of the simulated
WT at any given hub height and wind speed [63]:

Results in Engineering 24 (2024) 102968

vk -1k

S PrveSv<w
Purly=d R as8)
wr(t) = Prvr <v<wo

0 v<vecand v>vy

where v is the location’s wind speed (m/s), v¢ is the cut-in wind speed,
Vo is the cut-out speed, vy is the rated wind speed, k is the Weibull shape
factor and Py is the rated power of the wind turbine.

3.2.2.1. Wind turbines validation. In a similar step to the SPT model
validation, the WT here have been validated against the 10 MW wind
farm in the SREP. The technical data of the operational 10 MW wind
farm in SREP has been derived from Ref. [64] and are shown in Table 2
as follows:

Since the 5 WT of the 10 MW pilot plant are positioned in the north
eastern part of the SREP rectangular shape, this work has simulated the
first 5 WT in the exact same position as that in the pilot plant. Further,
different numbers of WT have been simulated on the extension of the
inclined upper border line of the SREP using the SAM’s wind farm po-
sition import feature along with the approximate geometries of Fig. 5
(a). Other WT positioning and alignment scenarios have been simulated
(see the supplementary materials), however, none of which has gener-
ated as good as the one implemented in reality in the SREP.

In addition, since the weather file is obtained from a freely available
reanalysis model (PVGIS) in the form of a TMY, the wind speed is
calculated at 10m of height. This hub height does not suit the simulation
of the WT in this work as the WT in SREP are of 78m hub height. This can
be resolved by interpolating the wind speed using the following corre-
lation of the power law exponent as a function of the wind velocity and
height [65]:

037 = 0.0881n (Uyy)

19
1-0.0881n (%f)

where Uy is the mean wind speed at the reference height Z.s. Thus, the
wind speed at the desired height Uz can be obtained as follows:

U, (2 “
Uz B <Zref> 0)

re

3.2.3. SPT-WT hybridization

The integration of multiple renewable energy performance models in
the SAM simulation tool is possible through the Generic Model feature.
However, the Generic Model feature has only the ability to combine two
or more already calculated performance models of several renewable
energy technologies, while the automation of the combined models is
not possible. This limits the ability of the SAM user in running any
desired variation of one or more variable in one or both individual
performance models in the combined configuration.

However, with the assistance of the provided LK automation tool, the
user can perform mathematical operations on the individual separated
performance models of different renewable technologies in the SAM in
order to obtain the results of an integrated hybrid system. This can be
achieved through the application of a parametric analysis which varies
the design parameters of both technologies and then aggregate the
outputs of each technology. This process can be done for the figures of
interest, such as AEG, water consumption, CF and CAPEX.

3.3. Economics

The SAM financial model has got one of the most integrated and
comprehensive economic tools and it uses different economic scenarios,
e.g. Power Purchase Agreement (PPA), Single owner, partnership, etc.
[66]. In this work, the single owner scenario is chosen as it fits the
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Fig. 5. (a) WT pilot plant in SREP [64] and (b) a total of 25 WT represented in the same location.

Table 3
LCOE calculation economic and design figures.
Parameter Details description
SPT Capacity 40-110 MW -
(gross)
AEG Case dependent Calculated and called from
SAM
O&M fixed costs 66 $/kW-y NREL [73]
O&M variable 3.5 $/MWh
costs
PPA price 85 ¢/kWh
Total installed Case dependent Calculated and called from
cost SAM
Net capital cost Case dependent
WT Capacity 0-60 MW (net) -
AEG Case dependent Calculated and called from
SAM
O&M fixed costs 42 $/kW-y NREL [74]
O&M variable 0 $/MWh
costs
PPA price 4 ¢/kWh
Total installed Case dependent Calculated and called from
cost SAM
Net capital cost Case dependent
Hybrid Inflation rate 2.4 %/year For Kuwait [75]
plant Real discount 3.5 %/year For Kuwait [76]

rate

Nominal
discount rate
Annual interest
rate

Federal tax

State tax
Term tenor
Debt size

Debt upfront fee
Debt closing fee
Interest on
reserves
Insurance rate

5.98 %/year
4%
17 %

0%

18 years

50 % of total
installed cost
450000 $

2.75 % Of debt
1.75 %/year

0.5 % of total
installed cost

Calculated and called from
SAM
For Kuwait [77]

Kuwait Corporate, Zakat
and KFAS tax [71]

Default values in SAM

Table 4
The WT validation against the reported data in Ref. [64].
Present Reported data Reported data Contractor
work for the 1st year for the 2nd year  guarantee
AEG (GW/y) 34.1 39.6 36.9 35.2
Capacity 38.9 45.2 42.1 -

Factor (%)

country’s policy for government renewable energy shift under the 2030
vision of new Kuwait [67].

