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Abstract: Concentrating solar power (CSP) is a high-potential renewable energy source that can
leverage various thermal applications. CSP plant development has therefore become a global trend.
However, the designing of a CSP plant for a given solar resource condition and financial situation is
still a work in progress. This study aims to develop a mathematical model to analyze the levelized cost
of electricity (LCOE) of Thermal Energy Storage (TES)-integrated CSP plants in such circumstances.
The developed model presents an LCOE variation for 18 different CSP configurations with TES
incorporated for Rankine, Brayton, and combined power generation cycles, under regular TES
materials and nano-enhanced TES materials. The model then recommends the most economical
CSP plant arrangement. Within the scope of this study, it was found that the best configuration for
electricity generation is a solar power tower with nano-enhanced phase change materials as the latent
heat thermal energy storage medium that runs on the combined cycle. This returns an LCOE of
7.63 ct/kWh with a 22.70% CSP plant efficiency. The most favorable option in 50 MW plants is the
combined cycle with a regular TES medium, which has an LCOE of 7.72 ct/kWh with a 22.14% CSP
plant efficiency.

Keywords: concentrating solar power; thermal energy storage; economic feasibility; levelized cost of
energy; mathematical modelling

1. Introduction

Concentrating solar power (CSP) is a technology that uses mirrors or lenses to reflect
sun rays into a focal point (or line), allowing thermal energy to accumulate in a material
with good heat storage capability. This concentrated thermal energy can be used to drive
various thermal applications. Among those applications of CSP are electricity generation,
district heating systems, industrial process heating, water desalination, etc. [1,2]. The
primary significance of CPS is that it is a clean energy source with a meager contribution
to greenhouse gas emissions throughout the life cycle of the CSP plant, especially when
compared to conventional fossil fuel energy sources [3]. Moreover, fossil fuels reserves
are depleting, and their supply can be disrupted due to various geopolitical phenomena,
necessitating the search for more sustainable energy solutions to power humanity. CSP
plants are classified into four types: parabolic trough (PT), solar power tower (SPT),
parabolic dish (PD), and linear Fresnel (LF) [4]. The performance parameters such as
concentration, operational temperature range, efficiency, capacity, costs, and land use vary
depending on these configurations [5]. The PT configuration is the most commonly used
CSP configuration, followed by the SPT configuration, due to their superior performance
under the aforementioned factors [6]. Since solar energy is inherently intermittent due to
its dependence on the diurnal cycle and climate conditions, all CSP plants, regardless of
configuration, require a thermal energy storage (TES) system to maintain the balance of
demand and supply [7].
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TES, where excess energy is stored in a thermal reservoir using a storage medium,
is most suited to this type of application due to its cost-effective and efficient operation
compared to other energy storage types available. Consequently, the main purpose of a
TES system can be identified as storing heat energy when the sun is available and utilizing
the stored energy to operate a thermal cycle when the sun is unavailable. As a result, TES
ensures that the CSP plant continues to operate at a lower cost while also providing other
benefits such as increased plant reliability, efficiency, energy savings, and annual capacity
factor [8-11]. Sensible heat thermal energy storage (SHTES), latent heat thermal energy
storage (LHTES), and thermochemical storage are the three main types of TES available [12].
SHTESs are designed to store heat energy as sensible heat of the working material, LHTES
is designed for the latent heat of the physical phase transition of storage material, while
some sensible heat is also efficiently stored, and thermochemical storage is designed to store
thermal energy through a chemical reaction of storage materials [13]. Despite the fact that
LHTES and thermochemical storage have higher energy density than SHTES, SHTES is the
most commonly installed TES type, particularly in CSP power plants, due to its economic
benefits and simplicity [14,15]. LHTES is less expensive than thermochemical storage and
thus can be identified as the next potential candidate for CSP plants [16]. Furthermore,
the performance of TES can be improved by upgrading the configuration, geometry and
materials used. Improvement of the storage medium by encapsulation, modification of the
chemical composition, and addition of micro-/nano-particles of foreign material are some
of the more popular methods. The enhancement of thermo-physical properties of storage
materials through the addition of nanoparticles has numerous success stories, as evidenced
by previous literature [17-19].

Any of these TES systems can be integrated with a CSP plant in such a way that the
TES system is always charged prior to delivering thermal energy to the application (active
TES), and the TES system can be charged with excess thermal energy that is not required
by the application (passive TES). In general, active TES consists of direct integration with
the same storage medium as heat transfer fluid (HTF), whereas indirect integration uses
two different materials as the storage medium and HTF [20]. Therefore, the optimal design
of a CSP plant integrated with TES must be tailored to the situation while also taking into
account the other system requirements. The levelized cost of energy (LCOE) is one such
important design consideration in CSP plant design to predict economic competitiveness.
With the recent drive towards decarbonization, CSP technologies have received increased
attention, with numerous R&D contributions leading to a reduction of more than 50% of
the LCOE of CSP plants [21]. As a result, CSP plant construction is accelerating, with the
installed capacity of CSP expected to reach 22.4 GW by 2030 to utilize a larger portion
of the total global CSP potential of 2,945,926 TWh/y [22]. The current global weighted
average cost of CSP in electricity generation is approximately 0.108 USD/kWh, according
to data from the International Renewable Energy Agency (IRENA) [23]. However, the
LCOE is entirely dependent on the geographical location of the CSP plant and the regional
macroeconomic conditions. As a result, it is worthwhile creating a systematic model that
any project developer anywhere around the world can use in making CSP plant design and
development decisions.

Aseri et al. [24] conducted a study on the techno-economic appraisal of 50 MW nom-
inal capacity parabolic trough solar collector and solar power tower-based CSP plants
with a provision of 6.0 h of TES at two potential locations in India for different condenser
cooling options. Musi et al. [25] conducted a study to evaluate the LCOE of CSP plants,
and the findings show a country- and technology-level learning effect for CSP plant LCOE.
Furthermore, the construction of large CSP plants does not currently result in LCOE reduc-
tions, and LCOE reductions are generally positively correlated with greater thermal energy
storage, a higher capacity factor, and, to a lesser extent, power output. Mahlangu et al. [26]
conducted research to evaluate the external costs associated with a solar CSP plant using life
cycle analysis. Some of the relevant studies in the open literature include Hussain et al. [27],
who conducted a study that presented a cost analysis of a 20 MW concentrated solar
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power plant with a thermal energy storage system in Bangladesh. However, none of these
studies provide a comprehensive outlook on the energy generation costs associated with
CSP plants.

As a consequence, this comprehensive study is dedicated to identifying the parameters
that affect the LCOE of CSP plants and developing an aggregated mathematical model
that can be used in estimating the LCOE of future TES-integrated CSP plant designs prior
to construction. Given the maturity of CSP and TES technologies, the work presented
in this paper has chosen PT and SPT CSP configurations, shown in Figure 1, as well as
SHTES and LHTES configurations, to be integrated into CSP plants as active indirect
storage systems. Both SHTES and LHTES storage types are considered in a single-tank
thermocline arrangement. All TES configurations are taken into account for both regular
working materials and nano-enhanced storage materials. Furthermore, due to the high-
temperature attainment of the SPT arrangement, in which the use of SHTES has less
economic competitiveness, the SPT solar plant arrangement will be integrated only with
the LHTES storage type. The use of phase transitions to increase storage energy density
can drastically reduce storage material requirements and thus storage size and cost. The
consideration of nanotechnology in CSP plants was evaluated depending on a hypothesis.
Thermal energy is being used to generate electricity in three different power generation
cycles: the Rankine cycle, the Brayton cycle, and the combined power cycle. Therefore,
the research presented in this paper will contribute to the development of a mathematical
model that is applicable for both PT and SPT configurations, as well as the identification
and verification of LHTES in improving CSP plant performance over other available TES
types. There was no previous study that considered all three power generation cycles
considered in this study at the same time, and no attention was previously given to the
evaluation of LCOE with the integration of nanoparticles into the TES medium.
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Figure 1. Selected CSP plant configurations for the study: (a) solar power tower configuration (SPT)
and (b) parabolic trough configuration (PT) [28].

