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that employ fluid flowing through tubular receivers, falling particle receivers use solid particles that
are heated directly as they fall through a beam of concentrated sunlight, with particle temperatures cap-
able of reaching 1000 °C and higher. Once heated, the hot particles may be stored and used to generate
electricity in a power cycle or to create process heat. Because the solar energy is directly absorbed by the
particles, the flux and temperature limitations associated with tubular central receivers are mitigated,
allowing for greater concentration ratios and thermal efficiencies. Alternative particle receiver designs
include free-falling, obstructed flow, centrifugal, flow in tubes with or without fluidization, multi-pass
recirculation, north- or south-facing, and face-down configurations. This paper provides a review of these
alternative designs, along with benefits, technical challenges, and costs.
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1. Introduction technologies [1]. These cycles, which include combined air-

Brayton, supercritical-CO, (sCO,) Brayton, and ultra-supercritical

Higher efficiency power cycles are being pursued to reduce the steam cycles, require higher temperatures than those previously
levelized cost of energy from concentrating solar power tower achieved using central receivers. Current central receiver technolo-
gies employ either water/steam or molten nitrate salt as the heat-

- transfer fluid in subcritical Rankine power cycles. The gross
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thermal-to-electric efficiency of these cycles in currently operating
power-tower plants is typically between 30% and 40% at turbine
inlet temperatures < 600 °C. At higher input temperatures, the
thermal-to-electric efficiency of the power cycles increases. How-
ever, at temperatures greater than 600 °C, molten nitrate salt
becomes chemically unstable, producing oxide ions that are highly
corrosive [2], which results in significant mass loss [3].

Technical challenges and requirements associated with high-
temperature receivers include the development and use of geo-
metric shapes (e.g., dimensions, configurations), materials, heat-
transfer fluids, and processes that maximize solar irradiance and
absorptance, minimize heat loss, and have high reliability at high
temperatures over thousands of thermal cycles [4]. Advantages of
direct heating of the working fluid include reduced exergetic losses
through intermediate heat exchange, while advantages of indirect
heating include the ability to store the heat-transfer media (e.g.,
molten salt, solid particles) for energy production during non-
solar hours.

Ho and Iverson [4] showed that a high solar concentration ratio
on the receiver and reduced radiation losses are critical to maintain
high thermal efficiencies at temperatures above 650 °C. Reducing
the convective heat loss is less significant, although it can yield a
several percentage point increase in thermal efficiency at high
temperatures (note that the convective heat loss in cavity receivers
can be a factor of two or more greater than that in external recei-
vers because of the larger absorber area [5]). Increasing the solar
absorptance, «, and/or decreasing the thermal emittance, ¢ can
also increase the thermal efficiency.

Particle receivers are currently being designed and tested as a
means to achieve higher operating temperatures (>700 °C), inex-
pensive direct storage, and higher receiver efficiencies for concen-
trating solar power technologies, thermochemical reactions, and
process heat [6-23]. Unlike conventional receivers that employ
fluid flowing through tubular receivers, particle receivers use solid
particles that are heated—either directly or indirectly—as they fall
through a beam of concentrated sunlight. Once heated, the parti-
cles may be stored in an insulated tank and used to heat a sec-
ondary working fluid (e.g., steam, CO,, air) for the power cycle
(Fig. 1). Particle receivers have the potential to increase the maxi-
mum temperature of the heat-transfer media to over 1000 °C.
Thermal energy storage costs can be significantly reduced by
directly storing heat at higher temperatures in a relatively inex-
pensive medium (i.e., sand-like particles). Because the solar energy
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is directly absorbed in the particles, the flux limitations associated
with tubular central receivers (high stresses resulting from the
containment of high temperature, high pressure fluids) are signif-
icantly relaxed. The falling particle receiver appears well-suited
for scalability ranging from 10 to 100 MW, power-tower systems.

Previous studies have considered alternative particle receiver
designs including free-falling [18], obstructed flow [24,25], cen-
trifugal [20,21,26,27], flow in tubes with or without fluidization
[15,22,23,28-31], multi-pass recirculation [9,17] north- or south-
facing [6,11], and face-down configurations [32]. In general, these
particle receivers can be categorized as either direct or indirect
particle heating receivers. Direct particle heating receivers irradi-
ate the particles directly as they fall through a receiver, while indi-
rect particle heating receivers utilize tubes or other enclosures to
convey and heat the particles. The following section summarizes
both direct and indirect particle heating receivers and presents
advantages and challenges associated with each.

