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ARTICLE INFO ABSTRACT
Keywords: This work evaluates the Solar Power Tower performance in arid regions where elevated aerosols levels and water
Solar power tower scarcity threaten solar applications feasibility. The work conducts an aerosols aware modelling and techno-
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economic assessment by considering possible aerosols effects on the solar field’s reflected irradiance; an effect
that is typically ignored in the literature. Aerosols effect inclusion’s modifies the thermal input to the solar field
and this, in turn, provides a more accurate assessment. A parametric analysis has been performed using a 50 MW
model by varying the Thermal Energy Storage and Solar Multiple based on three aerosols temporal resolutions: a
typical year’s average, daily and no-aerosols schemes. Further, water consumption is examined over four
different condenser scenarios: dry, wet and two hybrid set ups. The assessment performed in Kuwait reveals that
the wet-cooled condenser scenario with a 16h of storage and a solar multiple of 3.2 yields the lowest Levelized
Cost of Energy of 12.06 $/kWh when the no-aerosols scheme is considered. This increases to 12.87 $/kWh when
the daily aerosols are considered as the generated energy decreases by 6.7%. Besides, both hybrid condenser
scenarios offer a trade-off as they result in a 55.1-68.7% of water saving for only 2.1-2.3% less energy
generation.

Trough Collector (PTC) (15.3% for SPT and 76.6% for PTC) [3]. The SPT
is probably one of the most efficient types of the commercially proven
CSP and this is due to its high levels of concentration and elevated
temperatures of the working fluid that surpasses the PTC [4,5,6]. In the

. n for th ) SPT technology, the solar field consists of hundreds or even thousands of
2015, an important milestone for the Concentrated Solar Power (CSP) mirrors, called heliostats, which work on reflecting the Direct Normal

has beejn successfully achieved as the plant coupled the elevated con- Irradiance (DNI) of the sun at a common tower top mounted receiver
centration of the technology and the large Thermal Energy Storage (7]

(TES), resulting in the first CSP ever to generate electricity for 24 un-
interrupted hours [1]. Also, Gemasolar was the first CSP ever to deploy
molten salt as both the Heat Transfer Fluid (HTF) and a storage media
which avoided having a heat exchanger between the solar field and the
storage tanks, thus saving the plant capital cost and heat losses [2]. The
plant has proven that the SPT technology can take a bigger share of the
total CSP capacity worldwide which is dominated by the Parabolic

Introduction

Since the Gemasolar Solar Power Tower (SPT) became operational in

In a typical prefeasibility research work, all CSP are observed under
clear sky conditions, where the sky is cloud free and the CSP is expected
to deliver its rated capacity with a focus on the DNI as it is the only solar
irradiance component that can be concentrated, which qualifies it as the
main design parameter for such technology [8]. However, in such sky
conditions, aerosols followed by water vapor, are the most important

Abbreviations: AEG, Annual energy generation; AOD, Aerosols optical depth; CAPEX, Capital expenditures; CSP, Concentrated solar power; DNI, Direct normal
irradiance; FS, Finkelstein Shafer; GHI, Global horizental irradiance; HTF, HEat transfer fluid; KISR, Kuwait institute of scientific research; LCOE, levelized cost of
energy; LK, Language kit; OPEX, Operation expenditures; PTC, Parabolic trough collector; RE, Renewable energy; RTM, Radiative transfer model; SAM, System
advisor model; SM, Solar multiple; SPT, Solar power tower; TAY, Typical aersols year; TES, Thermal energy storage; TMY, Typical metrological year.
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Nomenclature

CDFyq) Long term cumulative distribution function
CDFy (g Short term cumulative distribution function
Tq Dry bulb temperature

Ve Aerosols post quantile mapping

Greek symbols

Nat Attenuation loss [%]

Heos Cosine loss [%]

N4 Dry cooled cycle efficiency [%]

Hopt Solar field optical efficiency [%]

Nsp Spillage loss [%]

ns&b Shadowing & blocking loss [%]

Ny Wet cooled cycle efficiency [%]

Qopt Solar field thermal power [kWh]

Qpb Power block thermal power [kWh]

¢ Relative humidity [%]

Subscripts

A Attenuation percentage

S Slant range

factors that contribute to the attenuation of the DNI with a superiority of
the former [9,10,11]. Other sun irradiance components, such as the
Global Horizontal Irradiance (GHI) are affected by aerosols, however to
a lesser extent [12]. In addition, in all CSP types, the attenuation of the
DNI takes place twice, first during the transit of the sunrays towards the
reflectors and secondly when the reflected rays transit towards the
receiver which does not occur in other solar applications such as
Photovoltaic (PV), as the sun light is harnessed once it reaches the solar
panel. Aerosol extinction is best introduced by a dimensionless param-
eter, called the Aerosols Optical Depth (AOD) which is referred to as
being the most adequate compared to any of the other parameters (e.g.
Metrological Optical Range) for the purpose of attenuation measure-
ment [13].

In contrast to all other CSP types which all have their prospective
receivers within a few meters from the reflector, the heliostats in the SPT
are situated at hundreds, or even thousands, of meters from the receiver,
where the slant range (the distance from each heliostat to the receiver),
plays a major role in the attenuation process. In the meanwhile in arid
regions, where dust storms are quite frequent, aerosols can mask off up
to 70% of the sun light [14]. As regards to the reflected sun rays from the
heliostats towards the receiver, some researchers have found that a loss
of 12.7% of the total Annual Energy Generation (AEG) can be obtained
when taking into account the effect of the aerosols on the reflected sun
rays [15].

Techno-Economics

Many researchers have already examined and simulated the perfor-
mance of most of the CSP technologies in arid regions where solar ap-
plications are at multiple risks. Sultan et al. [16] examined the
competiveness of a 50 MW PTC in Kuwait and compared its performance
to a commercial operational plant in Spain. The PTC simulated in Kuwait
yielded a better efficiency as the dumbed thermal energy was less.
Roubiah et al. [17] examined the SPT performance in different locations
in Algeria while variating the TES capacity and the solar field size which
resulted in different appropriate combination based on the location’s
DNI resource. Also, Boudaoud et al. [18] tried to find the optimal
configuration of the TES and solar field size for a SPT in different lo-
cations in Algeria, however with a fossil fuel back-up. This hybridization
offered the best techno-economic returns. In addition, research has been
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done on comparing the SPT performance to other CSP technologies. For
instance, Mihoub et al. [19] examined the performance of both the SPT
and PTC at 50 MW in Algeria. They simulated different scenarios,
including a fossil fuel back-up and found that the SPT with 48% back-up
and a TES of 8 h is the most attractive scenario. Similarly, a comparison
between the SPT and PTC has been carried out by Cekirge and Elhassan
[20] in Saudi Arabia and they revealed that the SPT excels in higher
efficiency and lower capital costs. Also, Hirbodi at al. [21] compared
both the latter CSP types with different plant capacities, TES and solar
field sizes.

Many other similar researches have been conducted in locations of
interest around the world [22,23,24,25,26], however, there is no aero-
sols aware techno-economic assessment that exists in the literature. All
previously mentioned techno-economic assessments did not consider
the aerosols effect in the solar field attenuation especially that the latter
can mask off up to 70% of the sun reflection towards the receiver as
mentioned in the introduction. Most of the SPT techno-economic as-
sessments are satisfied by finding an optimal combination of the key
design parameters targeting the lowest Levelized Cost of Energy (LCOE)
using a weather file that mainly describes the incoming irradiance but
not the reflected ones towards the receiver. No techno-economic
research has discussed both the effects of the aerosols on the total
incoming irradiance at the solar field in addition to that effect on the
reflected irradiance and the reliability of the optimal design parameter
combinations in terms of the total absorbed thermal power at the
receiver and the AEG. The focus of this study is to perform an accurate
techno-economic assessment with the awareness of the most threatening
factor of such CSP type in arid regions, i.e. aerosols (Fig. 1).