2. Materials and Methods

It is obvious that different configurations of CSP and TES have different technical
performance levels and thus economies. In general, incorporating TES into CSP plants
can improve energy system performance while lowering LCOE [29,30]. However, the
optimal configuration that delivers technology at an affordable price must be identified.
Furthermore, the geographical location of the CSP plant strictly defines the LCOE through
direct normal irradiance (DNI), capital expenditure (CAPEX), operational expenditure
(OPEX), and a discount ratio that is dependent on the country’s economy. The current study,
which is designed to evaluate the LCOE variation under various scenarios that include CSP,
TES, and end-use single-stage thermal cycles, follows the main steps depicted in Figure 2.
One scenario from each CSP configuration was chosen as the base case for comparing
LCOE variation under the considered end-use thermal cycles in electricity generation,
i.e., Rankine cycle, Brayton cycle, and combined cycle. The efficiencies of the thermal
cycle (which depend on the plant’s operational temperatures and pressures), the efficiency
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of the TES (which depends on the TES configuration and nanoparticle addition for TES
efficiency improvement) were considered, under an estimated DNI of 1000 kWh/m?/year
and 50 MW of installed electric generation capacity with the unit solar multiplier. TES
was designed to run the power plant without the sun for six hours. Under the same solar
insolation, the regular TES-integrated plants were evaluated for LCOE variation under
50-100 MW of installed electricity generation capacity range. Furthermore, under the same
solar insolation, the nano-enhanced TES-integrated plants were evaluated for an installed
electricity generation capacity of 100 MW. The best-performing plant configurations of each
PT and SPT were then selected to be located in various geographical locations, in order to
vary the DNI level and identify the LCOE variation around the world in a future study.
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Figure 2. Evaluation methodology for LCOE variation.

2.1. Factors Affecting the LCOE

LCOE is a metric which measures the average net present value of energy generation
expenses over the life span of the energy system to a unit of energy produced. The LCOE
can be calculated using Equation (1) [31], which takes into account both financial and
technical factors. Therefore, the main factors defining the economy of the energy system
are CAPEX (I;), OPEX (My), fuel cost (F;), discount ratio (r), plant life span (n), and energy
generation (Et). There is no fuel cost associated with solar energy. As a result, in this
case, fuel cost (F;) = 0. Furthermore, this study does not take into account the costs of
decommissioning CSP plants or natural degradation.

It + M+ Fq E¢
ICOE=Y" — —— "/} _— 1
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2.1.1. Cost Components of LCOE

Table 1 shows the CAPEX and OPEX components for a solar thermal power plant [32,33].
These components differ depending on the CSP and TES configurations. The discount rate is
another economic factor that affects LCOE, and it is strictly dependent on the country’s economy,
so the LCOE of CSP plants is subject to vary with the economy of the country where the plant is
located. Further, the study was conducted with a 25-year life span [34] for a CSP plant with zero
salvage value in order to evaluate the feasibility of CSP plants for selected countries in various
geographical locations.

Table 1. LCOE components identification.

Components of Investment Cost (CAPEX) Components of O&M Cost (OPEX)
CSP Plant TES System _ CSP Plant TES System  Power Block
Land Labor
Project management Water consumption
Equipment purchase Planned maintenance
Logistic Unplanned repairs
Civil works Insurance
Equipment installation Service contracts
Contingencies Inventory

The energy requirement for the end-use application determines the capacity of the
CSP plant, as do the power block and TES. Once a specific solar collector is chosen for a
CSP configuration, the number of solar collectors required is primarily determined by the
power plant’s capacity. When DNI rises, the number of solar collectors required decreases,
lowering CAPEX. The total land area required for the power plant (LAT) can be calculated
using Equations (2) and (3) for PT and SPT, respectively [24], considering the unit area
of solar collector (A;) and number of solar collectors in the field (N). Following that, the
expenditure for the land (C}) is calculated as per Equation (4), considering the unit price
of land area (Prp). The cost of solar collectors (Cs), as per Equation (5), is based on the
unit price of solar collectors (Prs) and N, while Equation (6) for the cost of TES is based
on the storage material mass quantity (mgy), the unit price of storage medium (Prey),
container material mass quantity (mcy), the unit price of container material (Prcy) and
cost of auxiliary (Cac).

LA =37 AN )

LAT = 6.0 AN 3)

A CSP plant’s typical equipment includes an HTF system (HTF, HTF tank, piping,
insulation, and pumps), a solar field (mirrors, frame, foundation, sun tracking systems,
and controllers), and a water treatment plant as the major auxiliary. TES system consists of
storage material, tanks, piping, insulation, pumps, and heat exchangers. If the electricity is
generated using the Rankine cycle, the power block consists of a steam generator, condenser,
pump, and steam turbine. When considering the Brayton cycle, the gas turbine and
compressor are present, whereas combined cycle power generation makes use of all of these
components. In this study, the combined cycle is regarded as a topping cycle. Additionally,
a cooling system and an electric generator are also required for the power block [33]. The
cost components for the study’s three different power cycles are reported in Table 2 [35-41],
while efficiencies and economies are reported in Table 3 [42], and storage medium costs
are reported in Table 4. The balance of the system expenditure consists of the costs of
heat exchangers, pumps, piping, fittings, and all other CSP system components that were
not considered as separate cost components. CAPEX from solar collectors and TES was
calculated using Equations (5) and (6), respectively. The efficiency of the combined cycle
was calculated using Equation (43), while the cost of the combined cycle is simply the
sum of individual cycle costs. According to Trevisan et al. [43], the expense of a Brayton
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cycle power generation system is three times that of a Rankine cycle used for power block
cost estimation.

3.7A1 N Pry; For PT solar plant
CL = { 1 L p @)

6.0A; N Pry; For SPT solar plant

CS =N PI‘S (5)

Crgs = (mspmPrsv) + (memPrem) + Cac (6)

Table 2. Cost components considered in LCOE estimating of PT and SPT plants.

Cost Component PT SPT Units
Cost of the land (USA Average) 297 2.97 USD/m?
Solar collector 170.00 145.00 USD/m?
HTF system (receiver) 60.00 - USD/m?
Tower structure and receiver - 1520.00 USD/kW,
Balance of the system expenditure 120.00 340.00 USD/kW,
Civil work expenditure 25.00 16.00 USD/m?
Installation cost 73.70 43.50 USD/m?
Project management cost (EPC) 5 5 Y%
Contingency 10 10 Y%

O&M fixed cost 66.00 66.00 USD/kW,/year
Variable O&M 3.50 4.00 USD/kWe./year
Insurance cost 0.5 0.5 %

SHTES auxiliary cost 10.13 - USD/kWy,
LHTES auxiliary cost 19.74 19.74 USD/kWy,

Table 3. Efficiency and costs for Rankine, Brayton and combined cycle for electricity generation.

Power Cycle Rankine Cycle Brayton Cycle Combined Cycle
Cost (USD/kWe) 1040.00 3120.00 4160.00
Reference [37] Calculated Calculated

Table 4. Unit costs of different materials considered for TES.