2. Particle receiver designs
2.1. Direct particle heating receivers

2.1.1. Free-falling particle receivers

The most basic form of a direct particle heating receiver consists
of particles falling through a cavity receiver, where the particles
are irradiated directly by concentrated sunlight. The particles are
released through a slot at the base of a hopper above the receiver,
producing a thin sheet (or curtain) of particles falling through the
receiver (Fig. 2).

A number of assessments and studies have been performed on
direct free-falling particle receivers since its inception in the
1980s [6-10,12-14,17-19,33-48]. In 2010, Tan and Chen provided
an overview of the prior research on free-falling particle receivers
[19]. The majority of those studies focused on modeling the parti-
cle hydraulics and radiant heat transfer to falling particles. Various
geometries and configurations of falling particle receivers have
been considered, including north/south facing cavity receivers as
well as face-down cavity receivers with a surrounding heliostat
field [8,32,42]. In 2008, Siegel et al. performed one of the first
on-sun tests (in batch mode) of a simple free-falling particle
receiver [18,49]. Those tests achieved ~50% thermal efficiency,
and the maximum particle temperature increase was ~250 °C.

Particle curtain

Falling particle receiver

Fig. 1. Falling particle receiver system with integrated storage and heat exchange [9].
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Fig. 2. Falling particle curtain released through 1.2 m x 11.1 mm discharge slot
aperture [33].

More recently, Ho et al. have performed on-sun tests of a 1 MWy,
continuously recirculating particle receiver with bulk particle out-
let temperatures reaching over 700 °C, and thermal efficiencies
from ~50% to 80% [24,25] (Fig. 3). Results showed that the particle
temperature rise and thermal efficiency were dependent on parti-
cle mass flow rate and irradiance. Higher particle mass flow rates
yielded greater thermal efficiencies but lower particle temperature
rise. As the particle mass flow rate increased (by increasing the
particle discharge slot aperture size), the solids volume fraction
increased and the particle curtain became more opaque. Thus,
while more sunlight was intercepted and absorbed by the curtain
for a greater thermal efficiency, additional shading and blocking
reduced the bulk outlet temperature of the particles for a given
irradiance. At higher irradiances of 1000 suns and higher, a greater
amount of energy is absorbed by the particles for a given receiver
size with relatively less heat loss than for lower irradiances. Tech-
nical challenges that were identified during the tests included non-
uniform irradiance distributions on the particle curtain, variable
mass flow rates, wind impacts, particle loss through the aperture,
particle elevator reliability, and wear on the receiver walls from
direct flux and high temperatures (>1000 °C).

The heat gain and exit temperature of particles falling through
concentrated sunlight depends on the particle mass flow and
amount of time spent in the heated region of the receiver. Increas-
ing this residence time is a critical aspect in achieving desired high
temperatures. One way to increase the residence time is to recircu-
late the particles through the receiver multiple times, increasing in
temperature over each successive drop [6,32,41]. Although particle

recirculation is an attractive means to increase particle heating,
additional particle elevators or conveyance systems would be
required, which would increase complexity and cost. Previous
studies have modeled recirculating particle flow through the recei-
ver, but prototypes have not yet been demonstrated.

Kim et al. [13] performed tests of particles free-falling along a
3m drop length to evaluate the influence of wind direction
(induced by fans). They found that the most particles were lost
through the aperture when the wind was parallel to the aperture
and when the cavity depth was shallow. The least amount of par-
ticle loss occurred when the wind was oriented directly toward
(normal to) the aperture. Air recirculation and air curtains have
been proposed as a means to mitigate the impacts of wind on par-
ticle flow and to reduce convective losses [19,43,45,50-53]. Tan
et al. [19,51-53] simulated the use of an aerowindow (transparent
gas stream along the aperture) to mitigate heat loss and wind
impacts in falling particle receivers (Fig. 4). Tan et al. [53] found
that aerowindows could reduce the heat loss by up to 10% depend-
ing on external wind direction and speed. However, no tests or val-
idation studies were performed, and few parametric analyses have
been conducted to evaluate important air-recirculation parame-
ters. Ho et al. [43,45] performed experimental and numerical stud-
ies that evaluated the impact of an air curtain on the performance
of a falling particle receiver. Unheated experimental studies were
performed to evaluate the impact of various factors (particle size,
particle mass flow rate, particle release location, air-curtain flow
rate, and external wind) on particle flow, stability, and loss through
the aperture (Fig. 4). Numerical simulations were performed to
evaluate the impact of an air curtain on the thermal efficiency of
a falling particle receiver at different operating temperatures.
Results showed that the air curtain reduced particle loss when par-
ticles were released near the aperture in the presence of external
wind, but the presence of the air curtain did not generally improve
the flow characteristics and loss of the particles for other scenarios.
Larger particles and mass flow rates were also shown to reduce
particle loss through the aperture. Numerical results showed that
the presence of an air curtain could reduce the convective heat
losses, but only at higher temperatures (>600 °C) when buoyant
hot air leaving the aperture was significant.