Attenuation extinction

The number of researches observing the effect of the aerosols on the
reflected DNI at the SPT are constantly increasing, as more visions of
Renewable Energy (RE) projects are becoming reality in the Sun Belt
regions. More than six different mathematical models that describe the
reflected DNI attenuation process have been proposed in the literature.
The models mainly differ in the Radiative Transfer Model (RTM) used,
the plant capacity/configuration and the location used for the case
study. However, only a few of these models have been validated against
experimental data and have shown to produce acceptable results [27].
From these mathematical models, the Polo model [15] is one of the most
widely used. This model can be coupled with the transient techno-
economic RE simulation tools, which enable the user to observe the
projection of the effect of aerosols on the techno-economic aspects of the
SPT. Using the Polo model, the difference in the AEG of a SPT with
different AOD temporal resolutions has been examined. The authors
simulated two extreme values of AOD, one representing an aerosols-free
sky and the other a hazy sky and found that the differences in the AEG
are not negligible. Furthermore, using a year of ground measured AOD
data, Polo et al. [28] compared the AOD temporal resolution variation
effect on the AEG of two commercial SPT plants (Ivanpah 1 and Crescent
Dunes). A maximum difference of 20% has been observed in the AEG
when employing daily AOD compared to the annually averaged AOD
(Fig. 2).

Further, Carra et al. [29] developed a more typical representation of
AOD data as they prepared a Typical Aerosol Year (TAY) in order to
examine the attenuation extinction levels in Platforma Solar, Spain. This
work has found that the attenuation extinction levels can reach up to
21.2% for a slant range of 2 km even when performing the simulation
based on a more inclusive aerosols behavior throughout the years rather
than a one-year behavior which sometimes is subject to abnormalities.
Although the preparation of a more typical time period, the work did not
examine the SPT outputs based on the recommended temporal resolu-
tion in arid regions, i.e. sub two days [14] and was satisfied with the
annual averaged AOD. The literature still lacks a study that includes the
typical behavior of aerosols, projects it at the SPT annually performance
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Fig. 1. Solar Power Tower diagram with 3 power block condenser scenarios.
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Fig. 2. A year of site adaptation by quantile mapping for the MERRA-2 AOD product in Shagaya, Kuwait.

through a techno-economic assessment and eventually examine the
outputs against a fine temporal resolution.

Little information exists in the literature regarding the attenuation
effect of aerosols and this has been based on examining existing com-
mercial scale SPT plants with fixed TES and SM values in different lo-
cations worldwide [28]. This work [28] has greatly contributed in the
confirmation of the aerosols effect on the reflected irradiance, however,
the employed methodology assumes a fixed TES-SM configuration for
different locations and this is not accurate as the optimal TES-SM de-
pends on the DNI of the location. Thus, only a techno-economic
assessment, as the one conducted herein, consisting of a parametric
analysis with a variation of the main design parameters (here TES and
SM) can give a much clearer understanding of how gradually a TES-SM
configuration is sensitive to aerosols. In addition, the effect of the AEG
reduction on the LCOE is assessed; an analysis that is missing in the
literature.

Water consumption

Solar applications in arid regions raises another issue, namely the
most suitable sites for the solar applications are situated in locations that
lack water resources [30,31]. Water is required for cleaning the re-
flectors from the accumulated dust, but mainly for the heat rejection
process that takes place at the condenser of the power block as the latter
consumes up to 90% of the water usage in the plant [32]. Air-cooled
condensers have emerged as a potential option, however with multiple
penalties on capital costs and efficiency. Such a type of condenser costs
up to 3 times more than the wet-cooled [33] and can result in much
lower performance in hot periods of times [34], which is quite common
in arid regions. The wet-cooled condenser type remains the most effi-
cient and cost effective [35,36].

The majority of researchers have been observing both wet and dry
cooled condensers in trials to find a tradeoff between the efficiency of
the plant, represented by the AEG, and the economics represented by the
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water consumption. For instance, Marugan-Cruz et al. [31] noticed a
3.7% decrease in the AEG when deploying an air-cooled condenser
compared to a wet-cooled one. Further, Qoaider and Liqreina [37]
simulated an air-cooled 50 MW PTC in Jordan and reported a decrease of
only 1.5% in the AEG and an increase of 2% in the LCOE when shifting
from a wet to air-cooled condenser. Fares and Abderafi [38] simulated
the Noor 1 PTC plant in Morocco with an air-cooled condenser and
compared the results with the existing wet one. In addition, many other
researchers have examined both types from multiple prospective
including exergetic analysis [39], techno-economic analysis with
different types of HTFs [40], different plant capacities [21] and different
locations [41]. However, much less attention has been made towards the
hybrid condenser type in spite of the potential benefits that it can bring
to the CSP plant, including Asfand et al. [42] who carried a thorough
water consumption analysis but without a projection on the AEG or the
LCOE. To the best of our knowledge, only a couple of researches have
assessed the AEG using a hybrid condenser, i.e. Poullikkas et al. [33] and
Wagner and Kutscher [34] and both have assumed fixed percentages of
hybridization, i.e. 30 and 50%. Until now, no techno-economic assess-
ment has been found in the literature that investigates the performance
of a CSP in terms of the LCOE, AEG and water consumption with a dy-
namic hybrid condenser that is temperature dependent. Switching be-
tween cooling sides of the hybrid condenser based on the ambient
temperature would restrict water consumption to when it is needed.

Local exploitation and incentive

Among the Middle East North Africa (MENA) region and the Arabic
gulf countries of the Gulf Cooperation Council (GCC), Kuwait has
recently directed its energy production policies towards the adoption of
RE in order to limit its carbon emissions. It should be noted that all six
gulf countries are considered among the highest fifteen carbon emitters
in the world in 2009, in metric tons per capita [43]. This work also as-
sists in giving a clearer assessment as to whether the SPT technology is
an appropriate technology to fulfill the country’s vision of shifting 15%
of its power production towards RE by the year 2030. Further, no similar
technology has ever been tested either experimentally or by simulation,
while an increase in aerosols levels has been detected in the country
which probably leads to a decrease in the DNI [44].

In regards to the CSP being part of this vision, the annual DNI value is
found to be equal to 2100 kW/m?/y in approximately most of the
Kuwait land area [45], which is known to be sufficient for such a
technology [5,8]. A resources assessment has elected CSP as a high
potential technology to be implemented in Kuwait [46] based on the
elevated levels of the DNI in the country, however, elevated levels of
aerosols are also recognized and considered as a concern for such
technology [47,48]. The first phase of the vision has been already
accomplished in the western part of the country at the Shagaya
Renewable Energy Park where a 50 MW PTC, a 10 MW PV and a 10 MW
wind farm are already in operation. A total of 4 GW is projected to be
generated by RE according to this vision including 1.15 GW for CSP
where the SPT has a share, however with, as yet, no assigned capacities
or configurations [49,50].

Aim and objectives

The main aim of this work is to assess the techno-economic feasibility
of the examined technology in such extreme weather conditions as that
of the case study location. To accomplish this, firstly, all the possible
effects of aerosols must be carefully observed and quantified. Then, the
aerosols effect must be included with multi temporal resolutions into the
techno-economic assessment (a wide range of TES-SM has been
considered). This will assist in examining how gradual is the effect of
aerosols over the increasing SM range and how is the role of the TES in
the compensation of the AEG potential losses.

The techno-economic assessment essentiality emerges from the fact
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that some arid regions with elevated levels of aerosols might appear as
inappropriate for such technology only because the aerosols effect is
amplified when coupled with a large solar field. An aerosols impacted
techno-economic assessment, as the one proposed in this paper, would
give an appropriate solar field size, larger than which the effect of
aerosols will have a considerable amplified impact due to the too large
slant ranges. Thus, a novel fully aerosols aware method of conducting a
techno-economic assessment in arid regions is proposed in this work for
the SPT technology. The method considers all possible effects of aerosols
on such technology, namely, the total incoming irradiance on the solar
field, the reflected irradiance in addition to the aerosols temporal res-
olution variation effect. In addition, a water consumption analysis is
carried out in this paper that includes wet, dry and two hybrid condenser
set ups. This is mainly realized through the following objectives:

e Assembly of a site adapted Typical Aerosols Year.

e A parametric analysis of the key design parameters that lead to the
lowest LCOE for different types of power block condensers.

e An examination of different aerosols temporal resolutions employ-
ment effect on the outputs of the parametric analysis optimal design
parameters combinations.

