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Abstract. Solid particle receivers are proposed as the next generation of receivers for solar
tower CSP plants as they are able to overcome the temperature limits of solar salts. However,
maximizing their performance requires robust design optimization tools. Therefore, this study
proposes a methodology for the techno-economic optimization of the design of falling particle
receivers for polar-field solar tower CSP plants. Given a specific solar field and location, the
optimized design is derived using a parametric approach based on Levelized Cost of Electricity
(LCOE) minimization, varying the height and the width of the receiver, as well as, the size of
thermal energy storage. Methodology is applied to a 100 MWy, solar tower plant in Daggett,
California, and the results show that the receiver sized using the proposed approach can
achieve LCOE of 80.1 $/MWh that is by 2.2 % lower compared to the LCOE of the receiver
sized only through on-design performance maximization.

Keywords: Particle Receiver, Solar Tower, Concentrated Solar Power, Techno-Economic
Analysis

1. Introduction

The state-of-the-art solar tower technology adopts a surrounded heliostat field with an external
cylindrical tubular receiver using solar salts as heat transfer fluid (HTF) coupled with a steam
Rankine cycle [1]. However, the thermal stability issues of solar salts limit their maximum
operating temperature up to 565°C [2], [3], thus limiting the efficiency of the power block (PB).
Therefore, solid particles were proposed as an alternative HTF [1] that could provide
temperatures over 700°C that allow supercritical CO; (sCO.) Brayton cycle to achieve
efficiencies over 50 % [4].

To fully exploit the advantages provided by this next generation of high temperature
particle receivers, it is necessary to have tools for evaluating the optimal design of the receiver
to be installed within a CSP plant. Therefore, the work presented here proposes a novel
methodology for optimal sizing of falling particle receivers for polar-field solar tower plants,
where the optimal size is identified by the minimum Levelized Cost of Electricity (LCOE). The
proposed procedure evaluates the optimal design of the falling particle receiver optimizing both
the height and the width, extending the works present in literature that consider only the area
with aspect ratio equal to one, thereby providing insight into the impact of receiver aspect ratio
on the overall plant performance. In addition to the receiver size, also the size of the thermal
energy storage (TES) is considered in the optimization procedure. The required inputs include
plant location with corresponding weather data, the solar field characteristics, as well as, PB
technology and its performance map.
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2. Methodology

The first step is to generate the solar field, using the open-source software SolarPILOT [5],
considering a receiver size that results in image intercept efficiency similar to that of a
conventional plant, while respecting the peak heat flux limit of the receiver. This receiver, used
for solar field sizing, is referred to as the average receiver in this work. Since image size priority
[5] is adopted as the aiming strategy, it is necessary to determine, for every combination of
receiver height and width, the values of image offsets from the receiver edge that maximize
the optical efficiency, while taking into account the limit on the peak heat flux. Furthermore, to
reduce the computational burden, a yearly optical efficiency map for each receiver size is
obtained from the map of the average receiver by scaling it with the ratio of design optical
efficiency of the considered and average receiver. The following step is the evaluation of the
off-design receiver performance for each receiver size using the thermal model. Then,
obtained off-design receiver performance curves are coupled with the models simulating the
performance of PB, TES, and auxiliaries, to evaluate the yearly performance of the overall
plant. Finally, taking as input results of the yearly analysis, the economic analysis is carried
out to evaluate the LCOE of each considered receiver configuration.

2.1 Receiver Thermal Model

The receiver thermal model used for evaluating the performance of the falling particle receiver
is taken from previous work [6], and it is an improved version of the model developed in [7]. It
simulates the performance of a falling particle receiver consisting of a cavity and a free-falling
particle curtain that can exchange energy both with the ambient and the back wall of the cavity.
Particle curtain is discretized in a finite number of control volumes, evaluating particle
properties in both vertical and horizontal directions. Meanwhile, the back wall is discretized in
all the three directions, evaluating its properties also along the thickness. The above-described
discretization can be visualized in Figure 1.
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Figure 1. Particle curtain and back wall discretization