2.1.2. Obstructed particle receivers

Another method to increase the residence time of particles
within the concentrated sunlight is to obstruct the flow with por-
ous structures or an array of obstacles that mechanically impede
their descent and slow the downward velocity while still allowing
direct absorption of concentrated solar energy. Early concepts of
obstructed flow designs were introduced by Sandia in the 1980s
by using ceramic structures suspended from the back wall to
decelerate the particles [35]. No analytical or experimental studies

4

Fig. 3. On-sun testing of a falling particle receiver at the National Solar Thermal Test Facility at Sandia National Laboratories, Albuquerque, NM.
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Fig. 4. Left: Air curtain modeling for particle receivers [53]. Right: Experimental system to test air curtains for particle receivers [45].

were published, however. More recently, King Saud University and
the Georgia Institute of Technology investigated the use of inter-
connected porous structures (metallic or ceramic foam blocks) to
slow the flow of particles [54].

Additional studies evaluated the use of a staggered array of
porous mesh structures [9,55] to impede the flow of particles
for increased residence time. In 2015, Ho et al. performed on-
sun tests of a particle receiver consisting of a staggered array
of stainless-steel chevron-shaped mesh structures [25] (Fig. 5).
Peak particle temperatures reached over 700 °C near the center
of the receiver, but the particle temperature increase near the
sides was lower due to a non-uniform irradiance distribution.
At a particle inlet temperature of ~440 °C, the particle tempera-
ture increase was nearly 30 °C per meter of drop length, and the
thermal efficiency was ~60% for an average irradiance of
110 kW/m?. At an average irradiance of 211 kW/m?, the particle
temperature increase was ~60 °C per meter of drop length, and
the thermal efficiency was ~65%. While the obstructed-flow
design seemed to improve the particle heating and reduce the
impacts of wind and particle loss through the aperture, there
were problems with the stainless steel 316 mesh materials over-
heating, oxidizing, and deteriorating as a result of direct irradi-
ance from the concentrated sunlight and wear from the
particles. New materials and operational strategies are being
investigated to mitigate mesh deterioration.

Another obstructed flow design employs a spiral ramp along
which particles flow under the influence of gravity and mechani-
cally induced vibration [56]. Models and tests were performed that
demonstrated that the particles could reach 650 °C at the outlet
after 30 min of radiant power of 5 kW at the aperture. The mea-
sured thermal efficiency was ~60%. This design, however, requires
beam-down optics, and a significant amount of particle flow may
be challenging with this design.

A final obstructed flow design that employs beam-down
optics lifts the particles upward with a screw elevator toward
an aperture. The particles are irradiated by concentrated sunlight
before spilling into the hollow screw for subsequent heat
exchange and reaction. This particle receiver design was devel-
oped as part of a thermochemical reactor to reduce particles that
are subsequently oxidized to produce either hydrogen or carbon
monoxide [57]. Fig. 6 shows a schematic of the receiver reactor,
which also takes advantage of preheating and recuperation since
the heated particles that fall through the hollow screw also pre-
heat the oxidized particles being lifted up along the flights of the
screw. While analyses have been performed to evaluate the per-
formance and efficiency [58,59], prototype have not yet been
tested.

2.1.3. Rotating kiln/centrifugal receivers

Rotating kilns were proposed as early as 1980 for use in solar
particle heating applications [22]. The general principle is to feed
particles into a rotating kiln/receiver with an aperture at one end
of the receiver to allow incoming concentrated sunlight. The cen-
trifugal force of the rotating receiver causes the particles to move
along the walls of the receiver while they are irradiated by the con-
centrated sunlight. Early tests by Flamant et al. showed that these
systems have a very high absorption factor (0.9-1), but the thermal
efficiency was low (10-30%) for heating of CaCos at particle mass
flow rates of ~1 g/s. More recently, Wu et al. [20,21,26,27] devel-
oped a centrifugal particle receiver design and prototype that
employs a similar concept (Fig. 7). Small bauxite ceramic particles
(~1 mm) were introduced into a rotating centrifugal receiver with
different inclination angles at mass flow rates of ~3 to 10 g/s. The
particles were irradiated using a 15 KWy, solar simulator with an
irradiance ranging from ~300 to 700 kW/m?2. For a face-down
receiver inclination and incident irradiance of 670 kW/m?, Wu

Fig. 5. Images of particle flow over a staggered array of chevron-shaped mesh structures.
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Fig. 7. Schematic of a rotary kiln/centrifugal receiver [27].
et al. reported a particle outlet temperature of 900 °C and a recei-

ver efficiency of about 75% (+4%) [20]. Challenges include main-
taining a constant and sufficient mass flow rate of particles at

larger scales, parasitic energy requirements, and reliability associ-
ated with a large rotating receiver system.