Materials and methods
Metrological data

Typical metrological year (TMY)

As part of the solar resources evaluation in Kuwait, the Kuwait
Institute for Scientific Research (KISR) has obtained at least one year of
ground measured data at five potential sites in Kuwait [47]. The most
interesting site among the five locations, i.e. Shagaya, has been already
set with a TMY weather file that is based on site adapted satellite derived
data acquired from SolarGIS. The TMY is obtained based on typical
values of the most important weather parameters in the period between
1999 and 2016 and has been provided to the authors by KISR.

Typical aerosols year (TAY)

Supervised by NASA, KISR has also managed to set the site of Sha-
gaya with an Aerosol Robotic Network (AERONET) station from which
the short-term ground measured AOD data, has been acquired. The latter
data is for 289 days, a little longer than the minimum mandatory period
for ground measured data in a site adaptation process, i.e. nine months
[51,52]. In addition, the latter data lies in the same period as the TMY
from KISR, i.e. 2015-2016. This data has been specifically chosen due to
its high quality (level 2) which is known to be the most reliable data
offered by AERONET as it is cloud screened and controlled data [53].

For a more typical aerosols behavior, the short-term ground
measured AOD data from AERONET has been used in a site adaptation
process with a long-term AOD data acquired from the reanalysis model
of the Modern-Era Retrospective analysis for Research and Applications
Version 2 (MERRA-2) which is highly referenced and widely used. The
reanalysis model provides AOD data, besides several atmospheric pa-
rameters, through assimilation in a global forecast model, i.e. GEOS with
a spatial accuracy of 0.625° x 0.5° and with a temporal resolution of 1-
hourly [54]. The location of interest here is determined by a bounding
box, which corresponds to the location of Shagaya, i.e. (47.060306°W/
29.209889°S/47.160306°E/29.309889°N).

The site adaptation has been realized by the quantile mapping
technique which insists on the establishment of a quantile dependant
correction function that decreases the difference between both data sets,
i.e. the cumulative distribution function of the modelled data (CDF;,)
and it is matched to the one of the observed data (CDFy) [55]. The
technique is considered as reliable and widely used in the literature
[56,57], and has managed to reduce the existing bias between the
ground measured data of AERONET and the corresponding data of
MERRA-2 over the same period as the mean bias deviation has decreased
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from 0.1 to —0.0001 and the root mean square deviation decreased from
0.21 to 0.206. The slight improvement in the bias reduction is mainly
due to the high-quality reanalysis model data of MERRA-2.

This technique uses the CDF as an operator that results in quantiles of
data and in order to accomplish the latter, a vector of quantiles must be
assigned for each data set through their prospective CDFg, i.e. CDFy and
CDF,,. The interpolation of the new corrected values (y.) is obtained
using the inverse of the CDF, as an operator as follows:

Ve = CDF(;] [CDF (xm) ] M

This procedure has been carried out using five years of MERRA-2
data in the period between 2012 and 2016 which also intersects with
the year of the ground measured data (2015-2016) of AERONET. The
period of five years is sufficient for this purpose according to several
researchers and has been used in [58] and [59]. The long-term data is for
capturing the inter-annual and seasonal changes. These long-term data
sets, whether ground or satellite measured, are converted into the most
typical form of representation, i.e. TAY. For each accounted metrolog-
ical parameter, each individual month from different years is compared
to the long-term behaviour of the parameter, and the closest month is
selected as a candidate month, thus forming a typical year. The most
common method in the literature is the Sandia Method [60] and this is
followed by the NREL method [61]. Both methods use the Finkelstein-
Schafer statistics (FS) technique to measure the closeness of the short-
term behaviour (each individual month) to the long term one (every
similar month along the entire data period). The FS is obtained as fol-
lows [29,62]:

1 N
FS == N " |CDF iy — CDF, i 2
N;I (di) ()| 2

where CDFyg;) is the cumulative distribution function of the long term of
the indices (d;) daily mean, CDF, g4 is the cumulative distribution
function of the short term in month m and year y and N is the days
number in the corresponding month (in order to normalize the FS for
months with different number of days [63]).

Both CDFs are first calculated by taking the daily means of the hourly
values in the entire study period for each of the indices. Then, the daily
means are sorted in ascending order in order for the CDF to be calculated
based on the rank K(i), j(i) of the specific unrepeated value (i) and the
number of days in the corresponding month N, the number of days in
any calendar month of the entire data set n as follows [64]:

K(i)
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As aresult of applying the FS statistics, the typical year is constructed
by typical months from different years, e.g. January from the year 2012
and February from 2013, as presented in Fig. 3.Fig. 4..

Further, once the TAY is assembled according to the Sandia Method,
the selected months from different years are concatenated in a daily
AQOD basis in order to test the temporal resolution variation effect on the
plant’s outputs. However, the yearly averaged AOD value of the
assembled TAY is still of importance for the preliminary evaluations of
the parametric analysis which targets the optimal TES-SM combinations
based on the lowest LCOE. Here, the annual averaged AOD value based
on the site adapted TAY is equal to (0.3205).

Solar power Tower performance

System advisor model (SAM)

The System Advisor Model (SAM) is a simulation tool developed by
the National Renewable Energy Laboratory (NREL) and supported by
the United States Department of Energy (DOE) [65]. SAM, which is
freely available, includes a SPT performance model among multiple RE
models, e.g. PTC, Linear Fresnel Reflectors, Solar Power Dish, wind and
PV [66]. An advantage offered by the SAM is that it incorporates not
only the technical aspects of the simulated plant performance but also
the financial aspects.

The tool is capable of performing a series of steady state solutions at
hourly intervals that can approximate a transient system over the course
of a year, and this can assist the user to observe the evolution of both the
technical and economic parameters on an hourly resolution of the entire
year. SAM works on the reading and processing the user inputs and
specified weather file data, finds iterative solutions of the system and
finally converges [67]. The dynamism of the tool is based on finding
solutions for the time varying HTF flow and heat transfer variables in
addition to constant inputs at each time step of the hourly weather file of
the TMY (i.e. 8760 h). For that, the tool implicitly runs multiple steady
state iterative simulations, which are proper to the actual time step.
Once the convergence is reached for a given time step, the solution of the
actual time step becomes the previous time step solution for the next
time step. Such a simulation process is necessary in order to examine the
parameters evolution over time, which is essential for an accurate solar
radiation simulation. It is worth mentioning that in addition to the DNI
values (which are essential for a CSP performance model), the tool
calculates the sun position based on the location’s coordinates existing
at the weather file and thus the solar rays directions and the solar field
optical efficiency.

— 2012
2013
e ) 014
2015
— 2016
TAY
sseess Average

7 8 9 10 11 12
Month

Fig. 3. AOD month selection for the TAY assembly according to the Sandia Method.
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Further, SAM incorporates multiple specific tools that automatically
optimize key design parameters in the plant once enabled by the user.
For instance, the SAM’s SPT performance model integrates a separate
tool which assists in the tower and receiver characterization process, ray
tracing and heliostats positioning, i.e. SolarPILOT, which has also been
developed by NREL and can be used as a stand-alone tool [68]. The tool
calculates the incident thermal energy of the solar field as follows [69]:

OFictd = Nhet-Apet-DNI 5)

where Np is the number of heliostats and Ap is the area of a single
heliostat. In addition, the tool consists of a weather attenuation loss
evaluation function , and this includes the attenuation effect in the solar
field efficiency calculation as follows:

Nopt = Neos Nar-Msp Nssp (6)

where 7., is the cosine loss, 7, is the attenuation loss, 7, is the spillage
loss, ns¢p are the losses due to the shadowing and blocking [70,71]. This
results in the incident thermal energy at the receiver being affected by
the solar field optical efficiency as follows [72]:

Orec = Ahel~Nhel‘DN1'}1upr ™

Due to the reasons mentioned earlier in the introduction concerning
the attenuation extinction of the SPT, SAM deploys a unique weather
attenuation loss evaluation function and this is in the SPT performance
model. The function is in the form of a third order polynomial with
regards to the slant range (S), i.e.:

A(%) = aS® +bS* +cS+d (8)
where A is the attenuation percentage. The four coefficients in the
polynomial are unique functions of the slant range and the (x,y) posi-
tions of each heliostat in accordance with the sun and the receiver, hence
an annual mean loss percentage is calculated by the SolarPILOT [65].
This can lead to the incorrect estimation of the model performance
because of two aspects: first, no aerosols effect on the reflected irradi-
ance is included despite its potential influence. Second, the aerosols
have a very high degree of spatiotemporal variability [73] and cannot be
accurately described by an annual attenuation function. Thus, the
introduction of the aerosols effect, in addition to the effect of the dis-
tance with the recommended temporal resolution on the attenuation
function of the solar field must be much better understood.