Volume fraction, velocity, and temperature distribution of the particle curtain are obtained
by solving its mass balance, momentum balance, and energy balance that are reported in Eq.
(1)-(3), while the back wall is described only using its energy balance. Even though it is not
explicitly seen in mass and momentum balance equations, dependence on horizontal direction
comes from the properties that depend on temperature which is not uniform along the
horizontal direction due to non-uniform 2D heat flux.
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Where m,, is lineic particle mass flow rate, v, is particle velocity, ¢, is particle curtain
volume fraction, t. is curtain thickness, p, is particle density, g is gravitational acceleration, d,,
is particle diameter, p,;, is the air density at ambient temperature, v,;, is air velocity, ugir
pPair,y @nd Re; are dynamic viscosity, density, and Reynolds number of air at the local film
temperature that is evaluated as the average of the particle temperature in the considered
control volume and temperature of the ambient air. In Eq. (3), g;;, re. denotes the non-uniform
2D heat flux reflected by the solar field and incident on the receiver, g, is the radiative flux
loss from the front part of the curtain. Meanwhile, q._,, and q,,_. represent radiative fluxes
going from the curtain to the wall and vice versa. Finally, q,4, is the advection flux from the
curtain to the ambient air. Please note that every term in Eq. (3) is defined for every control
volume of the particle curtain, and that, just for the sake of simplicity, control volume indices
are omitted. These terms, together with q.,,,, that represents convection loss from the back
wall to the ambient, are shown in Figure 1, where red terms represent radiation heat transfer,
while green ones represent all the others (for simplicity conduction heat transfer in the back
wall is not represented).

2.2 Power Block Modelling

This work adopts the sCO, power cycle because it was selected by DOE as the most promising
one for achieving the SunShot cost target [1]. The recompression cycle layout for the sCO,
cycle is selected as it is able to mitigate the effect of different heat capacities on the cold and
hot side of the recuperator. This is done by splitting the low-pressure stream after leaving the
low-temperature recuperator and compressing it in a separate compressor before it joins the
main stream at the inlet of the high-temperature recuperator, thus having different mass flow
rates on the hot and cold side of the low-temperature recuperator [8]. Properties of CO, are
evaluated using Span and Wagner [9] equation of state and the power block is modeled in
ASPEN Plus.

2.3 Thermal Energy Storage and Auxiliaries

Two storage bins are adopted to store the hot and cold particles, respectively. Following the
approach from [10], TES is modeled as a cylindrical containment having an aspect ratio (ratio
of height over the diameter) of two. Therefore, TES dimensions for both bins are determined
from the volume that is calculated using Eq. (4).

QpBimhrES(1+8)

pTES,hot/coldEp,TES(Thot_Tcold )

(4)

VTES,hot/cold =

As can be seen, the volume of the stored media depends on the maximum amount of
energy that can be stored in TES (capacity of TES), calculated by multiplying the hours of
storage (hrgs) times the nominal thermal input to the PB (Q,’}g"{;), on the density of the storage
medium, its specific heat capacity, and the difference between T, and T,,4, that are
temperatures of the storage medium in hot and cold storage tank, respectively. The residual

volume of storage above the maximum storage medium level in the bins is taken into account
through parameter 6.
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The electricity consumption of the particle elevator required to lift the cold particles coming
from the cold storage bin to the receiver that sits at the top of the tower is evaluated using the
approach proposed in [7]. Furthermore, auxiliary consumption of the plant itself consists of
electricity consumption required to run the heliostat field, and baseline auxiliaries that are
considered to occur over each hour during the year and evaluated as suggested in [11].

2.4 Yearly Performance and Economic Analyses

The yearly performance analysis is carried out on an hour-by-hour basis assessing the energy
performance of the considered receiver configurations. As said before, to reduce the
computational burden, the yearly optical efficiency map for each receiver size is derived from
the yearly optical map of the average receiver using Eq. (5).

TID (YIO )
Nope (v, 07) = nies ”;d—ptz (5)

av

Where 7., is the optical efficiency of the solar field for a generic sun position, n§§§ is the
optical efficiency of the solar field at the on-design conditions, and the subscript av refers to
the average receiver. Using this approach, it is possible to determine the incident solar energy
on the receiver at each hour during the year, that, coupled together with receiver off-design
performance curve gives the energy absorbed by the HTF at each hour. This energy is then
sent either to the TES, PB, or both at the same time, depending on the amount of energy
absorbed and plant status. For the sake of simplicity, the following operating principle is
assumed for the PB: if the thermal energy provided by the HTF and TES is enough to run the
PB at full load, then it is run at the full load, otherwise, PB is shut down.

Finally, it is necessary to carry out the economic analysis to be able to properly compare
the performance of different receiver and TES sizes. Plant LCOE for every configuration is
evaluated using the approach from [7]. Furthermore, cost functions used for evaluating costs
of different components and values of adopted cost parameters are reported in Appendix.