Material Storage Medium Container

ateria Solar Salt H280 HT-PCM 316 SS

Cost (USD/kg) 1.30 1.17 0.64 2.81
Reference [44] [45] Interpolated [41] [46]

2.1.2. Technical Components for LCOE

Efficiencies at each level of the CSP plant energy conversion impact the value of
LCOE, as shown in Figure 3, and they bear the primary contribution in terms of annual
energy generated. Mirror, receiver, HTF, and heat exchanger efficiency are the main
components of energy loss in the CSP system. The efficiency of solar collectors is dependent
on several factors, including cosine factor, spillage factor, attenuation factor, blocking factor,
shadowing factor, and reflectivity [47]. The cosine factor is the most important of these. It is
determined by the solar collector’s geometry. The portion of the radiation reflected by the
mirrors that do not reach the receiver is referred to as the spillage factor. The attenuation
factor addresses the energy loss caused by air molecule absorption in the region between
the mirrors and the receiver, which increases the energy loss exponentially as the distance
between the mirrors and the receiver increases. The energy lost when one heliostat casts a
shadow on another is accounted for by the shadowing factor. Reflectivity is the product
of nominal reflectivity and nominal cleanliness [32]. The efficiency of the receiver is also
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affected by reflectivity and environmental conditions. The HTF properties and the ambient
temperature determine the piping loss. The CSP configuration, TES configuration, and
materials used in these systems significantly impact energy transmission efficiency. The
mirror arrangement in the solar field and solar collector efficiency define the amount of
energy the CSP field can collect. As well as the effective surface area for heat loss, which
is determined by the TES configuration and material choice, plays the main role in TES
efficiency. Thermal cycle efficiency, turbine efficiency, and generator efficiency are all
important. The power cycle type and operational conditions, such as temperature and
pressure, determine the efficiency of a thermal cycle. Although some other losses are
associated with TES-integrated CSP plants for electricity generation, the current study
assumes that such losses are negligible. Table 5 shows the generalized efficiency values of
the generator, heat exchanger, and HTF (solar salt) energy transmission losses in piping
used for this study. Table 6 presents the TES material thermo-physical properties.

Configuration
Type of solar collector

Collector
efficiency Number of solar collectors
Receiver
r efficiency
Csp
Solar Energy <« HTF efficiency

(DNI) .
<«—— Heat exchanger efficiency

Type of TES
TES

TES materials
eatiloss ‘ «—— Heat exchanger efficiency

« HTF efficiency

LCOE
of conversion

v

-” Electricty Power Block

——— Thermal cycle efficiency

Turbine efficiency

Generator efficiency

Figure 3. Technical components that affect the LCOE of CSP plants.

Table 5. Efficiencies of common system components of both PT and SPT power plants.

Component Efficiency (%) Reference
Generator 99 [47]
Steam turbine 93 (48]

Gas turbine 93

Heat exchanger 98 [47]
HTF heat transfer—Piping 85 [49]
Receiver—PT 85 [35]
Receiver—SPT 86 [50]
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Table 6. Thermophysical properties of the storage materials selected for TESs.
H T Thermal
Material Type TES Cps (KJ/kg °C)  Cp (KJ/kg °C) 1J/kg) (g“é;t Conductivity p (kg/m?)
& (W/m K)
Solar salt (60 wt.% Inorganic
NaNOj + 40 wt.% eutectic SHTES 1.62 1.62 - 220 0.8 1804
KNO3) PCM
A commer-
H280 cial LHTES 1.54 1.54 160 282 0.53 2250
PCM
HT-PCM (36 wt.% Inorganic
KCI + 64 wt.% eutectic LHTES 0.84 0.96 388 470 0.83 2190
MgCly) PCM

3. Scenario Development

As shown in Figure 4, this study considered 18 scenarios to evaluate the LCOE
variation of TES-integrated CSP plants for electricity generation. Because of SPT’s high-
temperature capability, this CSP configuration is only considered with LHTES. In contrast,
the use of SHTES can improve the size and cost of the TES system due to the comparatively
low energy density resulting from storing only sensible heat. When latent heat storage is
neglected, TES requires more storage medium to store the same amount of energy, causing
container size to increase. The single-stage Rankine cycle, Brayton cycle, and combined
cycle were chosen as end-use thermal applications that use CSP power extract for both CSP
configurations. Though combined cycle operation necessitates higher operational tempera-
tures for efficiency, the PT configuration is also taken into account under PT configuration
to check the economic feasibility of such a combination in CSP-based electricity generation.

CSP Plant

. . . Application -
TES Configuration Storage Material
Electricity generation

ol Nano
% enhanced

Brayton

Rankine
/N cycle
\\-l.

Figure 4. Scenario development for LCOE evaluation.

Combined
cycle
4. Mathematical Modelling

Following the LCOE equation, this section develops a model to calculate the LCOE of
the energy generated by the CSP plant. As shown in Equation (7), the energy generated by
the CSP plant (E;) is dependent on the DNI at the plant’s location (latitude and longitude),
unit area of solar collector (A;), number of solar collectors (N), the efficiency of solar
collectors (Neoltector), the efficiency of the solar receiver (Mreceiver), HTF efficiency (Myrr),
heat exchanger (HE) efficiency (nugg), number of heat exchangers (Nyg), efficiency of
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TES system (nTgs), thermal cycle efficiency (Mihermal), turbine efficiency (nt) and electricity
generator efficiency (ng). All other system component losses are assumed to be insignificant.
In the current study, the efficiency of the receiver, heat exchangers, HTF, and generator was
assumed to be constant for each of the selected configurations using industry-standard
values. As a result, Equation (7) can be reduced to Equation (8). In the event that the
plant is assumed to have only two mandatory heat exchangers (Nyg = 2) required for the
TES system to mount with the CSP plant in an active indirect manner. The unit area of a
solar collector is accounted for using a standard solar collector available on the market,
resulting in a constant for a chosen CSP configuration. The spacing between collectors
varies depending on the solar collector, and therefore, the collector efficiency varies as
well. Other factors influencing collector and receiver efficiency mainly include construction
geometry and materials. Once the solar collector is chosen for the specific CSP plant, the
number of solar collectors required is determined by the available DNI level and the end-
use application energy demand. The land requirement for a solar field varies depending
on the number of solar collectors, causing plant costs to vary proportionally.

N
Et = DNI A1 N SM ngjiectorNreceiverMHTFNHE  ENTESNthermal M1TNG ()

E = { 0.64 DNI' A1 N Neoliector MTES Nthermal; for PT plant (8)

0.65 DNI A1 N Neolector NTES Nihermat; for SPT plant

Solar collectors will not capture total incident DNI on the solar field, since collector
efficiency is not 100%. To determine the actual energy collected by SPT collectors (Pr),
Equation (9), derived from Equations (10) and (11), can be used [32,47]. Equation (12) is
used for PT plant collectors as other components that affect efficiency are considered under
receiver efficiency. Here, DNI is related to the location selected which the current study
considers 1000 kWh/m? /year of the bottom line. A; is the solar collector area of the iy,
collector, 6; is the angle between the incident solar rays and normal to it" mirror element,
fsp,i is the spillage factor, f5; is the attenuation factor, f;, is the blocking factor, fg, is the
shadowing factor, « is the reflectivity, and fopiical is the factor for optical efficiency.