Polo model
Among the very few other researchers that have developed a solar
field attenuation model, Polo et al. [15] has used a RTM, namely the

Libradtran, in order to develop an AOD dependent attenuation model.
This enables the accurate determination of the four coefficients in the
third order polynomial for the heliostats field’s weather attenuation
function used in SAM. This model is reportedly referred to as very
promising extinction model for SPT plants [27] and with the assistance
of this model, an integrated effect of both the slant range and aerosols is
obtained in the solar field weather attenuation function. The model is
uniquely appropriate to AOD wavelengths of 550 nm and slant ranges up
to 3 km. These coefficients are given as follows:

a = 3.13A0D° — 1.9A0D* + 1.6A0D — 0.133
b= —14.74A0D" + 2.49A0D* — 11.85A0D + 0.544
¢ = 28.3240D° — 7.57TAOD? + 48.74A0D + 0.371
d = —2.61A0D° + 3.70A0D* — 2.64A0D + 0.179

)]

In addition, SAM incorporates a scripting language, namely (LK),
which enables the user to run more advanced customized simulations, i.
e. input automation based on user developed scripts. Parametric ana-
lyses can be carried out based on multiple runs with a user specified step
size and number of iterations. This gives the user a better insight of the
parameters variation effect on the performance of the simulated tech-
nology with ease and much savings in time. SAM also employs another
scripting tool, namely the Software Development Kit (SDK) which per-
mits the user to develop scripts and take over the performance model out
of the SAM simulation core using other languages, e.g. C/C++, JAVA,
Python [74].

Parametric analysis

A parametric analysis has been carried out for two key design pa-
rameters: The Thermal Energy Storage capacity (TES) and the Solar
Multiple (SM) in order to observe the variation effect of such parameters
on the important plant outputs. The analysis targets the lowest LCOE as
an indication of an optimal TES-SM combination. The TES is where all
the excess heat of the solar field is stored and it is varied from O h to 18 h
with a step size of 1 h. The SM 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 [2]. In other words, a SM of
1 basically represents a solar field size with which the plant will deliver
its full power directly to the power block with no excess power (dedi-
cated to co-generation or TES for example). While a SM of 2 can provide
the full power required at the power block as well as an equivalent
amount of power to the TES for later usage. The SM is given by [18]:

QS.f

SM =
Opp

(10)

where Qy is the thermal power from the solar field and Qy, is the thermal
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power to the power block. Here, the SM ranges from 1 to 4 with a step
size of 0.2. A total of 304 simulations have been performed for each type
of condenser using the inputs shown in Table 1.

Due to the limitations in the published technical data of CSP in
Kuwait, the examined SPT plant is assumed to have 50 MW in order for it
to be comparable to the only operating CSP plant in Kuwait, i.e. Shagaya
50 MW PTC. This capacity has been revealed as a potential standardized
CSP capacity [75,76].

Power block condenser scenarios

In addition to the better heat rejection that wet-cooled condenser can
import to the steam Rankine cycle compared to the air-cooled condenser
due to the higher heat capacity [77,78], the latter type is usually of a
bigger initial costs [33]. However, the scarcity of water in arid regions
forces the users to limit their usage of water to the lowest necessary
quantities. A small water requirement in the case of CSP is used for the
mirror washing (1.4%). This cannot be replaced (air cleaning is less
effective and is not available in the SAM), while the biggest amount of
water is for the heat rejection at the condenser (90%) [79] and can be
replaced by using an air-cooled condenser which uses air for heat
rejection despite not being as great conductor [80]. A hybrid condenser
option including both wet and dry condensers mounted in parallel can
take the advantage of the wet-cooled side’s better heat rejection as well
as the lower water consumption of the air-cooled side.

In a conventional Rankine cycle based on a dry cooled condenser, the
only variable that has an effect on the cycle performance is the dry bulb
temperature (Ty). The efficiency of the dry cooled cycle is shown as
follows [81]:

n, = —0.1468T, +22.526 (11)

In addition, as the difference between the wet and dry bulb

Table 1
SPT technical parameters.

parameter description

System Design Solar multiple 1 to 4 (with a step of 0.2)

Irradiation at design 700 W/m?
HTF hot temperature 574 °C
HTF cold temperature 290 °C

Full load hours of
storage
Tower height

0-18 (with a step of 1 h)

Tower and Receiver Obtained from optimization

(SolarPILOT)

Receiver diameter Obtained from optimization
(SolarPILOT)

HTF type Molten Salt (60% NaNO3 + 40%
KNO3)

Heliostats Field

Atmospheric
attenuation

Power Cycle

Thermal Energy
Storage

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

Polynomial coefficient
0

Polynomial coefficient
1

Polynomial coefficient
2

Polynomial coefficient
3

Condenser type

Ambient temperature
at design
Storage type

Tank height

Configuration 2
Always optimize
12.2m

12.2m

0.7 L/m?
0.3205

—0.0037298

0.154

—0.0348

0.0028768

Air-cooled, wet-cooled and
Hybrid

31.6 °C for the air-cooled and
hybrid condensers

14.3 °C for the wet-cooled
condenser

Two tanks

20 m
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temperatures depends on the humidity in the air (wet and dry bulb
temperature are equal at 100% humidity [82]), in the wet-cooled
condenser cycle, both dry bulb temperature and the relative humidity
are of importance and considered in the wet-cooled cycle as follows:

M, = a($)Ta+ b(¢) 12)

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

a() = —0.102¢ — 0.0684 (13)

b(¢) = —0.305¢ +24.26 (14)

The SAM enables the user assigning the temperature at which the
power cycle is supposed to operate at its rated efficiency, i.e. the
ambient temperature at design. The latter must be a dry bulb tempera-
ture in the case of air-cooled condenser, and a wet bulb temperature in
the case of wet-cooled condenser [81,83]. In this work, the design
temperatures shown in Table 1 are the average wet/dry bulb tempera-
tures from March to September and they are taken from the weather file
as it is the period at which CSP are expected to deliver its highest pro-
duction [31].

Several researchers have observed an efficiency drop in the power
block with air-cooled condenser at temperatures above 32 °C and a
serious efficiency drop at temperatures above 37 °C [32]. Thus, in this
paper the hourly scheduling set up in the SAM system control has been
automated in accordance with the monthly averaged dry bulb temper-
ature of the weather file. As in the case when the temperature is below
32°C (or 37 °C), the air-cooled side of the hybrid condenser is activated,
while in the case when the temperature is higher than 32 °C (or 37 °C),
the wet-cooled side is activated. Two different scenarios have been
initially considered based on the latter reference temperatures, i.e. wet-
cooled side activated in months with average temperatures equal or
above 32 °C and wet-cooled side activated in months with average
temperatures equal or above 37 °C.

The hot arid climate of Kuwait resulted in only two months (July and
August) having a monthly average temperature higher than 37 °C,
which represents 17% of the year time. The second scenario is based on
activating the wet-cooled side of the condenser in case the monthly
temperature averages are higher than 32 °C and this has been found in
five months (May to September) which represent 42% of the year.
However, the inclusion of the entire month is misleading as some tem-
peratures drop over the night of the above mentioned months have been
observed, and this is shown in Fig. 5.

Thus, for a more accurate simulation, the system control has been set
based on each hourly averaged temperature for each month and this is
shown in Fig. 6, which results in having only 19% of the temperatures
above 37 °C while 30% are higher than 32 °C, hence the hybrid scenarios
are named accordingly. In Fig. 6, the digit 1 indicates when the wet-
cooled side activation, while the digit 2 indicates the activation of the
air-cooled side of the hybrid condenser.