2.1.4. Fluidized particle receivers

Fluidization of solid particles in a solar receiver have been pro-
posed for several decades, beginning in the late 1970s and early
1980s by Flamant et al. for thermochemical processing and heating
[22,23] and by Sandia for power production [7]. Flamant et al.
[22,23] tested a fluidized-bed receiver that consisted of a vertical
transparent silica tube (15 cm long x 6.5 cm diameter) that was
fluidized with compressed air from the bottom and irradiated at
the top. Particles that were tested included zirconia, silica sand,
chamotte, and silicon carbide. For a mean flux density of
~500 kW/m?, the measured equilibrium temperature of the parti-
cles ranged from ~1200 K for silica sand to over 1400 K for silicon
carbide particles. Thermal efficiencies were reported between 0.2
and 0.4 [23]. The ability to convey the particles and achieve
adequate mass flow rates (for power production or continuous
processes) may pose a challenge.

More recently, researchers at the Chinese Academy of Sciences
[60-62] have performed numerical and experimental studies on
the thermal performance of an air receiver with silicon carbide
particles in transparent quartz tubes. Air is blown upward through
the particles in the quartz tubes while the tubes and particles are
irradiated with concentrated sunlight from a 10 kWy, furnace
(Fig. 8). Results of those tests showed that the heated air reached
over 600 °C with minimum temperature differences between the
particles and the air below 10 °C, indicating good heat transfer
between the air and the particles.

Steinfeld et al. [31] designed and tested a fluidized bed receiver
reactor that employed a vortical flow of air in a conical-shaped
receiver. The particle/gas stream was introduced near the aper-
ture, where concentrated sunlight entered the receiver and heated
the swirling particles before the particles exited the receiver. The
prototype reactor was tested to evaluate the thermal decomposi-
tion of calcium carbonate at 1300 K. The mean thermal absorption
efficiency was 43% with a peak flux of ~1400kW/m? at the
aperture.

A final type of fluidized particle receiver involves the use of very
small carbon particles dispersed in air that flows through the recei-
ver. Concentrated sunlight irradiates and oxidizes the carbon par-
ticles, which volumetrically heats pressurized air passing through
the receiver for high-temperature Brayton cycles. Abdelrahman
et al. [63] and Hunt [64] first introduced this concept in 1979,
and Hunt and Brown [65] performed tests on a prototype receiver
that heated the air to 1000 K. Miller and Koenigsdorff [66,67]
developed theoretical analyses and thermal modeling of the small
particle solar receiver. Additional modeling and design optimiza-
tion of the small particle heating receiver were performed in recent
years as well [68-71]. Potential advantages include the following:
solar radiation is absorbed throughout the gas volume due to the
large cumulative surface area of the particles; higher incident
fluxes with no solid absorber that can be damaged; particles are
oxidized leaving a particle free outlet stream [66]. Challenges
include the development of a suitable window for the pressurized
receiver and the development of a solid-gas suspension system
that maintains a uniform particle concentration and temperature
within the receiver.

2.2. Indirect particle heating receivers

2.2.1. Gravity-driven particle flow through enclosures

Ma et al. [15,30,72] proposed an indirectly heated particle recei-
ver with particles flowing downward under the force of gravity
around a staggered array of tubes within an enclosure. The tubes
were irradiated by concentrated sunlight on the interior surfaces
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Fig. 8. Images of testing of a quartz-tube particle air receiver [60].

while transferring heat to the particles flowing around the exterior
side of the tubes inside of an enclosure (Fig. 9). Small-scale tests
and models were performed that showed that the heat transfer
to the particles was limited in locations around the tubular struc-
tures where the particles lost contact with the heated wall
surfaces. Specific data on particle temperatures and thermal
efficiencies were not available, and no on-sun tests have been
performed. Other limitations included maintaining a sufficient
mass flow and obtaining a significant penetration and uniform flux
of concentrated sunlight within the tubular cavities. Advantages to
this design include no loss of particles through an open aperture
and reduced heat losses relative to an open cavity receiver.