3. Case Study

The proposed methodology is applied on a specific case study considering a plant located in
Daggett, California (34.87 N, -116.89 W). The solar field is designed for a 100 MW, receiver
having the size resulting in image intercept efficiency similar to Gemasolar-like plant, taken
from [12] and equal to 95.5 %. Moreover, it is necessary to consider the peak heat flux limit on
the receiver that is selected equal to 2 MW/m? [6]. Solar field, receiver, and general design
parameters, as well as, ranges of optimization variables (receiver height and width, and TES
size), are reported in Table 1.



Sobic et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

Table 1. Solar field, receiver, and general design parameters, as well as, optimization variable
ranges, adopted in the case study

Solar field parameters Value References
Tower optical height 108 m [13]
Sunshape model Limb-darkened sun [5]
Heliostat tracking error 0.00 mrad [5]
Heliostat surface slope error 1.53 mrad [5]
Reflective surface ratio 0.9583 [14]
Heliostat reflectivity 0.95 [14]
Soiling factor 0.95 [14]
Heliostat mirror area 115 m? [14]
Number of heliostats 1529
Design sun position Summer solstice
Design DNI 1000 W/m?
Receiver parameters
HTF inlet temperature 579 °C
HTF outlet temperature 750 °C
Particle diameter 280-10% m [15]
Particle density 3300 kg/m?® [15]
Particle absorptivity 0.906 [16]
Particle emissivity 0.754 [16]
Receiver height 8—-16m
Receiver width 8—-16m
General parameters
TES capacity 4-12h
PB size 20 MWy
1) 0.1 [10]
Elevator efficiency 80 % [7]
Heliostat field consumption 5.22:107 MWe/m? [11]
Baseline auxiliaries 0.099 MW4 [11]

Since the direct storage concept is adopted, same type of particles is used both as the
HTF and as the storage medium. In particular, this work adopts CARBO Accucast ID 50 due
to its high solar absorptivity [17] and durability [18]. Furthermore, size of the PB is fixed to 20
MW, and its design ambient temperature is equal to 35°C, resulting in net electric efficiency
of 46.6 %.

The cost of TES is evaluated as function of both the internal area and the temperature of
particles stored inside, expressed in °C. The cost of all PB components is taken from [19],
except for the primary heat exchanger, whose cost is set at 150 $/kW, based on the US
Department of Energy metric [20]. The Balance of Plant costs are calculated using the
approach from [7], where they are assumed to be a percentage of PB costs, with this
percentage adopted from the System Advisor Model [21]. A detailed summary of all the cost
functions considered in this work is provided in Error! Reference source not found., while
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Error! Reference source not found. outlines the cost parameters used within these functions.
The sources for all cost assumptions are referenced directly within the tables.

Table 2. Adopted cost functions

Cost category Value References
Land ClandAlana [5]
Heliostat field (Cheliostat + Csite improvement)Aheliostat field [5]
Receiver 374004, [7
Tower 3-10%-exp(0.0113H,0er) [5]
Particle elevator 58.37Hy; sy [7]
Thermal energy storage | c;;, (1 +0.3 W) Apin [10]

Storage medium inventory | Cstorage mediumMstored
Power block From [19] and [20]
Balance of Plant (%) Cpp [7]
SAM
Table 3. Adopted cost parameters

Cost parameter Value References
Cland 2.47 $/m? [5]
Cheliostat 75 $/m2 [22]
Csite improvement 10 $/m? [22]
Cpin 1053 $/m? [10]
Cstorage medium 1.5 $/kg [1]
CBOP.SAM 290 $/kWq, [21]
CpB.SAM 1040 $/kWq, [21]
rcontingency 10 % [7]
Tconstruction 9% [7]
Tdiscount 7% [7]
Tinflation 25% [7]
Nlifetime 30 years [7]
O0&Mjpixeq 40 $/kWly [7]
O0&Myariabie 3 $/MWh [7]

4. Results
4.1 On-Design Results

Optical, thermal, and solar-to-thermal efficiency at on-design conditions for all considered
receiver sizes are reported in Figure 2. Moreover, anticipating the results of the economic
analysis, the optimal receiver size identified through LCOE minimization is indicated with a red
cross. As can be seen in Figure 2, the optical efficiency of the receiver increases with receiver
size, as larger receiver sizes result in higher intercept efficiency. However, larger receiver
areas result also in higher thermal losses from the receiver to the ambient, thus thermal
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efficiency decreases with receiver size. Therefore, the solar-to-thermal efficiency, being a
product of optical and thermal efficiency, has a global optimum.
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Figure 2. Falling particle receiver efficiencies at on-design conditions as function of the receiver size