AOD temporal resolution variation

Despite the integration of the aerosols effect in the solar field
mentioned in sections 3.2.1 and 3.2.2, the polynomial coefficients are
still based on a yearly averaged AOD value. This is because it is the
conventional set up in the SAM, as well as all other RE simulation tools
and this is not the temporal resolution that has been recommended by
lead researchers, i.e. sub two days [14], in order to avoid the effect of the
high spatiotemporal variability of the aerosols, especially for arid re-
gions. This has led Polo et al. [28] to use the Polo model (equation (9))
but with an automation applied on the SAM. The authors performed the
automation with the assist of the SDK tool, which is offered by the SAM,
and this enabled the simulations to be performed based on the number of
AQOD values, i.e. 12 and 365 (for monthly and daily AOD resolutions).
This process creates 12-365 polynomials, hence a similar number of
solar field attenuation scenarios for the same solar field. The current
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Fig. 5. Monthly averaged dry bulb temperature at Shagaya.
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Fig. 6. The SAM hybrid condenser system control for (a) the 19% hybrid scenario and (b) the 30% scenario.

research has followed a similar methodology but with an automation
performed by the LK scripting language rather than the SDK. The former
permits the user of automating the SAM from the inside of the SAM
simulation core and this has been chosen because of the variety of the
already built in functions that it contains in addition to the pre-defined
variables that the user can output and comment upon.

The LK script enabled the SAM to be operated with daily AOD values
from the assembled TAY, as presented in the Section 3.1.2, in order to
evaluate the effect of the temporal resolution variation of the AOD on
the SPT performance. To this extent, no finer resolution than daily is
considered here. As it is demonstrated in [14], an AOD resolution of up

to two days is acceptable to be taken into account in arid regions such as
that of Kuwait, in order to avoid any possible over/underestimation
ambiguity that occurs when coarser temporal resolutions are adopted.
For instance, hourly resolution is excluded here as it has not been proven
to have a significant effect on the attenuation; on top of this, it comes
with a significant computational penalty (in terms of time). Hence, 365
runs have been carried out for each of the 19 optimal TES-SM combi-
nations, i.e. 6935 for each condenser type.

It is worth mentioning that the script does not change the nature of
the simulation in the SAM (yearly simulation) but runs a number of
simulations to the desired temporal resolution, i.e. 365. The total
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outcome is basically 365 years of simulation, each of which has been run
with a daily value of the AOD as obtained from the TAY. The script
considers an AODi and this corresponds to day = i from the TAY and
used for the SAM simulation to produce a daily outcome of an entire year
(Oyear i). The total AEG of the script is a summation of the daily outcomes
of each corresponding day i in each Oyear ; from each simulation. For
instance, day 1 of the AOD data in the TAY is automated to generate a
first yearly simulation (Oyear 1), from which the first day’s energy gen-
eration is counted as the first day’s outcome (Ogay 1) of the daily AOD
based script. Then the second day’s energy generation of the second
yearly simulation (Oyeqr 2) is counted as the next daily outcome (Ogay 2)
of the daily AOD script thus forming a yearly outcome of the daily basis
(3~ Odgay i) based on the i number of the AOD values.

Results and discussion
SPT model validation

Initially, the 50 MW SPT model used in this work has been validated.
The validation process has been accomplished using the data derived
from Soomro et al. [84] as it is one of the few published data of a similar
model and capacity. The results have been compared against the air-
cooled scenario in two locations and they produce a maximum devia-
tion of 8.8% (found in the LCOE) and this is most probably due to the
differences in the weather files and the possible differences in the
financial assumptions used in the simulations processes. Table 2 illus-
trates the comparison of both simulations.

The validation process has been limited to being performed only
based on simulated data as no commercial scale SPT published data of
the same capacity is available in the literature. A further step in the
validation has been accomplished in order to further assess the tool’s
suitability. This second step of validation has been performed against the
official published data of the 19.9 MW Gemasolar SPT in Spain [85] and
this produced a maximum deviation of 5.1% as shown in Table 3.

In addition, the Polo model [15] has been validated in terms of the
linearity with an increasing range of AOD values (Appendix A). The
objectives of this work can be conducted with confidence as in despite of
the different weather data, the deviation between the obtained results of
this work against both commercial scale and published simulated data
does not exceed 5.9% for the technical outputs (Table 4).

Preliminary performance and techno-economic assessment

By conducting a TES-SM parametric analysis, an optimal SM value is
located for each TES capacity over the designated range (0-18 h) based
on the lowest LCOE value and that is for each power block configuration
based on different scenarios in the condenser types. The LCOE is an
economic evaluation indicator that decision makers take into consid-
eration in order to compare the plant economic performance with other

Table 2
The validation process of the SPT model against [84] in Quetta and Peshawar.
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Table 3
The validation of Gemasolar SPT.
Our model results ~ Reported NREL Deviation
for Gemasolar data validation (%)
[85] [86]
Annual Energy 107.4 110 107.4 -2.4
Generation
(GWh)
Capacity factor 70.4 74 70.4 -5.1
(%)
Cooling water 365,312 - 368,347 -
requirements
(m®/year)
LCOE 18.48 - - -
(¢/kWh)
Table 4

50 MW SPT four power block condensers types performance comparison.

Condenser Type

Wet-Cooled Air-Cooled 30% Hybrid 19% Hybrid
Annual Energy 281.4 262.6 275.4 274.8
Generation
(GWh)
Deviation N/A - 6.7 —-21 —-23
(%)
Water Consumption 909,147 65,270 401,719 284,339
(m® /a)
Deviation N/A —92.8 —55.1 — 68.7

(%)

similar RE, or even fossil fuel plants, as it is simply the cost of each
produced kWh, and it is considered as a figure of merit for the economic
viability of a plant [87].

Three power block condenser types are investigated: water-cooled,
air-cooled and hybrid condensers, with the latter being examined
under two different set ups: a hybridization by 30% and 19% wet
cooling. It should be noted that the SAM’s only set up for the hybrid
condenser option is in a parallel arrangement with which the user has
the ability to set up which side of the condenser is activated on an hourly
schedule basis for the entire year [83]. This advantage has been used in
this research based on the dry bulb temperature of the used weather file.

AEG results

In order to observe the integrated effect of the solar field size and TES
capacity variation effect on the various techno-economic outputs of the
plant, the SM has been varied from 1 to 4 and that is for each TES ca-
pacity from O h to 18 h. The variation effect is illustrated on the AEG, the
water consumption and the LCOE in Figs. 7-9.

As for the AEG, the increase of the SM implies an increased quantity
of the collected sun irradiance, thus more generated energy as shown in

Parameters Quetta Our model results for Quetta Deviation (%) Peshawar Our model results for Peshawar Deviation (%)
[84] [84]

Annual Energy Generation 209.80 214.03 124.09 131.12 + 5.66
(GWh)

Capacity Factor 53.2% 54.3 + 2.06 315 33.3 +5.71
(%)

Cooling water requirements 38,273 39,837 32,241 34,158 + 5.94
(m®/year)

LCOE 11.43 10.78 — 5.68 19.06 17.38 —8.81

(¢/kWh)
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Fig. 7. The annual energy generation variation for the range of TES-SM of (a) wet-cooled condenser, (b) air-cooled condenser, (c) 19% hybrid condenser and (d) 30%
hybrid condenser.
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Fig. 8. The Water Consumption variation over the TES-SM ranges of (a) wet-cooled condenser, (b) air-cooled condenser, (c) 19% hybrid condenser and (d) 30%
hybrid condenser.
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Fig. 9. The LCOE variation over the ranges of TES and SM for (a) wet-cooled condenser, (b) air-cooled condenser, (c) 19% hybrid condenser and (d) 30%
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Fig. 7. The difference in the generated energy is minimal at zero storage
capacity and this is only very clear as the TES increases. This is because
an oversized solar field is limited in the case where no or very small TES
is adopted. The proportional relation between the SM and the generated
energy continues until the plant is operated at its rated capacity, after
which the generated energy flattens out. It is worth noting that at higher
values of SM (3.4-3.8), the generated energy is not very different. This
indicates that the plant’s solar field cannot be bigger as the resource
irradiance will not be able to increase the generated energy accordingly.
On the other hand, the Capital Expenditures (CAPEX) keeps increasing
linearly as the solar field and the receiver increase in size, thus also the
LCOE increases.