3.3.1. Hybrid SPT-WT configurations’ economics

The SAM software, along with the nested LK scripting language, have
been used to automate the calculation of the LCOE for any integrated
SPT-WT system while varying the design variables in the performance
models of the hybrid configuration. Both SPT and WT models have been
simulated individually, and the LK has been used in order to break down
the LCOE cash flow sheets of both individual models. Then all the
essential economic figures that contributes in the calculation of the
LCOE in each individual performance model has been added up in order
to calculate a LCOE for all the SPT-WT hybrid configuration. The
following equations (20)-(34) are adopted from the SAM cash flow data
sheets [68] for the LCOE calculations as follows:

Z:*I Cn

—Co —
LCOE = 0 (;*dnanu'nal) (21)

n=1
(Tt drea)”
where Qj, is the Net Present Value (NPV) of the AEG over the entire
analysis period N, Cp is the project equity, C, is the NPV of the annual
costs of the project, dpq is the discount rate, dyoming is the nominal
discount rate and n is the analysis year [69]. The NPV of the AEG is
calculated as follows:

AEG,
(1 + dreal)n

The AEG of the hybrid plant is the sum of both technologies energy
generation:

Qn- (22)
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Fig. 6. Aerosols inclusion effect on the standalone SPT for (a) 50 MW with 0 h TES, (b) 50 MW with 18 h TES, (c) 100 MW with 0 h TES and (d) 100 MW with 18

h TES.
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Table 5
The 50 and 100 MW standalone SPT optimal TES-SM outputs based on the annually averaged AOD and compared to the no aerosols scenario.
50 MW
TES Optimal SM Thermal power from SF (MWy,) Total absorbed energy (MWy,) AEG (GW) LCOE (¢/kWh)
h _
() O Annually averaged No Annually averaged No Annually averaged No Annually averaged No
AOD aerosols AOD aerosols AOD aerosols AOD aerosols

0 1.4 291.7 297.6 273.8 279.4 91.8 94 19.2 18.6
3 1.8 400.8 434.9 378.7 412.4 134.9 138.1 15.6 15.2
6 2.2 507.8 563.9 479.2 534.7 175.4 180.2 14.1 13.6
9 2.6 606.1 680.4 574.7 648.2 212.1 219.4 13.2 12.8
12 2.6 660.3 734.4 628.6 702.1 2279 243.3 12.7 11.9
15 3 763.7 860.1 725.1 820.7 265.8 284.1 12.3 11.5
18 3.4 843.7 963.2 799 917.3 300 317.8 121 11.4
100 MW
TES Optimal SM Thermal power from SF (MWy,) Total absorbed energy (MWy,) AEG (GW) LCOE (¢/kWh)

(h) -) Annually averaged No Annually averaged No Annually averaged No Annually averaged No

AOD aerosols AOD aerosols AOD aerosols AOD aerosols

0 1 507.6 531.7 482.4 506.3 157.1 166.5 18.6 17.6
3 1.4 717.8 793.8 683.9 759.1 236.6 254.2 15.3 14.3
6 1.8 922.3 103,8.9 878 993.5 311.2 3355 14 13
9 2.2 1116.3 1272.6 1063.1 1217.8 380.8 411.6 13.3 12.3
12 2.6 1324.3 1534.7 1254.7 1462.9 456.9 494 12.7 11.8
15 3 1517 1778.7 1438.8 1697.9 527.6 570.5 12.4 11.5
18 3.4 1659.5 1979.2 1573.7 1890.3 574.2 630.2 18.1 16.6

AEG, = AEGgpr, + AEGyr, (23)

In a similar manner, the NPV of the annual costs is calculated as
follows [70]:

__Annual Costs,
" (1 + dnominal)n

While the AEG is simply both the SPT and the WT energy generation
on annual scale, the plant annual costs involves all the considered eco-
nomic parameters of both technologies and is calculated as follows [68]:

(24)

Annual Costs, = federal tax benefit, + state tax benefit, — total expenses,
— working capital reserve funding,
— working capital reserve realease of funds,
— debt service reserve funding, — debt service reserve release of funds,
— debt interest payement, — debt principal payement,
+ interest on reserve,
(25)
Since Kuwait is a state with multiple governorates (which are not
subject to taxation), the total tax rate in the SAM has been assigned a
value of 17 %, i.e. an aggregation of the corporate tax of Kuwait (15 %),
both Islamic compulsory charity (Zakat 1 %) and the Kuwait Foundation

for the Advancement of Sciences (KFAS) support (1 %) [71]. The total
tax benefit and income are calculated as follows:

total tax benefit, = total taxable income,*tax rate coporate-+zakat+kras (26)

This makes the federal and state taxable incomes available as follows
[68]:
total taxable income, = EBITDA,, + interest on reserve,

— debt interest payement, @7

where EBITDA is the Earnings before Interest, Taxes, Depreciation and
Amortization and is calculated as follows [72]:
EBITDA, = total revenue, — total expenses, (28)

As for the interest on the reserve and the debt interest payment, these
are calculated as follows:

interest on reserve,, = total reserve,*reserve interest (29)

10

debt interest payement, = debt ending balance,_, — term interest rate,
(30)

The total expenses include all the spending of the plant and these are
calculated as follows [68]:

total expenses, = insurance, + electricity purchase,
+ O&M production based expenses,,

+ O&M production capacity expensesy [€29)
where the electricity purchase is the cost of the electricity that the plant
purchases from the grid when it is required. Since the WT does not
require any electricity from the grid, the electricity purchase is a unique
function of the amount of electricity required for the SPT based on an
agreed Power Purchase price (PPA). The same PPA can be used for
specifying the price of selling the power unit, which makes the total
revenue a function of the AEG and the PPA as follows:

total revenue, = AEGspr.. wr*PPAspriwr (32)

It is worth mentioning that despite the reasonable amount of infor-
mation that exists in the literature about the PPA of renewable energy
technologies, such as SPT and WT, there is a lack of such price details for
a combined system. Thus, the PPA in this work has been calculated
based on both the SPT and WT PPA prices from the NREL in addition to
each technology’s individual capacity share from the overall hybrid
plant capacity as follows:

. Capacitywr

. Capacityspr
Capacityspr,wr

PPASPT+WT = PPASPT‘, N + PPAWT (33)
Capacitysprswr

Also, the O&M capacity based expenses of the hybrid plant, which is

a part of the total expenses, is calculated in a quite similar manner as

follows:

. ] Capacityspr
0&M = Fixed Costsspr* ————————
capacitysprwr = Fixed Costsspr Capacitysprwr
C .
+ Fixed CostSWT*M oo
Capacitysprwr

The O&M production based expenses is uniquely a factor of the SPT
variable expenses as the variable costs of the WT is equal to zero:

O&M productiongpr, wr = Variable Costsgpr*AEGspr (35)
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Fig. 7. The performance of a 100 MW hybrid SPT-WT model with different shares of both technologies compared to the 100 MW standalone SPT with and without

considered aerosols for (a) 18h of TES and (b) Oh of TES.

The lifetime of the project is 25 years, and the main economic as-
sumptions and parameters are shown in Table 3.

4. Results & discussion

4.1. SPT & WT models validation

The validation of the SPT base model for this work has been origi-
nally carried out in a previous work by the authors [27] (see for details
the supplementary materials). The validation is based on two steps in
which the SPT base model has been validated against both commercial
scale and simulated data from the literature. In addition, the WT
modelling results have been compared with pilot plant data (over two
years) from SREP that is available in Ref. [64]. As depicted in Table 4 the
modelling results are in good agreement with the pilot data:

The deviation of this work’s results compared to the first year of

11

operation of the WT plant is found to be equal to —13.9 %. This improves
in the second year to —7.59 %. Interestingly, the contractor company
had assured a 35.2 GW/y, which is only —3.13 % from the modelled AEG
in this work. The differences can be attributed to the weather file that we
have used. This is a TMY file that describes the metrological conditions
over an extended period of time, and it is expected to give more accurate
results when compared to the long-term operational data.