Pr =Y N DNIA; cos 6; fop,i fati fi fon otc )

As; Pt = DNI A1 N Noliector (10)

Accordingly, the efficiency of collector in SPT plant can be derived as;

Neollector = Z%\LlAi cos 6; fsp,i fat,i fo fsh &/ E%\LlAi (11)

Neollector = Z{ilAi cos 6; foptical o/ Z%i1Ai (12)

Furthermore, in addition to the cosine factor, f,;; is critical in SPT plants because as the
plant grows larger, the loss increases, and it can be found as follows using
Equation (13) or (14) depending on the size of the solar plant, where D is the distance
between the solar collector and the focal point of the receiver. The shadowing factor and
spillage factor in this study was taken as constant values where more realistic values for
these factors can be calculated as per Talebizadeh et al. [51]. Hussaini et al. conducted a
study that considered 0.88 of nominal reflectivity and 0.98 cleanliness over the entire life
span, resulting in «. = 0.84 [52], considered in collector efficiency estimation in this study.

fr; = 0.99321 — 0.0001176D + (1.97 X 10*8D2) ;D < 1000m (13)

far; = exp(—0.0001106D); D > 1000m (14)
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SPT receiver efficiency (Nreceiver) can be calculated as per Equation (15) [53], while the
PT receiving efficiency is directly considered the same as the HTF efficiency. The current
study has no consideration of conductive heat transfer loss. Here, gi, pF is the solar power
transferred to HTF, qsolar incident 15 the incident solar power on the receiver, and qogg receiver
is the heat loss in the receiver.

qin,HTF . 9solar incident — qloss,receiver (1 5)

Nreceiver =

9solar incident 9solar incident

Receiver heat loss mainly consists of two losses, as shown in equation 16: the radiation
heat loss (qraq) and the convection heat 10ss (qconv)-

qloss,receiver = Yrad + 9eonv (16)

Radjiation heat loss of the receiver can be calculated as per Equation (17), considering
the radiation shape factor of the receiver (SF), which the presented study considered to be
SF =1, the radiative area of the receiver (Ag), the emissivity of the receiver (¢), the Stefan
Boltzmann constant (o = 5.67037442 x 10~8 kg s73 K*%), the receiver temperature (TR),
and the ambient temperature (Tympient)-

Grad = SFAR €O (TR4 - Tambient4) (17)

Convection heat loss of the receiver can be found by Equation (18), where hcony is the
convective heat transfer coefficient, which can be calculated by Equation (19), and Hg is
the total height of the receiver.

eony = ArPcony (TR — Tambient) (18)
Te — T\ 025
heony = 0.557 x 107° (Ramblent> 19)
Hg

The effectiveness of the receiver determines heat transfer from the receiver to the
HTE. Essentially, the efficiency at the receiver is primarily determined by the receiver’s
reflectivity and the conduction and convection heat transfer coefficients, which are used
to calculate thermal energy loss to the environment. The efficiency of the receiver is also
subject to natural degradation over time, and cleanliness is another major parameter that
influences these efficiencies. Assuming that this decay is negligible for the lifespan of the
CSP plant receiver, it will be treated as a constant value for each configuration, as shown in
Table 5.

The efficiency of the HTF (nyr) is primarily determined by environmental factors
such as ambient temperature (Tympient), humidity, and airflow velocity at the geographical
location. Despite this, the HTF chosen for the study is solar salt with a chemical composition
of 40 wt.% KNO3+ 60 wt.% NaNOs for the PT plant and KC1/MgCl, /NaCl for the SPT
plant is considered under a constant efficiency value, as shown in Table 5. The TES system
is critical in CSP plants for improving overall energy system performance while lowering
energy costs. The storage material, container material, insulation, environmental conditions,
and geometric configuration of a TES all impact its efficiency. In this study, Equation (20)
is used to estimate the efficiency of TES (nrgs) [54], where Etgg is the energy stored in the
TES, qout,utr is thermal energy output from the HTF to TES, and Eju TEs is the thermal
energy loss from TES.

Etgs — Eioss,TES

MTEes = —— - - (20)
MHE X Yout HTF
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Therefore, the thermal energy loss from the TES can be found by Equation (21),
considering the overall heat transfer coefficient (Utgs), heat transfer area of the TES (Ayy),
and TES outlet temperature (Ttgs).

Eloss,TES = UTESAht (TTES - Tambient) (21)

The heat transfer area of the TES can be then calculated using Equation (22), consider-
ing Drgs as the diameter of the TES and H as the height of the TES.

Apt = DTES <H + D;ES) (22)

The amount of heat energy that can be stored in SHTES and LHTES is given by the
following equations, Equations (23) and (24), respectively, assuming the negligible heat
storage in the components inside of TES [55,56]. Here, EsyrEs is the amount of heat energy
that can be stored in SHTES, mgtgs is the storage material mass of SHTES, Ej ytgs is the
amount of heat energy can be stored in LHTES, mj yrgs is the storage material mass of
LHTES, Cp is the specific heat capacity of the storage medium of SHTES (Solid or Liquid),
Cps is the specific heat capacity of the storage medium of LHTES in the solid state, Cpy, is
the specific heat capacity of the storage medium of LHTES in the liquid state, T,y is the
melting temperature of storage medium, Hy, is the melting enthalpy of storage medium,
am is the melting fraction, Ti,jt41 is the initial temperature of storage medium, and Ty, is
the final temperature of storage medium.

Estres = mMsHTES [Cp(Ttinal — Tinitial)] (23)

Ernates = MyHTES [CPs(Tmelt — Tinitial) + @mHm + Cpr(Tfinal — Tmet)] (24)

am= 0 when Tipitial — Trelt < 0
0 < am < 1whenTjpjtia] = Trnert = 0
am= 1 when Tinitial — Tmett > 0

In this study, we assumed congruent melting (am = 1) of LHTES Phase Change Ma-
terial (PCM). However, for greater precision, the melting fraction can be calculated using
Equation (25) [57], where V/Vj is the melted volume fraction, Fo is the Fourier number, Ste
is the Stephan number and Ra is the Rayleigh number.

vV _ 4.73F00906G1a1.538 R 10.02 (25)
Vo
Once the amount of energy required for 6 h of full load operation of the end-use
thermal cycle has been determined, the capacity of the TES required to operate the thermal
application can be calculated using Equation (26). As a result, the installed CSP plant
capacity can be calculated using Equation (27), where CArgg is the TES capacity, CAcgp is
the CSP plant capacity, and hop is the operational hours without the heat source.

E
CAps = ¢ (26)
opP
CAcsp = CATES Nthermal NT NG NHE (27)

The storage material’s energy density determines the size of the TES required to store
thermal energy. The energy density of a storage material is the amount of energy that can
be stored per unit mass or volume. The storage material’s energy density (ED) can be
denoted by Equations (28) and (29) for sensible storage medium and latent storage medium,
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respectively. Hence, EDgpyy is the energy density of sensible heat storage material, and
EDy M is the energy density of latent heat storage material.

EsHTES
EDstim = [Cp(Tfinal — Tinitial) = ————) (28)
MSHTES
ErLnTES
EDrum = [CPS(Tmelt - Tinitial) +Hm + CPL(Tﬁnal - Tmelt)] = MLHTES (29)

Accordingly, the TES capacity Equation (26), can be modified to Equation (30).

ED. ED
SHM MSHTES ~ BLLHM MLHTES (30)

CA =
TES hop hop

Accordingly, it is obvious that as the energy density of the storage material increases,
the quantity of storage material required to store energy to operate the thermal cycle
decreases, resulting in a reduction in the volume of the TES. Reduced TES size lowers TES
costs while also providing other advantages such as less space consumption, less pump
work, and lower heat losses. However, as the properties of a storage material become
more desirable, the material price rises. To select a storage material candidate for TES,
careful consideration of material unit price increment and material quantity and container
material requirement reduction is required. Once the quantity of storage material (storage
medium) is known, the volume of the TES (Vgs) can be calculated using Equation (31).
Vstorage medium 18 the storage medium volume. Furthermore, the 36/14 of Drgs/H ratio
proposed by Vilella et al. [56] for cylindrical TES tanks is used in this study as well.

Vres = 1-1Vstorage medium (31)

Thus, the volume of the storage medium can be found by Equation (32). Here, pspTES
is the density of the sensible heat storage medium, and py grEgs is the density of the latent
heat storage medium, the calculation of which uses density values reported in Table 6.

m m
SHTES . MLHTES (32)
PSHTES PLHTES

Vstorage medium —

The dimensions of the storage tank can thus be determined using Equation (33), with
the aforementioned notations.