2.2.2. Fluidized particle flow through tubes

Flamant et al. [28,29,73] have proposed and demonstrated an
indirect particle receiver in which the particles are forced upward
through irradiated tubes by airflow, which fluidizes the particles
and increases heat transfer from the tube walls to the flowing par-
ticles. Particle temperature increases of greater than 200 °C were
recorded in a 50 cm long stainless steel AISI 304L tube with irradi-
ances ranging from ~200 to 400 W/m?. Suspension temperatures
at the outlet of the irradiated tubed were up to 750 °C, and the
wall-to-suspension heat transfer coefficient was determined to
be 420-1100W/m?K for solid mass fluxes of 10-45 kg/m?s,
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respectively. Thermal efficiencies were not reported. Challenges
in this system include parasitic energy requirements to fluidize
the particles through the receiver tubes with sufficient mass flow
to meet desired power requirements. The potential for hot spots
and significant tube surface temperatures that radiate energy to
the environment also exist.

2.3. Summary of particle receiver technologies

Table 1 summarizes the different types of direct and indirect
particle receiver designs. The achievable outlet temperature and
thermal efficiency is reported if data were available. The benefits
and challenges of each design is also presented, along with relevant
references. Table 2 presents a summary of performance and cost
comparisons between the falling particle receiver and other con-
ventional solar thermal receivers. Overall, each of the particle
receiver designs have promising advantages, along with challenges
that need to be addressed. Directly heated particle receivers have a
significant advantage of direct particle heating, but particle loss
may be a problem in open cavities with significant wind effects.
Indirect particle receivers have the advantage of particle contain-
ment and no particle losses, but additional heat transfer resistance
between the irradiated surface and the particles is a challenge.
Fluidizing the particles within tubes has been shown to enhance
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Fig. 9. Indirect particle receiver with particles flowing inside an enclosure around tubes whose interior surfaces are exposed to concentrated sunlight [30].



Table 1

Summary of particle receiver designs.

Receiver design

Outlet temperature/thermal
efficiency

Benefits

Challenges/research needs

References

Direct particle receivers
Free-falling

Obstructed

Rotating kiln/centrifugal

Fluidized-bed

Indirect particle receivers
Gravity-driven flow in enclosures

Fluidized flow in tubes

>700 °C/
~50% to 80%

>700 °C/

~60% to 90%

900 °C/75%

>1000 °C/20-40%

No data available

750 °C/thermal efficiency
not reported

Capable of achieving high temperatures, direct
irradiance of particles reduces flux limitations (on
tubular receivers), particles can be stored at high
temperatures, particles can be cheaper than molten
salt

Capable of achieving high temperatures,
obstructions slow particle flow and increase
residence time, flow is more stable than free-fall,
less particle loss

High particle temperatures, control of residence
time via rotational speed of receiver

Excellent heat transfer to fluidized particles with
increased residence time

High particle temperatures theoretically achievable;
no particle loss due to containment

Enhanced heat transfer from walls to particles due
to fluidization; no particle loss due to containment

Need lower radiative and convective heat losses, higher
concentration ratios, lower particle attrition, greater
solar absorptance, lower thermal emittance, increased
particle residence time, more effective particle/fluid heat
exchangers

Hot spots and continuous flow over obstructions may
cause deterioration or failure if mass flow and cooling is
not maintained; additional cost of fabricating
obstructions

Maintaining a constant and sufficient mass flow rate of
particles at larger scales, parasitic energy requirements,
and reliability associated with a large rotating receiver
system

Parasitic energy requirements to fluidize particles,
maintaining sufficient mass flow for desired power
requirements

Additional heat transfer resistance from irradiated walls
to particles; hot spots on enclosures may cause
deterioration or failure if mass flow and cooling is not
maintained

Parasitic energy requirements to fluidize particles;
maintaining sufficient mass flow for desired power
requirements; hot spots on enclosures may cause
deterioration or failure if mass flow and cooling is not
maintained

[7,10,14,18,19,24,32,35,41,

49,51-53,74-77]

[24,25,54,78]

[20,21,26,27]

[22,23,31,60-62]

[15,30,72]

[28,29,73]

96

696-856 (910Z) 601 Sutteauisug (purtay] payddy /oH D
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Table 2
Comparison of particle receiver to other solar thermal receiver technologies.
Solar thermal receiver technology References
Falling particle Steam receiver Molten nitrate Liquid sodium Volumetric
receiver salt receiver receiver air receiver
Direct energy storage (> 6 h)? Yes No Yes No No
Maximum irradiance (kW/m?) Unlimited (>2000) 600 600 1500-2500 900 [7,79]
Maximum temperature (°C) >1000 °C up to 650 °C <600 °C 800 °C 800-900°C [7,79]
melting point of
particles (2000 °C)
Thermal efficiency (%) 50-90% 80-90% 80-90% 90-96% 50-80% [4,24,80]
Cost ($/kWy) 125 ~140 to 200 ~140 to 200 140-200 No data Section 4,
(1]
Restrictions/limitations N/A High pressure steam Salt freezes at Sodium reacts violently with N/A

requires thicker tubing and
more expensive materials

200 °C; requires
trace heating

water and spontaneously
ignites in air above 115 °C

the heat transfer. For large-scale electricity production, which will
require significant particle mass flow rates, gravity-driven flow
(free-falling or with obstructions) appear to be the most promising.