4.2. Aerosols impacted SPT performance

Regarding the assessment of the aerosols effect, it is critical to select
a specific point to assess the solar field performance as both the TES-SM
are expected to majorly contribute in the definition of the aerosols effect
on the AEG. Thus, for simplicity, the TES and SM configurations with the
probable best techno-economic outputs (18h and 3.4 of SM) has been
chosen as reference point at which the AEG is observed. In addition, the
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configuration with the same SM value but with no TES inclusion is
examined in Fig. 6, which illustrates the assessment of both SPT 50 MW
and 100 MW capacities.

An increase in the TES capacity results in an increase in the AEG.
However, as it can be seen in Fig. 6, the effect of aerosols on the TES
scenario is greater than without TES. This is due to the fact that in the
case where there is no TES included, a limited amount of thermal energy
is reflected on the receiver and thus attenuated by the aerosols. The
limitation is set by the small SM of the solar field which is only enough to
run the power cycle at its rated capacity without any excess. On the
other hand, in the case where a TES is included, a large value of SM is
required to fully exploit the TES, hence more thermal energy from the
solar field is used, thus more attenuation is found.

Since the SM represents the solar field size relative to the plant ca-
pacity, a similar value of SM does not represent the same solar field size,
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Fig. 8. The variation of the annual energy generation for different SPT + WT capacities based on 4 scenarios: (a) water-cooled condenser, (b) air-cooled scenario, (c)
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thus the solar field sizes in Fig. 6 are not of the same size. For instance,
the solar field of the 100 MW standalone SPT is larger than that of the 50
MW standalone SPT despite having a similar value of SM (here 3.4). In
addition, regarding the reflectors shading effect, the reflectors, in the
case of the SM is to increase, are added at the outer circumference of the
existing ones. As a result, larger slant ranges from larger solar fields are
produced which theoretically should amplify the effect of the aerosols
on the reflected irradiance. The latter is indeed what is found in this
work, however, not with a sharp amplitude. For example, the difference
found between the AEG of the 50 MW SPT that is impacted by aerosols
and that of the no aerosols SPT of the same capacity (and the same 18h
TES and 3.4 SM) is found to be 5.8 % and the difference in the AEG of the
same cases but for the 100 MW SPT is found in this work to be 9.1 %.
As depicted in Table 5, the deviations in the AEG due to aerosols
inclusion result in deviations in the LCOE. The deviation in the AEG is
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Fig. 8. (continued).

Table 6
Performance comparison of the different condenser types for 50-100 MW SPT. The water-cooled condenser is used as reference point for comparisons.
Condenser Type
Wet-Cooled Air-Cooled 30 % Hybrid 19 % Hybrid
50 MW 100 MW 50 MW 100 MW 50 MW 100 MW 50 MW 100 MW
Annual Energy 3E+08 5.89E+08 2.77E+08 5.41E+08 2.92E+08 5.73E+08 2.9E+08 5.7E+08
Generation (kWh)
Deviation (%) N/A N/A -7.7 —8.2 —-2.7 —-2.7 -3.3 -3.2
Water Consumption (ms/y) 973449 1956066 68216.6 143407 440821 889138 305507 617549
Deviation (%) N/A N/A -93 -92.7 —54.7 —54.5 —68.6 —68.4
Levelized Cost of Energy (¢/kWh) 12.1 12.3 13.2 13.5 12.6 12.8 12.6 12.9
Deviation (%) N/A N/A 8.3 8.8 4.4 4.3 4.4 5.2
Capacity Factor (%) 68.5 67.3 63.2 61.8 66.6 65.4 66.3 65.1
Deviation (%) N/A N/A 7.7 8.2 2.8 2.8 3.2 3.3

13
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Table 7

The upper and lower limits of the variables based on the assigned step sizes.
Parameter Lower bound Upper bound Step size
SPTeapacity 50 100 10
SM 1 3.8 0.4
TES 0 18 3
WT, 0 25 5

first captured in the form of less reflected thermal energy from the solar
field to the receiver. As a consequence, less thermal energy is transferred
from the receiver to the HTF and thus, less thermal to electrical energy
conversion. This is project at the LCOE as the latter is deviated as a result
of the AEG deviation. For the 50 MW capacity, the LCOE of the no
aerosols scenario is found to be 5.9 % less than that of the annually
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averaged AOD scenario. As for the 100 MW capacity, the LCOE of the no
aerosols scenario is found to be 9 % less than that of the annually
averaged AOD scenario (both at 18h of TES and 3.4 SM).