4.2 Yearly and Economic Analyses Results

Minimum LCOE over all the considered TES capacities for every combination of receiver height
and width, with the corresponding yearly solar-to-thermal efficiency are reported in Figure 3.
Again, as in the case of on-design conditions, solar-to-thermal efficiency has an optimum due
to different trends of optical and thermal efficiencies. Furthermore, due to relatively low receiver
cost, solar-to-thermal efficiency optimum drives the LCOE reduction: the optimal configuration
from the economic point of view coincides with the one from the energy point of view.
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Figure 3. Yearly solar-to-thermal efficiency and LCOE of the falling particle receiver as function of the
receiver size

However, it is interesting to note that the regions of high values of on-design and yearly
solar-to-thermal efficiencies do not coincide completely. In the case of yearly solar-to-thermal
efficiency, high efficiency region is moved towards smaller receiver sizes. This is explained by
the fact that off-design thermal efficiency reduces significantly faster decreasing the thermal
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input for larger sizes (see Figure 4), thus leading to yearly thermal efficiency that decreases
much faster with receiver size with respect to the on-design one.
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Figure 4. Ratio between actual thermal efficiency and on-design thermal efficiency as a function of
the falling particle receiver area and the normalized thermal input to the receiver

Results of the falling particle receiver sizing using the proposed methodology (Yearly
optimization) in terms of the optimal configuration (receiver heigh and width, and TES size), as
well as, the on-design and yearly performance of the optimally sized receiver are reported in
Table 4. Moreover, same results are also reported for the receiver sized using the simplified
methodology (Design optimization), where the optimal size of the receiver is determined
maximizing the on-design solar-to-thermal efficiency. As discussed already, optimum of on-
design solar-to-thermal efficiency corresponds to higher area than that of the yearly one.
Therefore, the on-design solar-to-thermal efficiency of the receiver sized using the simplified
approach is higher due to the higher optical efficiency that overcomes the reduction of thermal
efficiency. However, going to the yearly performance results, it is possible to see that difference
in the yearly optical efficiency between the two designs is more or less constant (difference of
3.4 % for on-design vs 3.1 % for yearly), while the difference in the yearly thermal efficiency is
much higher (5.0 %) compared to the difference in on-design thermal efficiency (3.0 %), due
to reasons already discussed. Therefore, the proposed approach is able to provide LCOE that
is lower by 2.2 % compared to the one obtained through the simplified sizing approach
maximizing the on-design solar-to-thermal efficiency.

Table 4. Comparison of optimal system configurations and performance metrics for receivers
designed using the simplified (Design optimization) optimization approach and the proposed (Yearly
optimization) optimization approach

Optimal configuration Design optimization Yearly optimization
Receiver height [m] 11 9
Receiver width [m] 13 12

TES size [h] 8 8
On-design performance

Optical efficiency [%] 65.2 61.8
Thermal efficiency [%] 83.7 86.7
Solar-to-thermal efficiency [%] 54.5 53.6

Yearly performance
Optical efficiency [%)] 59.3 56.2
Thermal efficiency [%] 74.5 79.5
Overall efficiency [%] 18.2 18.4
LCOE [$/MWh] 81.9 80.1
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5. Conclusions

The developed methodology is a powerful tool for CSP industry and academic researchers as
it allows to optimize the design of falling particle receivers taking into account optical and
thermal performance, parasitic consumption for particle elevator, auxiliary consumption of the
plant, and capital and operating costs. This methodology was applied to optimize the design
of a 100 MWy, solar tower plant in Daggett (CA). Results show that the optima of on-design
and yearly solar-to-thermal efficiencies diverge due to the more rapid decline in off-design
thermal efficiency with increased receiver size. Therefore, adoption of the proposed
methodology, that selects the receiver design and TES size through LCOE minimization,
allowed for a LCOE reduction of 2.2 % compared to a simplified approach designing the
receiver by maximizing the on-design solar-to-thermal efficiency. Moreover, the identified best
design is characterized by aspect ratio of 0.75, showing the relevance of the proposed
methodology, since aspect ratio equal to one (square receiver) is the common assumption
present in literature.
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