3. Particles

A variety of ceramic and silica-based particles have been inves-
tigated for high-temperature falling particle receivers. Commer-
cially available ceramic particles that are used for hydraulic
fracturing are well-suited for falling particle receivers because of
their durability, high solar absorptance, and low cost. Ceramic par-
ticles appear best suited for direct-heating particle receivers to
absorb as much concentrated sunlight as possible. Table 3 shows
the optical properties of several different particles. Spherical

Table 3

sintered-bauxite particles have high solar absorptance (>0.9) and
resistance to abrasion and sintering at high temperatures and pres-
sures [46,48,81]. Tests were performed that exposed the particles
to high temperatures (up to 1000 °C) while falling through an
hour-glass-like apparatus that rotated 180° continuously over
thousands of cycles. Results indicated that the ceramic particles
did not show significant signs of wear or sintering [46]. Regarding
the solar absorptance, continuous heating of the sintered bauxite
particles in air over 700 °C for 500 h showed that the solar absorp-
tance degraded by just one or two percentage points from oxida-
tion, but appeared to stabilize [48]. Further testing showed that
the particle solar absorptance could be rejuvenated through ther-
mal or chemical reduction [48].

Silica-based particles (i.e., sand) are inexpensive and abundant,
but they lack high solar absorptance, and some sands (Olivine) can

Optical properties for several different particles and Pyromark 2500 as a baseline.

Material name Type Solar weighted Thermal emissivity (-)* Selective absorber
absorptivity (-) efficiency (-)°
Carbo HSP Sintered bauxite 0.934 0.843 0.864
CarboProp 40/70 Sintered bauxite 0.929 0.803 0.862
CarboProp 30/60 Sintered bauxite 0.894 0.752 0.831
Accucast ID50K Sintered bauxite 0.906 0.754 0.843
Accucast ID70K Sintered bauxite 0.909 0.789 0.843
Fracking Sand Silica 0.55 0.715 0.490
Pyromark 2500 Commercial paint 0.97 0.88 0.897

@ Spectral directional reflectance values were measured at room temperature. The total hemispherical emissivity was calculated assuming a surface

temperature of 700 °C.

b Qs assumed to be 6 x 10° W/m? and T is assumed to be 700 °C (973 K): 77, = %,

Table 4
Parameters for 100 MW, falling particle receiver.
Parameter Value Basis
Tower height (m): 258 Calculated in SAM [84]
Cavity aperture height (m): 26 Calculated in SAM [84]
Cavity aperture width (m): 28 Calculated in SAM [84]
Receiver elevator height (m): 30 Based on calculated receiver height
Number of recirculation lifts: 1 Two passes (1 lift)
Power plant net output (MW,): 100 Baseline [1]
Power plant thermal-to-electric efficiency: 0.5 Assumed based on higher temperature output
and SunShot power cycle target
Parasitic power consumption in power cycle (MW,): 20 Calculated in SAM [84]
Power-cycle design thermal input power (MW,): 220 Calculated in SAM [84]
Solar multiple: 2.09 Baseline [1]
Receiver design thermal power (MW,): 460 Calculated in SAM [84]
Average particle specific heat (J/kg K): 1200 From [18] based on 873 K
Average increase in particle temperature (K): 400 Applicable for supercritical steam or combined
supercritical CO, power cycles
Hours of storage: 9 Baseline [1]
Price conversion factor from 1982$ to 2016$: 2.46 [85]
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sinter at high temperatures and pressures [82]. These types of par-
ticles may be suitable for indirect particle heating in tubes where
the solar absorptance is not important.

4. Cost estimate

The costs associated with the receiver component of a 100 MW,
high-temperature falling-particle receiver system with 9 h of ther-
mal storage are estimated in this section. For a 100 MW, plant, the
parameter values in Table 4 are used to calculate costs associated
with components specific to the falling particle cavity receiver.
The System Advisor Model [83] was used to determine some
parameters such as tower height, aperture size, and required ther-
mal input power, which impact costs.