4.3. Aerosols impacted SPT and WT hybridization

In this section, different SPT-WT configurations are examined under
the condition that the hybrid configuration is always 100 MW. All
observed SPT-WT configurations are compared to a theoretical opti-
mally performing plant which is represented by the no-aerosols 100 MW
standalone SPT at the same TES-SM configuration, as this is expected to
generate the highest AEG among all other configurations of SPT and/or
SPT-WT as illustrated in Fig. 7.

Despite the inclusion of the aerosols effect on the solar field, the
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Fig. 9. The variation of the LCOE for different SPT + WT capacities based on 4 scenarios: (a) water-cooled condenser, (b) air-cooled scenario, (c) 30 % hybrid and (d)
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standalone aerosols impacted 100 MW SPT outperforms all other SPT-
WT configurations as the WT integration fails to fully compensate the
loss of the AEG caused by the aerosols density. The configurations with a
major share of WT outperforms those of major shares of SPT only for few
days over the entire year, e.g. first and mid-July. This is mainly due to
the lack of energy storage for the WT. The latter finding is also obvious in
the AEG of the configurations with a major SPT share as these assure an
almost steady energy supply over the entire summer season. Interest-
ingly, in the case of TES exclusion, which is illustrated in Fig. 7 (b), the
configurations with the major share of WT outperform those of smaller
WT share. This agrees with previous studies findings that the intensity of
the wind resource of this case study location has a great potential. Also,
only from AEG prospective, this proves that the SPT is way less valuable
without a TES deployment as the large solar field is dumbing all the
excessive thermal energy.
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Fig. 9. (continued).
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Beyond the AEG, the SPT-WT is affected by the variation of each
technology’s share as the WT integration drives the LCOE and the water
consumption down, while the TES inclusion with the bigger SM values,
on the other hand, drives the AEG and CF up. This contradiction
resulting from these assigned conflictive objectives is solved through a
multi-objective optimization, as this technique is able to present a set of
optimal solutions which represent a trade-off between the objective
functions.

4.4. SPT different condenser cooling scenarios

Table 6 summarises the results for the four different condenser
cooling scenarios. The comparison excludes the WT as the former does
not consume any water and for the sake of simplification, a certain TES-
SM configuration is presented, i.e. 18h of TES and a 3.4 SM. The results
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tabled in Table 6 confirms that the AEG of the water-cooled condenser
scenario excels and outperforms all other scenarios as a result of the
better heat rejection of the water at the power cycle. This is projected at
the CF as the latter of the water-cooled scenario is the highest, however,
the water consumption is the highest too. Both LCOE values of the 50
and the 100 MW water-cooled scenario are the lowest compared to the
other scenarios. The scenario with the second highest AEG and CF is the
30 % hybrid condenser and this is followed by the 19 % scenario, while
the air-cooled scenario is found to be the lowest in these terms due to the
partial role of water cooling for the 30 % and 19 % compared to the dry
cooling of the air-cooled condenser. In contrast, the air-cooled
condenser saves up to 93 % of the used water compared to the water-
cooled one and this indicates that the mirrors washing only consumes
7 % on the consumed water. Both hybrid scenarios present intermediate
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Fig. 10. The variation of the annual water consumption for different SPT + WT capacities based on 4 scenarios: (a) water-cooled condenser, (b) air-cooled scenario,
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water consumption rates as for instance, the 30 % hybrid scenario
consumes 54.5 % less water for only 2.7 % less AEG compared to the
water-cooled condenser scenario of the 100 MW SPT. Similarly, the 19
% hybrid scenario generates 3.2 % less AEG, however for a 68.4 % less
consumed water.

4.5. SPT — WT hybridization

This section is carried out in order to understand the effect of the
variation of each variable on the important metrics of the hybrid SPT-
WT model. Variables such as WT, and TES-SM are varied over
different ranges just to observe how the AEG, CF, water consumption
and LCOE behave. For the sake of simplicity, only two different capac-
ities of SPT have been taken in consideration for this step: a small
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capacity of 50 MW and a large one of 100 MW while the rest of the
variables follow the step sizes indicated in Table 7.