The variation of the TES capacity for lower values of SM has a limited
effect on the AEG as seen in Fig. 7. The SM of 1 scenario actually should
not be effected by the increase in the TES capacity as a SM of 1 is only
supposed at best to drive the plant at its rated capacity with zero excess
heat. As the SM values increases, larger are the TES capacities and this
starts to have an impact on the generated energy. The effect reaches a
saturation-like trend at higher capacities of the TES due to the solar
irradiance limitation.

As for the cooling option, the wet-cooled condenser is supposed to
easily yield the highest AEG because of the better heat rejection at the
power block, however this is not exactly the case here. The SAM eval-
uates each configuration’s ability to achieve the rated capacity of the
plant (50 MW in this investigation) at each hour and hence optimizes the
solar field. Since the cycle efficiency in the air-cooled scenario is lower,
the air-cooled condenser scenario needs a bigger solar field for the same
TES and SM compared to the wet-cooled scenario. This shrinks the gap in
the AEG between both scenarios; however, the wet-cooled scenario re-
mains with a higher AEG by 6.7% compared to the air-cooled scenario.

In addition, it is also worth mentioning that the SAM considers the
hybrid condenser mainly as an air-cooled scenario as the air-cooled side
of the hybrid condenser is bigger than the wet-cooled side. Thus, the
solar fields of the hybrid scenarios are very similar to the air-cooled ones
at the same TES and SM. Consequently, the hybrid scenarios have both
the advantages of a bigger solar field and a water heat rejection in the
most critical operation times of the year, thus interestingly overcomes
the AEG of the air-cooled scenario by 4.6% in the 30% hybrid scenario
and by 4.4% in the 19% hybrid scenario.

Water consumption results

The evolution of the water consumption is totally different as some
scenarios use much less water than others. For instance, the gap in the
water consumption between the different values of SM starts as being
minimal and increases rapidly as the TES capacity increases in all the
scenarios that involves the usage of water. Clearly, this is because at
small TES capacities, the collected thermal energy of all the oversized
SM values are wasted as no or too small TES is available. This means that
less energy is transferred to the power block, hence there is less need of
water for heat rejection. On the other hand, as the TES capacity in-
creases, then bigger solar fields are of more use, and thus more thermal
energy is transferred to the power block, which leads to more water
consumption. This confirms the findings in the literature of the small
percentage of the water being consumed in washing the solar field
compared to that consumed at the power block. This is obvious in the
air-cooled scenario shown in Fig. 8 (b) as all the values of the water
consumption in this scenario are of an almost fixed value as it is only for
washing the solar field reflectors and the latter are of fixed areas for a
single SM value no matter how large is the TES.

However, the variation of the TES capacity has less effect on the
water consumption as the latter is related to both TES and SM rather
than to only one of them. For example, for smaller SM values, the water
consumption is steady no matter how large the TES reaches. While for
larger SM values, the water consumption appears to have a proportional
relation with the TES. This is obvious in the wet-cooled condenser, as the
latter is the most generating configuration due to the better heat
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rejection, hence the highest water consuming. In addition, this applies to
the two other hybrid condenser configurations, however to a lesser
extent. On the other hand, the air-cooled configuration is almost unaf-
fected by the variation of the TES capacity. This can be explained by the
fact that although as much energy may be generated but there is no
usage of water in the power block, which consumes 90% of the water at
such plants. The water is only for heliostats washing.

The superiority in the AEG obtained in the wet-cooled scenario over
the air-cooled scenario is impaired with an elevated water consumption
of 92.8% as shown in Fig. 8. This can be critical as the water transport to
an arid region can sometimes be logistically very difficult. However, it
cannot be entirely eliminated as the plant still needs water for other
purposes, which makes the hybrid scenario an interesting consideration
as it presents a trade-off between the AEG and the water consumption.
To this extent, the 30% hybrid scenario resulted in a decrease of 55.1%
in the water consumption compared to the wet-cooled scenario, while
the 19% hybrid scenario achieved a further decrease reaching 68.7%.
Here, for a fair comparison between the four different configurations,
the 15 h scenario has been taken as the reference point for comparison as
it yielded a similar value of SM for all configurations, i.e. 3.2.

LCOE results

Similar to the AEG, the LCOE results show a similar trend for all the
scenarios as depicted in Fig. 9. The trend found in all scenarios shows
that the LCOE for small values of SM begins at its minimal values and
increases rapidly with the increase of the TES. Conversely, the higher
values of SM begin at their highest LCOE and then decreases, reaching
their minimal values at higher TES capacities. Some values in the middle
of the SM range start with a decrease, however they end up by increasing
again at the highest TES capacities. This trend occurs because for high
values of TES and SM, the plant stores all the potential irradiance as
excess heat in the TES, which is used at night and this reflects in the
higher generated energy and lower LCOE. However, a further increase in
the TES capacity (beyond 16-17 h for instance) is useless as the solar
field size required in order to store the excess heat for 18 full load hours
would be too big to be economical. This explains the rise of the LCOE
after a certain point for the same SM value.

In general, lower values of LCOE are obtained in the wet-cooled
scenario as the latter is of higher generation and lower capital costs
compared to the air-cooled situation. This applies to the hybrid sce-
narios, however to a lesser extent as the lower LCOE values obtained in
these two configurations are also a result of a better heat rejection, hence
more energy generation in addition to the smaller air-cooled side in the
hybrid configuration (compared to a fully sized air-cooled condenser).

This finding can be an indication for not having to further increase
both the TES and SM. The relation between the LCOE, CAPEX, Opera-
tional Expenditures (OPEX) and the AEG is given as follows [88]:

CAPEX, + Y\ OPEX

t=1 (1+i)t
N Production,
=1 (1+i)t

LCOE = (15)

where Production, is the plant production in year t (AEG). Some of the
results in the literature have shown that there are more critical outputs
as the LCOE increases sharply after reaching its minimum value with the
continuous increase of TES and SM [16,21,89]. In this case, an increase
in TES and SM is not recommended. However, the findings in this work
indicates that the increase in TES and SM is left to the decision makers
based on whether it is acceptable to increase the CAPEX for a minor
increase in the power generation at the same/slightly higher LCOE
levels. Here, the most optimal TES-SM combination has been found at
the wet condenser configuration with a LCOE of 12.78 (¢/kWh) with a
TES of 16 h and a SM of 3.2.

AOD temporal resolution variation effect

This section examines the difference in the SPT outputs based on the
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conventional set up of the SAM compared to the recommended AOD
temporal resolution in arid regions, i.e. the daily AOD. A water con-
sumption analysis is excluded here as the SAM is limited to the output of
the annual water consumption value, thus the concatenated daily out-
puts summation method presented in Section (3.2.5) cannot be adopted
in this section.

The outputs of the preliminary parametric analysis carried in Section
4.2 has resulted in the optimal SM values for each TES capacity based on
the lowest LCOE and that is for the four different condensers scenarios.
For all four scenarios, all these optimal SM values are found in the range
from 1.2 to 3.4. An increase in the SM values is actually an addition of
new heliostats in the solar field. These new heliostats will all be placed at
the outer circumference of the existing ones, which means that all newly
added heliostats have an even larger slant range, thus are subject to a
larger attenuation effect applied on the reflected sun irradiance that they
are supposed to focus on the receiver. This effect, alongside with the
larger daily values of AOD (compared to the annual averaged value, i.e.
0.3205) can theoretically mask off a considerable portion of the re-
flected irradiance.

AOD variation effect on the solar field and the annual energy generation
A very similar pattern can be found in all the four observed SPT
configurations in terms of the effect of the daily AOD temporal resolu-
tion on: receiver incident thermal power, estimated receiver thermal
power to the HTF and AEG. It has been found that the employment of the
daily AOD results in a minor difference in the thermal power from the
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solar field (this does not exceed 1.1% and this is shown in Appendix B) in
all the SM values over the designated range. Despite the gradual increase
in the slant range, as a result of increasing the SM value, no substantial
increase in the deviation of the thermal power from the solar field has
been found. A linearity has been found in the latter range as the devi-
ation increases gradually, however, close to the conventional solar field
thermal power based on the annually averaged AOD value (0.3205). It
has been found that no matter how large is the increase in the slant range
for this specific plant’s capacity in this case study location, the AEG is
not substantially affected, which is most probably due to the other fac-
tors in the equation being not very important, e.g. the AOD intensity
and/or AOD temporal variability.