Costs for some components specific to the falling particle recei-
ver are estimated using formulas and costs reported in [7]. The cost
of the particle elevator as a function of tower height and receiver

elevators that have been used in prototypical tests have low lift effi-
ciencies (<10%) due to the friction of the particles on the rotating
casing, commercial-scale skip hoists (e.g., Kimberly Skip) have lift
efficiencies exceeding 80%. The parasitic cost of the particle lift is
expected to be comparable to costs for pumping of conventional
fluids (water, molten salt). The mass flow rate of particles, m
(kg/s), can be calculated using the following equation:

Q = 1c,AT 2)

The calculated costs for the tower and receiver elevators,
particle-to-fluid heat exchanger, and particles are shown in Table 5
with inflation from 1982 to current (2016) dollars [85]. The cost of
ceramic particles, which have been shown to be very durable with
no sintering at operating temperatures and pressures expected in a

Table 7
Particle storage system component costs.

design thermal power is expressed as follows: Storage system component Cost ($/kW hy) Basis
Tanks $6.00 [1]
COSteieparor ($1982) = THT(SOO + 27(Q)°‘292) (1) Foundations $0.70 [1]
Particle media $9.08 Table 5

where THT is the tower height (m) and Q is the receiver design ther- Eﬁpﬁ?ﬂ‘é a;‘rlliisinstrumentation 23)'28 H}
mal Power (kW) as described in Table 4. The tower elevator lifts the Spare parts and other directs $1:00 (1]
particles from the base of the tower back to the top of the tower, Contingency $4.00 1]
while the receiver elevator is used to control the mass flow and Total capital cost $22.28 (1]
distribution of the particles entering the receiver. While Olds-type
Table 5
Calculated costs of falling particle receiver components.

Parameter Cost Basis

Tower elevator cost ($) in 1982$ $442656.01 Eq. (1)

Tower elevator cost ($) in 2016$ $1088933.78 [85]

Tower elevator cost/kW, absorbed ($/kW,) $2.37 Based on receiver design thermal power (Table 4)

Recirculating elevator cost ($) in 1982$ $51471.63 Eq. (1)

Recirculating elevator cost ($) in 2016$ $126620.21 [85]

Recirculating elevator cost/kW, absorbed ($/kW;): $0.28 Based on receiver design thermal power (Table 4)

Total elevator cost ($/kWy): $2.64 Sum of tower and recirculating elevator costs

Particle-to-fluid heat exchanger ($/MW,) in 1982%: $20000.00 [7]

Particle-to-fluid heat exchanger ($/MW,) in 2016$: $49200.00 [85]

Particle-to-fluid heat exchanger ($/kW,) in 2016$: $49.20 Divide by 1000

Particle-to-fluid heat exchanger ($/kW.) in 2016$: $98.40 Uses thermal-to-electric efficiency in Table 4

Particle mass flow rate through receiver (kg/s): 958 Eq. (2) where Q is receiver design thermal power (Table 4)

Particle mass flow rate through heat exchanger (kg/s): 458 Eq. (2) where Q is power-cycle design thermal input power (Table 4)

Particle mass flow rate to be lifted (ton/h): 1800 Unit conversion of line above

Mass of particles required (kg): 1.63E+07 556 kg/s x 3600 s/h x 9 h x 1.1 (10% extra)

Mass of particles (tons): 1.8E+04 Unit conversion

Cost of ceramic particles ($/Ib): $0.50 Quote from CARBO Ceramics for bulk pricing

Cost of particles ($/kg) in 2011$: $1.10 Unit conversion

Cost of particle ($) in 2011$: $18,000,000 $/kg x mass

Cost of particles ($/kW hy): $9.10 Cost of particles divided by (220 x 10°> kW, x 9 h).

This cost is part of the thermal storage cost

Table 6
Particle receiver component costs ($/kWy).

Receiver component Cost ($/kWy)

Basis

Receiver $44.91
Tower $57.07
Particle elevators $2.64
Controls and instruments $1.00
Spare parts and other directs $1.00
Contingency $18.00

Total receiver cost $125

Based on scaling from 1 MW prototype receiver costs
of structure, hoppers, ducting, insulation [44]
Calculated in SAM [84]; tower cost divided by
receiver thermal design power (Table 4)

From Table 5

Assumed to be the same as baseline external
receiver from utility study in [1]

Assumed to be the same as baseline external
receiver from utility study in [1]

Assumed to be the same as baseline external
receiver from utility study in [1]




Table 8

Comparison of energy storage technologies.