Dres
VTES = 7'[(2) H (33)

The discharge time of the TES (Dgjscharge), Specifically, the storage duration (operational
hours without the heat source), can be calculated using Equation (34). Here, Qgrr is the

heat transfer rate of HTF.
3600ETEsNTES

34
QuTF (34

Ddischarge =

Qurr then can be calculated as per Equation (35), where rhyrr is the HTF mass flow
rate, Cpyrr is the specific heat capacity of the HTF, and Tiermq is the temperature required
for thermal cycle operation.

Qurr = MuTFCPHTF(TTES — Tthermal) (35)

Then, hyrr can be calculated by Equation (36), where pyrr is the HTF density, Apipe
is the cross-section of the HTF pipe, and v is the HTF flow velocity.

MPTF = PHTF ApipeV (36)
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Incorporating compatible nanoparticles into the storage medium can improve the
thermal and physical properties of the storage material. One such property that can be
improved to reduce the TES size is energy density. Reducing the size of the TES can
lower the overall OPEX and CAPEX of the CSP system. The composite energy density,
EDsprEs, and EDy y1Es for sensible storage material and PCM in LHTES can be calculated
using Equations (37) and (38). In this case, Cpcomposite 1S the specific heat capacity of
the nanocomposite.

EDghrEs = [CP,composite (Tfinal - Tinitial) (37)

EDpntES = [CPS,composite (Tmelt - Tinitial) +Hm + CPL,composite (Tﬁnal - Tmelt)] (38)

The density of a nanocomposite (Pcomposite) can be calculated using mixture theory
using Equation (39) [58-60]. Furthermore, the mixing theory holds true for the specific heat
capacity of the nanocomposite (Cpcomposite), resulting in Equation (40) [61-63]. Depending
on the requirements, the latent heat of fusion can be calculated numerically using the
equations proposed by Pincemin et al. [64]. In this case, p; is the density of the regular
storage material, pp, is the density of the nanomaterial, ® is the nanoparticle concentration,
Cp; is the specific heat capacity of the regular storage medium, and Cpyp is the specific
heat capacity of the nanomaterial.

Pcomposite = (1—@)pr + @py (39)

CP,composite = (1 - (P)CP,r + (PCP,np (40)

The thermal efficiencies of the selected end-use single-stage thermal cycles (Rankine,
Brayton, and combined cycles), ngr, ng, and ncc, can be expressed using Equations (41)—
(43), assuming a negligible pressure drop and internal reversibility in the thermal cycle.
Here, Wy is the work output from the turbine, Wy, is the work input by pumps, qgiy, is
the thermal energy from TES, AH; is the enthalpy variation of steam at condenser heat
rejection, AHj is the enthalpy variation of steam at heat intake, r}, is the pressure ratio of
air, and k is the specific heat ratio of air.

Wout - Win < qout) (AHl )
ng = —eat —Tin _ (g Sour) _ (2L (41)
K Qin 9in AHZ

Assuming internal reversibility and steady flow behavior;

1\ k=1)/k
nB=1—() @)
Ip
Nee = MR + N — (NrNB) (43)

Therefore, the efficiency of the TES-integrated CSP plant (ncsp) and the capacity factor
(CF) were calculated using Equations (44) and (45), where Egjec actual is the actual electricity
production per year, Eqy,, is the solar energy received to the CSP plant for a year, and
Eelec, theoretical 1 the theoretical maximum electricity production per year.

Eelec actual
Ncsp Eoops (44)
CF = Eelec,actual ( 45)

Eelec,theoretical
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5. Case Study
Base Cases Definition

This study discusses a case study based in the United States using the developed
mathematical model. As a result, all of the details used in the calculation were based on
open literature research data for CPS plants in the United States. The defined 18 scenarios
consist of two sets: one set consists of nine scenarios based on a regular storage medium,
and the other set consists of the remaining nine scenarios that are based on the specific
nanoparticles-added storage medium. Among the each set, there are six scenarios for PT
solar plant configuration and three scenarios for SPT solar plant configuration. Accordingly,
scenario 1 to scenario 6 are defined for a PT plant under a regular TES medium, scenario 7
to scenario 12 are defined for a PT plant under a nano-enhanced TES medium. Scenario 12
to scenario 15 were defined for an SPT plant with a regular TES medium, and scenario 16
to scenario 18 were defined for an SPT plant with nano-enhanced TES medium. Among
these 18 scenarios, 2 scenarios were selected as base cases.

Table 7 defines two scenarios representing PT and SPT plant configurations used in
this parametric study for ease of comparison. As a result, scenario 1 was chosen to represent
the PT power plants, which consists of the combination of SHTES with regular storage
medium to run the Rankine cycle in electricity generation, and scenario 13 was chosen to
represent the SPT power plants, which consists of LHTES with regular storage medium to
run the Rankine cycle. The remaining five PT power plant scenarios are then subjected to
end-use thermal cycle change with the same SHTES configuration and end-use thermal
cycle change with TES configuration change from SHTES to LHTES. The remaining two
scenarios that follow scenario 13 were derived by changing the end-use thermal cycle alone.

Table 7. Definition of base cases.

csp TES Storage

Base Cases Configuration Configuration Material Power Cycle

Scenario 1 PT SHTES Regula.r TES Rankine cycle
medium

Scenario 13 SPT LHTES Regulgr TES Rankine cycle
medium

For the base cases, 1000 kWh/m?/year of DNI was estimated with solar salt as the
HTF for PT power plant and KC1/MgCl, /NaCl as the HTF for SPT power plant with con-
sidering the operating temperature compatibility of HIF with the power plant temperature
attainment. Once the basic design of the power plants has been established according to
scenario 1 and scenario 13, only the TES size and end-use thermal use operational condi-
tions have been altered for the 50 MW capacity plant. The selected component models,
particularly the cost component, were defined as specific costs, and once the power plant
started scaling up, the rest of the quantities were set to increase along with it. The variation
in plant capacity under a chosen scenario then managed to give the accurate LCOE of the
scaled-up plant. Details of the base case power plant with the PT configuration are reported
in Table 8, while Table 9 reports the details of the SPT power plant configuration. Following
the definitions of the configuration, Figures 5 and 6 show the contribution of each cost
component over the power plant’s 25-year life span for the PT and SPT, respectively.
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Figure 5. Share of expenses for base case parabolic trough plant over 25 years.

Table 8. Details of the parabolic trough plant under scenario 1—the base case for PT plants.

Parameter Value Unit
Installed capacity 50 MW,
Annual energy generation 219,000 MWhe
Capacity factor <0.5
Utility Electricity
CAPEX 1,221,042,422.21 usDh
OPEX 9,580,212.11 USD/year
Life span 25 Years
Discount ratio 10 %
Country USA
Location DNI 1000 KWh/m?2/ year
Ambient temperature 35 °C
Type Euro Trough ET-150
A 817.50 m?
Solar collector—PT [38] Number of collectors 2000 Units
Efficiency 70.50 %
Solar multiplier (SM) 1
Medium Solar salt
HTF Efficiency 85.00 %
Heat exchanger efficiency 98.00 %
Type SHTES
Storage medium Solar salt
Container material 316 SS
Inlet temperature 530 °C
Outlet temperature 270 °C
TES Overall he.aF transfer 22 [65] W/m2 °C
coefficient
Efficiency 89.60 %
Capacity 167 MW,
Storage duration 6 Hours
Diameter 25.20 m
Height 19.60 m
Thermal cycle Rankine cycle
Input temperature 420 °C
Outlet temperature 190 °C
Power block Turbine efIf)iciency 93.00 %
Thermal cycle efficiency 33.18 %
Generator efficiency 99.00 %
LCOE calculated in this study 09.53 ct/kWh
CSP plant overall efficiency 13.40 %
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Table 9. Details of the solar power tower plant under scenario 13—the base case for SPT plants.