Fig. 8 illustrates the effects of the variation of the designated vari-
ables on the AEG where (a) is the AEG of the water-cooled condenser
scenario, (b) is for the air-cooled scenario, (c) is for the 30 % hybrid
scenario and (d) is for the 19 % hybrid scenario. Logically, the increase
in the TES-SM as well as in the SPT capacity results in an increase of the
AEG. Similarly, the increase in the WT number yields in an obvious
proportional increase of the AEG. This is because an increased SM stands
for a bigger solar field size, thus more collected thermal energy from the
solar field. In addition, the larger the TES capacity the bigger is the
ability to store the excessive energy from the solar field for later usage.
The bigger SPT capacity implies both a bigger solar field and a bigger
thermal to electrical energy conversion as a result of a bigger power
cycle. Lastly, because of the absence of a storage system for the WT, the
increase in latter’s capacity is linear as each added WT adds a similar
amount of AEG to the total AEG of the hybrid configuration. As for the
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Fig. 10. (continued).

17

condenser cooling types, a minor superiority has been observed in the
water-cooled condenser scenario over the other scenarios of air and
hybrid cooling.

Also, the integration of WT with the SPT yields positive economic
returns as the bigger WT capacity integrated in the hybrid configuration,
the lower the LCOE becomes. This is because of the lower CAPEX of the
WT when compared to that of the SPT. Fig. 9 shows the effect of the
variation of the decision variables on the LCOE where it has been
noticed that the greatest decrease of the LCOE is a result of the addition
of the largest WT number. Further, it can be observed that the rate of
decrease in the LCOE becomes smaller as the number of the WT is
increasing. This trend is most probably due to the lack of a sufficient
additional amount of WT energy that could further reduce the LCOE.
More energy could be generated by employing a WT back-up system, but
this is associated with high expenses.

As for the effect of the cooling type on the LCOE, it is noticed that the
air-cooled scenario yields slightly higher LCOE values compared to all
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other condenser cooling scenarios. This is more obvious on the stand-
alone SPT configuration prior to any WT integration and most probably
due to two reasons, i.e. lower thermal to electrical conversion rates at
the power cycle due to less efficient heat rejection process by air and the
second reason due to the higher CAPEX of the air-cooled condenser
compared to the water-cooled one.

Regarding the water consumption, the water-cooled condenser sce-
nario consumes relatively huge amounts of water compared to all the
other condensers. Fig. 10 illustrates the variation in the water con-
sumption among the four adopted scenarios in which the air-cooled
scenario consumes drastically less water. This amount of water in the
air-cooled scenario is dedicated to the washing of the solar field re-
flectors and this can be seen in Fig. 10 (b) where the large increase in the
water consumption is paired with the increase of the SM.

The advantages due to the WT integration are, on the other hand,
met with some expected limitations on some important performance
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Fig. 11. The variation of the CF for different SPT + WT capacities based on 4 scenarios: (a) Water-cooled condenser, (b) air-cooled scenario, (c) 30 % hybrid and (d)
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indicators such as the CF. The importance of such an indicator relies in
the fact that this work is not following any load demand, but instead, a
specific rated capacity is targeted to be fulfilled for each SPT-WT
configuration. In this work, it has been found that the bigger the
added WT capacity to the hybrid configurations, the lower the CF be-
comes, as shown in Fig. 11. That is because the added AEG from the WT
is not enough to increase the CF as illustrated in Equation (35). Inter-
estingly, for the 100 MW SPT capacity, when the SM and TES capacity
increase the addition of WT gradually reduces the CF; and eventually the
scenario with no WT even if at low SM and TES values exhibits the
lowest CF, at the peak of these parameters (SM and TES) features the
highest CF compared to all scenarios with WT. The opposite trend is
observed for the scenario that employs 25 WT.
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5. Conclusion

The main drive behind this work is the assessment of two of the most
important risks to SPT’s feasibility in arid regions: aerosols density and
water scarcity. To this direction, the study develops and analyses new
designs including WT hybridisation aiming at enhancing the perfor-
mance of SPT and reduce costs.

The aerosols levels have been quantified and integrated into a
convenient simulation tool and then the effect of the aerosols inclusion
has been tested. For that, one year of ground measured AOD data has
been used to site adapt five years long data of MERRA-2 AOD data. Then,
the five years site adapted AOD has been represented in a TAY form,
from which the yearly AOD average has been integrated in the SAM
simulation tool as a yearly aerosols representative value.