Despite the limited effect of the daily AOD temporal resolution
adoption, it would still be very critical in the case when such an inves-
tigation has not been done in such a region. That is why a comparison
between both the annually averaged and daily AOD temporal resolu-
tions has been carried out against the no aerosols scenario. Fig. 10 (a)
illustrates the latter effect uniquely on the daily energy generation for
the optimal (lowest LCOE) wet-cooled configuration of 16 h at SM of 3.2.
In addition, it is also worth mentioning that the authors considered that
the large TES capacity might play a role in the mitigation of the temporal
resolution’s variation effect, thus a similar examination has been carried
at the optimal TES-SM combination with a TES of 0 h, as shown in
Fig. 10 (b).

In the 0 h TES scenario, the daily AOD temporal resolution resulted
in a decrease of 0.6% in the AEG compared to the annually averaged
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Fig. 10. The AOD temporal resolution variation effect on the daily energy generation for (a) 16 h of TES and (b) O h of TES.
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AOD (0.3205) and a decrease of 3.7% compared to the no aerosols
scenario. As for the 16 h TES scenario, the daily AOD resolution yielded
a decrease of 1% compared to the annually averaged case, while a
decrease of 6.7% has been obtained between the former and the no
aerosols scenario. Clearly, it is seen that having a bigger solar field re-
sults in an elevated attenuation extinction, even in the case of having a
large TES capacity such as the case examined here, i.e. 16 h. Larger
plants capacities, which have larger solar fields, will most probably have
an amplified effect of aerosols even in the case when large TES are
adopted.

Another very important finding is that despite the limited percentage
of AEG decrease after examining the plant under the daily AOD reso-
lution, the plant still has a considerable percentage of deviation in the
daily energy generation on specific days as the solar field is affected
substantially on some aerosols peak days. Fig. 11 illustrates how the
solar fields of the two configurations presented in Fig. 10 are affected on
specific days based on different aerosols scenarios.

Due to some abnormally elevated AOD daily values, which are most
likely caused by dust storms, the daily energy generation on some days
of the year witnesses a more considerable deviation. Depending on the
TES-SM scenario, the daily energy generation of an aerosols dense day
(18th of October on a 16 h and SM 3.2 wet-cooled configuration for
instance) can be overestimated by 77.8% as the annually averaged AOD
simulation results in 912.1 kW, while based on the daily AOD, the same
simulation only gives 202.1 kW. This signifies how the daily AOD case
can give a better estimation of the daily generated energy, thus better
estimation of the SPT’ daily energy delivery commitment to the grid.
This finding is very important for the grid control purposes as it can be
used for the plant daily energy generation forecast work.

AOD effect on the LCOE

The deviation of the solar field thermal output due to the adoption of
different temporal resolutions translates into a deviation in the absorbed
thermal energy to the HTF and finally to a deviation also in the AEG as
seen in the last section. This will of course have an effect on the LCOE as
the latter is directly related to the AEG, as shown in equation (15).
However, since the deviation in the AEG has been insignificant, the same
trend is expected for the LCOE. Each optimal SM value is located for
each TES capacity based on the lowest value of the LCOE and this pre-
sented in Table 5, which initially illustrates the evolution of the AEG,
capacity factor and the LCOE based on the annually averaged AOD value
(0.3205), and then compares these outputs against those of the no
aerosols and daily AOD scenarios.

A maximum increase of 6.8% has been observed in the LCOE when
the daily AOD is adopted compared to the no-aerosols scenario. This in
turn qualifies the SPT technology to be suitable in this specific location
and the 50 MW plant capacity. The aerosols are one of the most
important factors that threats the success of such a technology and the
estimated small effect on both the AEG and the LCOE suggest that there
exist good prospects for potential future applications. Further, the
techno-economic outputs of multiple commercial and simulated CSP
plants of the same capacity have been compared against the results of
the daily aerosols scenario of this work as shown in Table 6.

Despite the deviation imposed by the application of the daily AOD
resolution on the AEG and the LCOE, the 50 MW SPT model simulated in
this work shows some very promising and competitive results when
compared with other similar operational and simulated CSP plants of the
same plant capacity. In addition, it is very encouraging that the lowest
LCOE of these TES-SM ranges in all aerosols scenarios is lower than the
average actual cost of electricity in the conventional fossil fuel plants in
Kuwait, i.e. 14 ¢/kWh [95,96]. This is a sign of the reliability of the SPT,
as the effect of the aerosols on the AEG appears to be relatively low. In
addition, the daily aerosols adoption emerged as a realistic methodology
in such regions and this reduces the chance of inaccuracies in the techno-
economic assessments and gives better estimation of the annually as well
as the daily energy generation. This finding signifies the importance of
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the normalization of this process in the prefeasibility stage for such a
technology, especially because other similar arid regions have been
proven to have an amplified effect of aerosols on the solar field while
having close annual averaged AOD values to the one in this study.
Further, it should be borne in mind that for bigger capacities consisting
of bigger solar field of the same technology and in the same location
might result in bigger deviations in the AEG when daily aerosols values
are adopted. This has been clearly seen in the daily AOD adoption when
applied on two different TES-SM scenarios, i.e. the first with no TES and
a small solar field, while the second is with a large TES (16 h) and a large
solar field. It is very interesting to note that the deviation in the AEG of
the larger solar field scenario is affected more than that of the smaller
solar field and that is despite having a large TES that should have
mitigated the attenuation effect.

Conclusion and future work

A new multiple temporal resolutions aerosols techno-economic
assessment of a SPT in arid regions has been proposed in this paper.
This has been based on an arid remote region in Kuwait, where the
irradiation levels are elevated, however these may be heavily attenuated
by the frequent sand storms. Thus, we have quantified the aerosols effect
and included it as a probable factor in the attenuation of the main key
design parameter in such technology, i.e. the DNI. Likewise, the DNI is
more accurately measured and only then, the parametric analysis of the
TES-SM sizing strategy has been implemented. Conversely, in the case
that the aerosols are excluded from the assessment, and this is usually
the situation in the literature, the DNI, which is the main design
parameter of the technology is often amplified and eventually this leads
to probable incorrect evaluations of the DNI resource. Thus, this leads to
an inappropriate solar field size. A too big/small solar field size trans-
lates into what appears to be a higher/lower capital cost, which drives
the LCOE higher/lower than it is actually. Often, this leads to wrong, or
misleading estimations for the decision makers.

For this reason, the most reliable, yet short-term ground measure-
ment of aerosols data has been acquired in order to site adapt the longer
term MERRA-2 reanalysis data. The site adaptation, which has been
realized by the employment of a quantile mapping technique, has
managed to minimally reduce the bias that exists between the short and
long-term sets of data. The bias corrected new long-term data has been
employed in the Finkelstein-Schafer statistics in order to assemble a
TAY. As a result, a year of the annually averaged AOD values from the
site adapted TAY has been found to be 0.3205 and this has been inte-
grated into the solar field attenuation extinction function in the SAM
simulation tool with the assistance of the Polo model [15].

Further, the same parametric analysis has been performed but with
four different cooling options: wet, dry and two hybrid scenarios in a
trial to optimize the SPT water consumption, as it is firstly considered as
another threat to the feasibility of CSP in arid regions, and secondly, it is
found that the cooling type contributes to the amount of energy gener-
ated, which is only clearly observed when there is a variation in both the
TES and SM. In addition, the cooling type variation comes with an
impact on both the LCOE, and thus it has to be also assessed and pre-
sented. The aerosols are just an attenuation factor of the DNI which,
along with the cooling type, are directly related to the energy genera-
tion; the DNI is a thermal energy input in the solar field, while the
cooling type is an efficiency enhancement factor in the power block.