Parameter Value Unit
Installed capacity 50 MW,
Annual energy generation 219,000 MWh,
Capacity factor <0.5
Utility Electricity
CAPEX 1,056,942,520.04 usbh
OPEX 8,784,712.60 USD/year
Life span 25 Years
Discount ratio 10 %
Country USA
Location DNI 1000 KWh/m? /year
Ambient temperature 35 °C
Typ Heliostat
A; 148.84 m?
Solar .
collector—Heliostat [39] Numb.elj of collectors 9936 Units
Efficiency [66] 59.00 %
Solar multiplier (SM) 1
Receiver efficiency 86.00 %
Medium KCl/MgCl, /NaCl [67]
HTF Efficiency 85.00 %
Heat exchanger efficiency 98.00 %
Type LHTES
Storage medium 36 wt.% KCI + 64 wt.% MgCl, (HT-PCM)
Container material 316 SS
Inlet temperature 700 °C
Outlet temperature 440 °C
TES Overall he.aF transfer 22 [65] W/m?2 °C
coefficient
Efficiency 89.80 %
Capacity 129 MW;
Storage duration 6 Hours
Diameter 18.95 m
Height 7.37 m
Thermal cycle Rankine cycle
Input temperature 600 °C
Outlet temperature 224 °C
Power block Turbine eflf)iciency 93.00 %
Thermal cycle efficiency 43.06 %
Generator efficiency 99.00 %
LCOE calculated in this study 8.47 ct/kWh
CSP plant overall efficiency 12.02 Y%
 CAPEX: TES

CAPEX: Land

OPEX

Contingencies

CAPEX: Power block

Balance of the system

\
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Figure 6. Share of expenses for base case solar power tower plant over 25 years.
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5.1. Results and Discussion

Table 10 reports the efficiencies of three electricity generation cycles considered in this
study, followed by different operating temperatures and pressures that are reverent for
CSP system outlay. Due to the higher temperature attainment in the SPT configuration,
both the Rankine and Brayton cycles can operate at higher temperatures and pressures,
resulting in higher operational efficiencies. Since the temperature attainment potential of
the PT configuration is lower than that of the SPT configuration, the plants were designed
to operate with medium temperature and pressure thermal cycles. In the combined cycle
scenarios, the evaluation was performed based on the topping cycle, in which the Bray-
ton cycle generates electricity first, and then the Rankine cycle is operated from the gas
turbine output.

Table 10. Operational parameters for Rankine, Brayton, and combined cycles.

Power Generation Cycle Efficiency (%)
Low temperature Rankine cycle—For combined cycle of PT plant 8.83
Higher temperature (°C) 180
Lower temperature (°C) 140
Medium temperature Rankine cycle—For PT plant and combined cycle of 33.18
SPT ’
Higher temperature (°C) 420
Lower temperature (°C) 190
High temperature Rankine cycle—For SPT plant 34.71
Higher temperature (°C) 620
Lower temperature (°C) 310
Medium temperature Brayton cycle—For PT plant 32.70
Pressure ratio 4
Specific heat capacity ratio 14

High temperature Brayton cycle—For SPT plant for individual and

combined cycles 48.20
Pressure ratio 10
Specific heat capacity ratio 14

The mathematical model thus developed was used to assess the LCOE variation of the
TES-integrated CSP plant using the MS Excel software for the 18 scenarios considered in
this study. Tables 11-14 report the results. When comparing the simulation of the energy
system under two base cases defined above, scenario 1 and scenario 13, both of which use
a regular TES medium, scenario 1 shows the lowest LCOE and highest CSP plant efficiency,
and this increased plant efficiency could be the reason behind the decreased LCOE. Despite
the comparatively lower efficiency of the TES, the increased solar field efficiency in scenario
1 can be identified as the reason for increased CSP plant capacity. The minimum LCOE
(7.72 ct/kWh) among all nine scenarios for the same installed capacity of a 50 MW plant
with regular TES medium is shown by scenario 15, which consists of SPT CSP configuration
along with LHTES to drive the combined cycle electricity generation. Furthermore, this
scenario has the highest CSP plant overall efficiency (22.14%). This increased efficiency is
due to the increased efficiency of the combined power cycle. Furthermore, it can be seen
that scenario 15 has the lowest TES efficiency among scenarios that include LHTES, which
uses the regular TES medium (Scenario 13, Scenario 14, and Scenario 15). Therefore, the
end-use thermal cycle can contribute significantly to the round-trip efficiency of a CSP plant.
This pattern can be seen in all scenarios that use the combined power cycle as opposed to
the Rankine or Brayton cycles. This same reason can be attributed to the lower LCOE of
scenario 15 among regular storage medium-based LHTES in SPT plant scenarios, despite
the higher CAPEX and thus OPEX associated with the combined cycle. However, when
scenario 15 is compared to scenarios 1-6, this pattern does not follow, most likely due to
the inability of efficiency improvement to exceed the CAPEX and OPEX of the combined
cycle equipment. Scenario 4 shows the lowest energy cost of 9.30 ct/kWh, while scenario
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6 shows the highest CSP plant efficiency (16.01%) for the PT scenarios only. Scenario 2,
with the combination of PT CSP configuration with SHTES for energy storage and end
application, is the single-stage Brayton cycle that has the highest LCOE of 10.41 ct/kWh
with 13.21% power plant efficiency. Scenario 13, the SPT base case, shows the minimum
CSP plant efficiency (12.02%) with an LCOE of 9.81 ct/kWh in SPT-based scenarios.

Table 11. LCOE analysis for a parabolic trough plant of 50 MW installed capacity with regular
storage medium.

Scenario Description TES Efficiency CSP Plant LCOE
P (%) Efficiency (%)  (ct/kWh)

1 PT + SHTES + Solar.salt storage 89.60 13.40 09.53
medium + Rankine cycle

» PT + SHTES + Solar salt storage 89.70 13.21 10.41
medium + Brayton cycle

3 PT + SHTES + Solar. salt storage 89.20 15.22 09.68

medium + Combined cycle

4 PT+ LHTES + H280 storage 92.40 13.80 09.30
medium + Rankine cycle

5 PT + LHTES + H280 storage 92.40 13.61 1018
medium + Brayton cycle

6 PT + LHTES + H280 storage 92.00 16.02 09.46

medium + Combined cycle

Table 12. Solar power tower plant LCOE analysis for 50 MW installed capacity with regular stor-

age medium.

Scenario Description TES Efficiency CSP Plant LCOE
P (%) Efficiency (%)  (ct/kWh)
13 SPT + LHTES + HT—PCM storage 90.43 12.02 9.81
medium + Rankine cycle
14 SPT + LHTES + HT-PCM storage 89.42 16,51 8.65
medium + Brayton cycle
15 SPT + LHTES + HT-PCM storage 88.39 2914 77

medium + Combined cycle

Table 13. LCOE analysis for a parabolic trough plant of 100 MW installed capacity with nano-

enhanced storage medium.

Scenario Description TES Efficiency CSP Plant LCOE
P (%) Efficiency (%) (ct/kWh)
” PT + SHTES + Nan(?-enhanced 91.90 13.73 9.35
Solar salt + Rankine cycle
8 PT + SHTES + Nano-enhanced 91.90 13.54 1023
Solar salt + Brayton cycle
PT + SHTES + Nano-enhanced
? Solar salt + Combined cycle 91.50 1592 951
PT + LHTES + Nano-enhanced
10 F280 + Rankine cycle 93.90 14.03 9.19
PT + LHTES + Nano-enhanced
11 F280 + Brayton cycle 93.90 13.83 10.07
12 PT + LHTES + Nano-enhanced 93.60 16.28 9.36

H280 + Combined cycle
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Table 14. LCOE analysis for a solar power tower plant of 100 MW installed capacity with nano-
enhanced storage medium.