References

Energy storage technology

Metric

Flywheels

Compressed air

120-210
40-70%
>10,000

N/A

Pumped hydro
150-220
65-80%
>10,000
Water

Batteries

Molten salt
11-17

>98%

Solid particles

10-13
>98%

[1,87,88]
[89-92]
[90]

350-400
80-90%
>10,000

N/A

100-1000
60-90%

Levelized cost® ($/MW h,)
Round-trip efficiency”

Cycle life

1000-5000

>10,000

>10,000

N/A

Heavy metals pose environmental

and health concerns

Reactive with piping

materials

Toxicity/environmental impacts

evaporation/consumption
Large amounts of water

required

Only provides seconds to
minutes of storage

Unique

Very expensive for utility-scale

storage

<600 °C (decomposes
above ~600 °C)

Particle/fluid heat transfer
can be challenging

Restrictions/limitations

geography
required

2 For solid particles and molten salt, we assume a 30-50% thermal-to-electric conversion efficiency and 10,000 lifetime cycles for the thermal-to-electric storage and conversion systems; the cost includes the storage media (bulk

ceramic particles and sodium/potassium nitrate salts ~$1/kg with AT
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400 °C and 9 h of storage), tanks, pumps/piping/valves, other parts and contingency, and the power block at $1000/kW, with 19 operating hours per daily

cycle (including 9 h of storage) and 90% availability. For batteries, cost is based on sodium-sulfur, vanadium-redox, zinc-bromine, lead-acid, and lithium-ion batteries capable of providing large-scale electricity.

b Roundtrip efficiency defined as ratio of energy into energy retrieved from storage.

particle receiver, is ~$1/kg. Silica-based particles (sand) are con-
siderably cheaper. The cost of the particles in $/kW h can be deter-
mined using the following equation:

5/kw he = S/8) (1000 W/kw) (3600 s/h)(1 + ino) 3)
CpAT

where inv is an additional fraction of total particle inventory
(assumed to be 0.1 or 10%) required to operate the system at full
capacity while charging the storage.

Table 6 summarizes the primary component costs of the parti-
cle receiver, including hoppers, ducting, insulation, the tower, ele-
vators, controls, spare parts, and contingency. The total estimated
cost for a 100 MW, falling particle receiver is ~$125/kW,, which
is less than the Department of Energy SunShot target of $150/
kW, [86].

Table 7 summarizes the estimated cost of the particle storage
system, using the particle costs from Table 5. The cost of the tanks,
foundation, piping/valves, controls, and other associated costs is
taken from those of equivalent components for a molten-salt
power tower plant, but the cost of the tanks is expected to be less
due to the use of cheaper materials (e.g., firebrick, reinforced con-
crete). It should be noted that additional studies of particle storage
tanks utilizing layers of insulated firebrick, perlite, and refinforced
concrete can yield costs that are less than $15/kWhgy,.

The levelized cost of the particle storage and thermal-to-electric
conversion system compared to other energy storage technologies
is shown in Table 8, along with other comparison metrics. The cost
of the power block for thermal storage systems is assumed to be
$1000/kW,, and the power block is assumed to operate an average
of 10 h during the day plus 9 h at night from storage with an
overall availability of 90%. The levelized costs of the thermal stor-
age and conversion systems are at least an order of magnitude less
than that of batteries and the other energy storage technologies
such as pumped hydro, compressed air energy storage, and fly-
wheels. In addition, pumped hydro and compressed air energy
storage requires unique resource and geographic requirements.
Flywheels are only applicable for very short-term storage applica-
tions. For longer-term, utility-scale energy storage, thermal storage
using particles or molten salt is more cost-effective than other cur-
rently available technologies.

5. Summary

Particle receivers enable temperatures significantly higher than
conventional receivers employing molten nitrate salts, which are
limited to less than ~600 °C. Direct particle receivers include
free-falling, obstructed-flow, centrifugal, and fluidized designs that
irradiate the particles directly. Advantages include the potential for
high efficiencies due to direct irradiance of the heat transfer media.
Challenges include maintaining and controlling sufficient mass
flow and reducing particle loss. Indirect particle receivers include
gravity-driven flow in enclosures and fluidized flow in tubes.
Advantages include complete containment of the particles, while
challenges include additional heat-transfer resistance between
the irradiated surfaces and particles. A cost estimate of a 100
MW, particle receiver was presented. The cost of the particles
was estimated to be ~$9/kW h, for a particle temperature rise of
400 °C, a specific heat of 1200]/kgK, and 9 h of storage while
the cost of the receiver (including the structure, hoppers, ducting,
and insulation) was estimated to be ~$125/kW.,. The levelized cost
of thermal storage and electricity conversion using particles was
estimated to be ~$10/MW h,, at least an order of magnitude lower
than other utility-scale energy storage technologies, including bat-
teries, pumped hydro, and compressed air energy storage.
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