Two dry bulb temperatures of reference have been observed and
these have been used in order to optimize the hybrid scenarios set ups,
namely 32 °C and 37 °C. This resulted in the first hybrid set up being
with a 30% wet side activation and the other with only 19% wet side
activation. Both hybrid set-ups have managed to reduce drastically the
water consumption by 55.1 and 68.7%, respectively. In addition, both
hybrid set ups surpassed the AEG of the air-cooled scenario by 4.6 and
4.4%, respectively. Due to the minor improvement offered by the 30%
hybrid scenario in the AEG compared to that of the 19% scenario, in
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Table 5
The 50 MW SPT optimal TES-SM outputs based on the annually averaged AOD and compared to different aerosols temporal resolutions: No aerosols' and daily AOD?.

Condenser Type Wet Dry

TES Optimal SM LCOE AEG CF Optimal SM LCOE AEG CF

(h) O] (¢/kWh) (GWh) (%) ©) (¢/kWh) (GWh) (%)

0 1.2 20.49" 90.6" 22.3 1.2 23.15! 80.7" 19.8
21.14 87.7 23.94 77.9
21.24” 87.2% 24.07” 77.5%

3 1.6 16.45' 135.2! 33.1 1.6 18.32! 122.5' 30
17.03 130.5 18.97 118.2
17.15” 129.4° 19.09” 117.3°

6 2 14.57" 177.1" 43.1 2 16.2 162.4' 39.4
15.18 169.8 16.9 155.4
15.297 168.2° 17° 154.3”

9 2.4 13.49' 218.3 52.8 2.2 14.75' 192.7" 45.8
14.13 208.2 15.72 180.6
14.2° 206.7° 15.81% 179.2°

12 2.8 12.72! 257.8! 62.1 2.8 14 239.6' 57.6
13.36 244.9 14.75 226.9
13.45% 242.7° 14.85% 224.9°

15 3.2 12.22" 297.8" 71.4 3.2 13.41" 278.5" 66.6
12.91 281.4 14.2 262.6
13% 278.7% 14.3% 260.2°

18 3.4 12.19! 318.2! 76.4 3.2 13.23! 285.9' 68
12.86 301.1 14.08 268.2
12.96” 298.1° 14.27 265.2°

Condenser Type 30% Hybrid 19% Hybrid

TES Optimal SM LCOE AEG CF Optimal SM LCOE AEG CF

(h) O] (¢/kWh) (GWh) (%) O] (¢/kWh) (GWh) (%)

0 1.2 21.56" 87.1" 21.3 1.2 21.68" 86.6" 21.2
22.3 84.5 22.43 83.7
22.42% 83.6” 22.55% 83.1°

3 1.6 17.17" 131.2! 32 1.6 17.35' 130.3' 31.9
17.78 126.6 17.97 125.7
17.89” 125.6” 18.08” 124.8*

6 2 15.2 172.5' 41.8 2 15.3! 171.5 41.6
15.87 164.9 15.97 164.1
15.96” 163.8” 16.06” 162.9”

9 2.4 14.08' 213.1" 51.3 2.4 14.17" 211.8' 51.2
14.76 203.1 14.86 201.8
14.85” 201.5” 14.95” 200.2”

12 2.8 13.35 251.8' 60.5 2.8 13.44 251.3' 60.5
14.03 239.2 14.14 238.6
14.13% 236.9° 14.24% 236.3°

15 3.2 12.82" 291.2" 69.9 3.2 12.83" 290.9' 69.7
13.54 275.2 13.56 274.8
13.64% 272.5% 13.65% 272.27

18 3.2 12.77" 310.4 71.7 3.4 12.8 308.8' 74.1
13.47 293.7 13.5 292.2
13.58” 290.6” 13.6” 289.3”

! No Aerosols.
2 Daily AOD.

addition to the much larger water saving that the latter offers, the 19%
hybrid set up can be suggested as an appropriate good candidate in the
case where the wet-cooled condenser is not an option.

Consequently, a parametric analysis of the SPT model based on the
annually averaged AOD value has been performed by varying the TES
capacity from O h to 18 h and the SM value from 1 to 4, aiming to
identify the TES-SM combination that results in the lowest LCOE. The
lowest LCOE among all the configurations based on the annually

17

averaged AOD has been found to be 12.78 ¢/kWh in the wet-cooled
configuration and that is at a TES of 16 h and a SM of 3.2, while a
LCOE of 12.06 ¢/kWh has been found for the no aerosols scenario.
Further, since aerosols are characterized by their high spatiotemporal
variability, the LCOE of each optimal TES-SM combination of the
parametric analysis has been observed based on the daily AOD resolu-
tion and found to be 12.87 ¢/kWh which is 6.7% from the no aerosols
scenario and 0.7% from the annually averaged AOD scenario.
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Table 6
Comparison of the modelled results in this work with both commercial and modelled 50 MW CSP plants.
Project Name/ Location Site Annual DNI CSP Type Condenser Type TES capacity Capacity Factor LCOE AEG
Publication (kWh/m?) ) (%) (¢/kWh) (GWh)
Termesol 50 [90] Spain 2097 PTC Wet Cooling 7.5 40 - 175
Andasol 3 [91] Spain 2200 PTC Wet Cooling 7.5 40 - 175
La Africana [91] Spain 1950 PTC Wet Cooling 7.5 39 - 170
Hirbodi et al. [21] Iran - PTC Wet Cooling 15 73.9 14.6 320.4
Air Cooling 15 73.5 15.2 318.6
SPT Wet Cooling 15 86.6 12.3 375.5
Air Cooling 15 85.7 12.6 371.5
Sultan et al. [16] Kuwait 1857 PTC Air Cooling 16 60.4 15.07 238.2
Dersch et al. [92] Spain 2111 SPT - 7.5 40 - 161.1
Li et al. China - SPT - 10 - - 208.2
[93]
Chen et al. [26] China 2752 SPT — 15 - 13.77 361.1
Ouali and Richert Morocco 1989.9 SPT - - - 159.07
[94]
Mihoub et al. [19] Algeria 2008.4 SPT - 8 45 23.57 193
Soomro et al. [84] Pakistan 1992.9 SPT Wet cooling 12 57.6 10.98 233.23
This work Kuwait 2241 SPT Wet Cooling 16 73.1 12.87 285.2
Air Cooling 16 67.9 14.1 264.9
30% Hybrid 17 74.2 13.48 289.9
19% Hybrid 17 73.9 13.56 288.6

The variation of the slant range through solar field’s optimization has
been performed in the current work over the SM range of 1-4 along with
the variation of TES capacity and this resulted in different aerosols effect
on the solar field, and thus different reduction percentages of the AEG
ranging from 0.6 — 6.7% (for the wet-cooled scenario). This signifies
how sensitive the AEG is to the solar field size with one specific loca-
tion’s aerosols levels despite the gradual contribution of the TES in the
compensation of the reduced AEG along with the increasing size of the
solar field. The maximum obtained reduction of the current work is
considered as low/intermediate compared to the results found in [28]
(20 %) which examined different aerosols density levels of multiple
locations based on only two fixed configurations.

While the work of Polo et al. [28] has confirmed a non-negligible
effect of the aerosols on the reflected irradiance of the SPT solar field,
the current work made use of similar tools to first evaluate the aerosols
effects and then presented a general SPT sizing strategy methodology
with which the user can define the appropriate TES-SM configuration
given the effect of aerosols on each solar field size and the role of TES in
the compensation of the reduced AEG (due to the aerosols attenuation).
The methodology also detailed how the LCOE has been affected by both
the reduction of the AEG and the variation of the capital costs (by
varying the TES).

Although being able to reveal how sensitive the solar field is to the
adoption of aerosols over a wide range of TES-SM for a 50 MW SPT,
higher SPT plant capacities are expected to have higher reductions in the
AEG when aerosols effects are included, as they consist of larger slant
ranges (due to the addition of the new heliostats at the outer circum-
ference of the already existing heliostats). Therefore, as future research,
the examination of higher plant capacities is highly recommended. In
addition, the suspended aerosols will not only have an effect on the
irradiance in the solar field, but will also participate in the soiling
phenomena. These are common in arid regions and have been reported
[97,98] with non-negligible effects on both solar and non-solar renew-
able energy applications in the same case study location as in this work.
Thus, further work which relates soiling to the metrological parameters
(including aerosols) is of importance and can assist in operation stra-
tegies planning, e.g. reflectors washing, water saving optimization, etc.
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