Scenario Description TES Efficiency CSP Plant LCOE
P (%) Efficiency (%) (ct/kWh)

PT + LHTES + Nano-enhanced

16 HT-PCM + Rankine cycle 9229 1227 9.67
PT + LHTES + Nano-enhanced

17 HT-PCM + Brayton cycle ol46 1689 8.54
PT + LHTES + Nano-enhanced

18 HT-PCM + Combined cycle 90.61 22.70 763

In all CSP and TES combinations, the combined cycle as the end-use thermal applica-
tion has a lower LCOE and higher CSP plant efficiency than the single-stage Rankine and
Brayton cycles. Furthermore, the use of the Rankine cycle in PT-based scenarios results in
more economical energy generation with improved plant efficiencies, whereas the opposite
is true in SPT-based scenarios. The use of the Brayton cycle over the Rankine cycle reduces
energy system efficiency by a maximum of 1.42% while increasing LCOE by 0.11% in the
PT configuration with SHTES. The use of the Brayton cycle over the Rankine cycle in the
PT configuration with LHTES results in a 1.38% reduction in energy system efficiency with
no significant change in LCOE. In contrast, in SPT configuration with LHTES, the use of
the Brayton cycle over Rankine improves CSP plant efficiency by 37.35% while lowering
energy costs by 11.82%. Overall, the LCOE appears to be inversely proportional to the
efficiency of the CSP plant. Therefore, the use of the Rankine cycle can reduce energy costs
at higher operating temperatures and pressures, but not at medium or low temperatures
and pressures.

Furthermore, based on an industrial design consideration, this study varied the TES
size based on the end-use energy requirement. As a result, the efficiency of the TES varies
as the effective area of thermal loss changes. The TES efficiency appeared to be highest
in Rankine cycle-based scenarios and lowest in combined cycle-based scenarios. Scenario
4 (PT plant with LHTES for Rankine cycle) has the highest TES efficiency (92.40%) of
all nine scenarios. Scenario 15 (SPT with LHTES for combined cycle operation) has the
lowest TES efficiency of all. Furthermore, the evaluation of TES’s contribution to CAPEX
was studied, and scenario 15 shows the lowest cost of TES, while scenario 2 shows the
highest contribution of TES to CAPEX. Overall, it can be seen that the SPT plant with
LHTES has lower TES costs; hence, the overall performance improvement relies on solar
field optimization. These findings are presented in Tables 11 and 12, and Figures 7 and 8
graphically depict the comparison of scenarios. Even further, it can be seen that LHTES
in SPT plants, particularly those with the combined cycle for electricity generation, are
the best candidates for future CSP plants. LHTES is a superior substitute for conventional
SHTES found in PT power plants.

The study also looked at how the LCOE changed as the installed capacity of CSP
plants increased. Plant capacity was increased from 50 MW to 100 MW, and the results
show a reduction in LCOE in all scenarios, as shown in Figure 9. This improvement follows
a similar pattern. Following the same pattern, CSP plant efficiency tends to increase, with a
2.53% plant efficiency improvement seen in scenario 15, the combination that demonstrated
the highest CSP plant efficiency of all scenarios mentioned. The scenario with the highest
CSP plant efficiency in the PT type results in a 1.69% increase in plant efficiency. Similarly,
as plant capacity increases, TES efficiency rises in all scenarios. Furthermore, as TES sizes
increased to store more energy for end-use thermal applications along with the plant
capacity increment, the TES cost contribution to CAPEX and OPEX increased. However,
the increase in energy production as a result of the higher operational efficiencies has
surpassed the cost increase as a result of the larger TES, resulting in the overall LCOE
reduction mentioned above.
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Figure 7. CSP plant efficiency and TES efficiency of (a) PT power plants and (b) SPT power plants
under regular TES medium.
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Figure 8. LCOE of (a) PT power plants (scenario 1-6) and (b) SPT power plants (scenario 13-15) with
regular TES medium.
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Figure 9. LOCE reduction with CSP plant capacity increment.

Many research papers have been published, and details on improving the thermo-
physical properties of TES medium by adding nanoparticles of a compatible material can be
found in the open literature. Among those studies, Hamdy et al. [68], Lasfargues et al. [69],
Huang et al. [70], Li et al. [71], and Chieruzzi et al. [72] show great potential in improving
storage material energy density with the addition of nanoparticles. Following that, the
nano-enhanced storage medium-driven CSP plants were evaluated using a hypothesis that
assumes a maximum 5% increase in storage material energy density for a 10% increase
in storage material cost. As 100 MW CSP plants have the lowest LCOE for the capacity
range considered here, the remaining nine scenarios for nano-enhanced TES medium
are being considered for 100 MWe of installed plant capacity in order to select the best-
performing power plant configuration from each PT and SPT type for the further study.
As a result, the LCOE, CSP plant efficiency, and TES efficiency variation were investigated.
The results obtained are shown in Tables 13 and 14. These findings are depicted graphically
in Figures 10 and 11. As a result, the LCOE results obtained for a 100 MW power plant
after nanoparticle improvement were compared to the LCOE of each scenario using the
regular TES medium for the 50 MW installed capacity. Figure 12 depicts the comparison,
which shows that all plants have decreased their energy costs as the combined effect of
nanoparticle integration and increment of installed plant capacity. The letter “C” denotes
scenario conversions from a regular TES material-based 50 MW power plant to its identical
nano-enhanced TES material-based 100 MW power plant. In this case, the C numbers 1 to 9
represent the conversion of PT scenarios 1 to 6 into scenarios 7 to 12 and the conversion of
SPT scenarios 13 to 15 into scenarios 16 to 18. Among all the nano-enhancement scenarios,
it is seen that the use of combined cycle results in the minimum LCOE. Following that, the
transformation from scenario 1 to 7 accounts for the greatest LCOE reduction, while the
transformation from scenario 5 to 11 accounts for the lowest LCOE increase, where both
scenarios are based on parabolic trough plants.
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Figure 10. CSP plant efficiency and TES efficiency of 100 MW (a) PT power plants and (b) SPT power
plants under nano-enhanced TES medium.

(a) 7 (b)
10.50 16
10
10.00 3
12 9.50 8 6
4
9.00
2
8.50
0
11 9
18 17
10

Figure 11. LCOE of 100 MW (a) PT power plants (scenario 7-12) and (b) SPT power plants (scenario
16-18) with nano-enhanced TES medium.

In comparison to the base case, the variations in LCOE for scenarios 2 to 12 for a 50 MW
parabolic trough plant are 9.3%, 1.6%, —2.4%, 6.8%, —0.7%, 7.4%, —0.2%, —3.6%, 5.6%,
and —1.8%, respectively. As a result, the overall variation exhibits mixed performance. In
contrast, scenarios 14 to —18 for a 50 MW solar power tower plant show —11.8%, —21.3%,
—1.4%, —13.0%, and —22.3% of an LCOE variation where all plant configurations show less
energy generation cost than the base case. Based on the results, no such solid pattern can
be identified to predict the LCOE variation in conjunction with the nanoparticle-based per-
formance improvement. As a result, power plants under scenario 10 to represent parabolic
trough CSP plants, and scenario 18, which represents solar power tower plants, were chosen
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for further study based on their lower energy cost. However, it can be seen that the cost
of electricity generation can be reduced by selecting appropriate materials in combination
with nanoparticle additives. As a result, the mathematical model developed in this study
can be refined to determine the most effective TES-integrated CSP pant configuration.

Change of the scenario

Figure 12. LCOE variation of CSP plants with the introduction of nanoparticles and doubling the
installed plant capacity. Here, C1, C2, C3, C4, C5, C6, C7, C8 and C9 represent the conversion of
scenarios from1to7,2t08,3t0 9,4 to 10, 5 to 11, 6 to 12, 13 to 16, 14 to 17, and 15 to 18, respectively.