The variation of the SPT capacity from 50 to 100 MW has revealed an
increasing effect of aerosols on the solar field output. Despite the
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Fig. 11. (continued).
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noticeable increase, this has not been very sharp as the total loss of the
AEG due to the aerosols inclusion reaches a maximum of 9.1 % when the
SPT capacity is at 100 MW. This deviation does not disqualify a potential
SPT from being feasible, however, it does give a more accurate vision of
the plant expected performance as the deviation of the AEG translates to
a deviation in the CF, LCOE, etc. On the other hand, this effect of the
aerosols can only be minimized by the adoption of smaller solar fields
sizes as these have shorter slant ranges, thus the reflected irradiance
travelling distance towards the receiver is shorter and the attenuation is
lower. That’s in addition to the fact that when adopting larger solar
fields, the newly configured heliostats are placed at the outer circum-
ference of the already existing ones, i.e. having even larger slant range
which is a subject of more aerosols effect.

Regarding the water consumption, four different cooling options
have been thoroughly analysed; these include air and water-cooled
condensers as well as hybrid condensers of 19 % and 30 % (of wet
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cooling). For a standalone SPT, the proposed hybrid condenser scenarios
exhibit marginally lower AEG but significantly lower water consump-
tion than the water-cooled scenario; and hence the balance of this trade-
off appears to favour the hybrid condenser scenarios. The opposite trend
has been found when the hybrid condenser scenarios are compared to
the air-cooled condenser, in which case both hybrid condenser scenarios
result in greater AEG, but, for reasonably more consumed water.

The second main goal of this work is to propose an appropriate
design to make up for the AEG loss due to the aerosols intensity. For this,
WT integration has been proposed. WT can also contribute in driving the
LCOE down, i.e. an important objective function in this work. In addi-
tion, as it consumes no water, WT is a suitable hybridization solution for
a SPT coupled with TES that both consume water. On the other hand, the
proposed WT integration has its own limitation, as for example, the
amount of the AEG generated from the WT cannot match the generation
of a standalone SPT of the same capacity, since in the current design the
WT does not employ any back-up system.

The SPT-WT hybridization has been realized in the SAM environ-
ment with the assistance of an in-house developed algorithm that is
capable of automating the calculations of the most important indicators
of both the SPT and WT individual performance models. The imple-
mentation of the in-house algorithm is crucial for the assessments as
even if it is not a nested feature of SAM, it can still take advantage of the
SAM capabilities in terms of calculating the energy performance of the
renewable technologies.

This study has exemplified robust methods for the effective inte-
gration of WT with SPT in arid regions. These methods with proper
modifications can be also extended to other renewable technologies and
to different regions. Finally, based on the modelling results, the pro-
posed energy solution appears to be a very competitive solution for
Kuwait (and other regions with similar weather conditions) energy mix
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General

A attenuation percentage (%)
Ahpel heliostats area (m?)

Nhel number of heliostats (—)
h tower height

n analysis period (year)

S slant range (m)

Tq dry bulb temperature (K)
Y wind speed (m/s)

Z wind turbine height (m)
Abbreviations

AEG annual energy generation
AOD aerosols optical depth
CAPEX capital expenditures

CF capacity factor

CSP concentrated solar power
DNI direct normal irradiance
HTF heat transfer fluid

KISR Kuwait institute of scientific research
LCOE levelized cost of energy
LK language kit

MENA Middle East North Africa
MS molten salt

SAM System advisor model
SM solar multiple

SPT solar power tower

TAY typical aerosol year

TES thermal energy storage
TMY typical metrological year
WT wind turbine

SREP Shagaya renewable energy park
Subscripts

Pr wind rated power

Ve cut-in speed

Vo cut-out speed
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(continued)
VR rated wind speed
Greek symbols
a power law exponent (—)
Na attenuation loss (%)
Neos cosine loss (%)
nq dry cooled cycle efficiency (%)
Nope solar field optical efficiency (%)
Trec spillage loss (%)
NepMsach receiver efficiency (%)
My shadowing & blocking loss (%)
QField wet cooled cycle efficiency (%)
Qurr solar field incident power (kWh)
Qrec HTF thermal power (kWh)
Qrzs receiver incident power (kWh)
qpb TES thermal power (kWh)
¢ power block thermal power (kWh)

relative humidity (%)

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.rineng.2024.102968.
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