6. Conclusions

This paper presents a mathematical model to predict the LCOE variation of TES-
integrated CSP power plants for electricity generation. Parabolic trough (PT) and solar
power tower (SPT) plant configurations with SHTES and LHTES with the regular storage
medium and nano-enhanced storage medium were considered. Rankine cycle, Brayton cy-
cle, and combined power generation cycle were considered for comparison. Altogether, 18
scenarios were treated under the aforementioned combinations. Nine scenarios, scenarios 1
to 6 and 13 to 15, were dedicated to investigating the variation in electricity production costs
with regular storage materials. Scenarios 7 to 12 and 16 to 18 were dedicated to evaluating
the LCOE variation under nano-enhanced TES materials. Two of the 18 scenarios, i.e.,
scenario 1, representing parabolic trough (PT), and scenario 13, representing solar power
tower (SPT) configurations, were designated as base cases using the USA-based cost details
to facilitate the comparison.

Calculations of LCOE, TES contribution for LCOE, CSP plant efficiency, and TES
efficiency were performed using the developed mathematical model. The results showed
that the LHTES was preferred over the SHTES in terms of the energy generation cost of CSP
plants. Moreover, the combined power cycle can improve the overall efficiency of the CSP
plant in terms of energy utilization, and LCOE reduction appears to deliver competitive
results, especially in SPT plants. Noticeably, the selection of the end-use thermal cycle is
heavily influenced by the temperature level that the designated CSP plant can achieve. As
a result, this will directly affect the round-trip efficiency of the CSP plant and LCOE.

Furthermore, scenario 15, which consists of SPT configuration with LHTES with reg-
ular storage medium to drive combined cycle electricity generation, returned the lowest
LCOE of 7.72 ct/kWh and the highest CSP plant efficiency of 22.14% among the first nine
scenarios considered. The same combination, but with the storage medium replaced with
nano-enhanced material for 100 MW of installed plant capacity (scenario 18), returned a
7.63 ct/kWh minimum LCOE with a 22.70% CSP plant efficiency. Therefore, the incorpora-
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tion of nano additives into storage materials could improve CSP plant performance while
lowering the LCOE. Based on these results, the aforementioned scenarios 18, representing
SPT plants, and 10, which shows 9.19 ct/kWh of LCOE and 14.03% CSP plant efficiency,
representing PT plants, were chosen for further investigation on LCOE reduction under
different DNI conditions.

Work presented in this paper is limited by the PT and SPT configurations with single
tank thermocline-type SHTES and LHTES. In fact, some more options are available for CSP
plants, such as the thermos-chemical energy storage, two-tank configuration, shell and
tube heat exchangers, and cascade TES. More work is underway to evaluate the potential
of these options and will be presented in a future communication.
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Nomenclature

I; Investment cost in the year t (USD)

M; Operational and Maintenance cost in the year t (USD)
Fy Fuel cost in the year t (USD)

E¢ Energy generated in year t (kWh)

r Discount rate (%)

n Life span of the CSP plant (years)

Aq Area of solar collector one unit (m?)

N Number of solar collectors needed (units)
DNI Direct Normal Irradiance (kWh/m?/ year)
Aq Area of solar collector one unit (m?)

LAt Total land area (m?)

Prp, Unit area price (USD)

CL Cost of the land (USD)

Cs Cost of the solar collectors (USD)

Prg Unit price of solar collector (USD)

CrEs TES cost (USD)

mgpm Storage material mass quantity (kg)

Prom Unit price of the storage medium (USD)
mem Container material mass quantity (kg)
Prom Unit price of the container material (USD)
Cac Cost of auxiliary components (USD)

SM Solar multiplier

Neollector  S0lar collector efficiency (%)
Nreceiver ~ Receiver efficiency (%)
THTF HTF efficiency (%)

THE Heat Exchanger efficiency (%)

Nyg Number of heat exchangers in the system (units)
NTES TES system efficiency (%)

Nthermal  Power cycle thermal efficiency (%)

nr Turbine efficiency (%)

ng Generator efficiency (%)

Pr Total solar power captured by the mirrors (kWh/year)
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Tmelt
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EDspm
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V1ES
PSHTES
PLHTES

Vstorage medium

Solar collector area of it collector (m?)

Angle between the incident solar rays and normal to i mirror element (rad)
Spillage factor

Attenuation factor

Blocking factor

Shadowing factor

Reflectivity

Factor for optical efficiency

Distance between the solar collector and the focal point of the receiver (m)
Heat loss in the receiver (kJ)

Incident Solar Power on the receiver (kJ)

Solar power transferred to HTF (k])

Radiation heat loss (kJ)

Convection heat loss (kJ)

Radiation shape factor of the receiver = 1

Radiative area of the receiver (m?)

Emissivity of the receiver

Stefan Boltzmann constant (5.67037442 x 1078 kg s 73 K—*%)
Temperature of the receiver (K)

Ambient temperature (K)

Convective heat transfer coefficient (kW /m? K)

Total height of the receiver (m)

TES efficiency (%)

Thermal energy from HTF (k])

Energy stored in the TES (k])

Efficiency of heat exchanger (%)

Thermal energy loss from TES (k])

Overall heat transfer coefficient (W/m? K)

Heat transfer area (m?2)

Temperature at TES outlet (K)

Ambient temperature (K)

Height of the TES (m)

Diameter of the TES (m)

Amount of heat energy can be stored in SHTES (k])
Amount of heat energy can be stored in LHTES (k])
Storage material mass of SHTES (kg)

Storage material mass of LHTES (kg)

Specific heat capacity of storage medium of SHTES (Solid or Liquid) (k]J/kg K)
Specific heat capacity of storage medium of LHTES in solid state (kJ/kg K)
Specific heat capacity of storage medium of LHTES in liquid state (kJ/kg K)
Melting temperature of storage medium (K)

Melting enthalpy of storage medium (k] /kg)

Melting fraction

Initial temperature of storage medium (K)

Final temperature of storage medium (K)

Melted volume fraction

Fourier number

Stephan number

Rayleigh number

TES capacity (k])

CSP plant capacity (k])

Operational hours without the heat source (hours)

Energy density of sensible heat storage material (kJ/kg)
Energy density of latent heat storage material (kJ/kg)

TES tank volume (m?)

Density of the sensible heat storage medium (kg/ m?)
Density of the latent heat storage medium (kg/m3)

Storage medium volume (m3)
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Ddischarge Discharging time of the storage (hours)

Qurtr Heat transfer rate of HTF (kW)

MyTE HTF mass flow rate (kg/s)

Cp HTF Specific heat capacity of the HTF (k] /kg K)

Tihermal Thermal cycle-required temperature (K)

PHTE HTF density (kg/m?)

Apipe Cross-section of the HTF pipe (m?)

v HTF flow velocity (m/s)

Pcomposite Density of the nanocomposite (kg/ m3)

Pr Density of the regular storage material (kg/m?)

Pn Density of the nanomaterial (kg/ m?)

) Nanoparticle concentration (wt.%)

Cpr Specific heat capacity of the regular storage medium (k] /kg K)
Cenp Specific heat capacity of the nanomaterial (k] /kg K)
Cpcomposite Specific heat capacity of the nanocomposite (kJ/kg K)

MR Efficiency of the Rankine cycle (%)

1B Efficiency of the Brayton cycle (%)

AH; Enthalpy variation of steam at condenser heat rejection (k] /kg)
AH, Enthalpy variation of steam at heat intake (kJ/kg)

Qin Thermal energy from TES (kWh)

Wout Work output from the turbine (kWh)

Win Work input by pumps (kWh)

Ip Pressure ratio of air

k Specific heat ratio of air

Tce Efficiency of the combined cycle (%)

CF Capacity factor

Eelec, actual Actual electricity production per year (kWh)

Eelec, theoretical ~ Theoretical maximum electricity production per year (kWh)
Esolar Solar energy received to the CSP plant for a year (kWh)
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