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Executive Summary
A detailed description of all key innovations and risk-mitigation for the particlebased CSP hybrid system is presented. The risk-mitigation outcomes were then
implemented in the pre-commercialization plant (1.3 MWe) intended to be built in the
northern province of Saudia Arabia. Furthermore, a perspective view of market adoption
with a detailed business plan is presented. Finally, a detailed explanation of how to
calculate the LCOE for a 26.5-MW particle-based CSP plant built in Saudi Arabia is
presented. It is believed that a competitive LCOE can be achieved ($0.06/kWh).
The following are a summary of the main findings of the de-risking activities:


Receiver Efficiency: The discrete structure configuration design successfully
limits the particle falling speed with a consistent performance throughout the PHR.
Particle retention was found to increase significantly as the tilt angle increases.
Curtain opacity was found to be >95% when the mass flow rate approaches the
maximum allowable flux.



Ceramic Receiver: The all-ceramic design utilizes ceramic tiles, made of porous
by discrete passages carved through them. These plates are arranged in a
chevron arrangement, like the geometry of the metal wire mesh developed by
KSU. The all-ceramic design demonstrated adequate momentum scrubbing
effects, while maintain a favorable mass flow rate for the particle curtain. Another
type of composite mesh (called WHIPOX®) was also found to exhibit superior
thermal and mechanical properties.



Heat Loss During Particles Charging: Entrained air causes a significant
temperature drop in the particle side. The use of multiple particle-feeding lines can
promote the so-called chimney effect. Additional tests on a small-scale bin were
performed. Results confirmed that a sealed TES could reduce charging losses.
Furthermore, a small build-up pressure was recorded during charging the bin.



Erosion Evaluation: Results indicate that the “accelerated direct impact” test
causes a significant mass loss in the insulating firebrick, while AMP materials
perform well in this test. A lining material, like Tuffcrete 60 M, has to be applied on
the insulating firebricks surface to give more protection/strength especially where
particles impinge its surface. Alternatively, a layer of high-temperature coating can
be applied to avoid cracks due to thermal cycling.



Expansion layers: Compression tests were conducted to find the suitable
expansion joint materials. Results showed that, at room temperature, sponge
rubber has the highest recovery value and speed. However, at a higher
temperature, all the materials have relatively low recovery values with the wooden
fiber outperforming the others. However, these higher temperatures are not
expected under normal operation since the expansion layer is placed after the
insulating layers of firebrick and perlite concrete.



Tubular PWFHX: Results showed that the overall heat transfer coefficient (U) is
low and strongly affected by the particle velocity (mass flow rate). The maximum
U of ~30 W/m2-K was achieved when the bed velocity approaches 1mm/s (1 kg/s).
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Particles Sourced in KSA: Six different types of particulate materials were
studied. All samples showed considerable agglomeration except olivine and white
sand. Olivine sand also showed high light absorptance (~75 % to ~95 %) with
increase in temperature from 800C-1200C.

All the key innovations and risk-mitigation measures have been carefully
incorporated in the design to increase receiver efficiency, reduce heat losses through lowcost particle conveyance and particle storage systems, increase heat transfer coefficients
and durability in particle heat exchangers, reduce particle wear and heat losses in all
components, and lowering costs. The following are the key features of G3P3-KSA:


Particle receiver: The receiver (rated at ~7MWth) consists of multiple-tilted panels,
each with its own flow regulation control system. With a tilt angle of 15, particle
retention approaches 100%.The panels will be housed in a cavity to minimize
radiative and convective heat losses. The dust control is achieved by the chimney
provided just outside the cavity aperture.



Storage bin: A sealable TES bin has been designed. By using an intermediate
hopper, SiC foam, and a weight-operated door, entrained air, unwanted air loops,
and exfiltration can be prevented. A relief valve will be installed to regulate the air
pressure while charging the bin. Moreover, Tuffcrete 60M will be used as the
innermost layer to minimize wall erosion.



Particle-based heat exchanger: The new design exhibits a number of
advantages and de-risking measures. For example, the flow of particles on the
tube side allows a higher particle speed, thereby increasing the heat transfer
coefficient on the particle side. The heat exchanger is also not prone to clogging
as in the case of the current Grenzebach design.



Particle lift: A Skip hoist system will be used. This system has a number of
advantages, including minimization of heat loss through the tanks and minimization
of parasitic loads (due to its high efficiency).

The cost of materials required to construct the G3P3-KSA are estimated based on
the weights and volumes of each component. The total project budget is conservatively
estimated at $13,684,770 based on the quotes from local suppliers from Saudi Arabia.
Market Adoption: There are three business opportunities in the GCC, namely (a) PPA
projects, (b) off-grid power generation for SEC, and (c) auxiliary power generation for
SEC. For the PPA project, the total market opportunity in KSA and GCC is estimated at
5 GW (2.7 GW and 2.3 from other GCC countries). For off-grid projects, the installed
capacity of off-grid power generation within SEC’s network is approximately 540 MWe.
Finally, for the auxiliary power generation projects, SEC’s existing power plants have
huge auxiliary load demands. The average auxiliary power demand in SEC’s power plants
is about 1.4 GW. In these opportunities, plant capacities of 26.5 MW (for PPA and
auxiliary power projects) and 4.6 MW (for off-grid power) are found to be ideal.
LCOE: SAM was used to estimate the LCOE for four cases, based on solar contribution
value (91% and 80%), considering silica sand and CARBOBEAD as a storage medium.
The results show that LCOEs either below or very close to ¢6/kWh can be achieved
despite the huge penalty for the inefficient particle-to-fluid heat exchanger.
iii
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1
1.1

Overview
G3P3-KSA’s Value to DOE Gen 3 Program

For more than a decade, KSU has been working diligently to promote particlebased CSP in Saudi Arabia and around the world. Its efforts included technology
development which led to multiple patents and numerous publications, and it also
included industry engagement and policy promotion. KSU has been one of very few
research institutions to secure strong interest from a utility company (SEC). KSU was also
represented in the CSP Gen3 workshop organized by DOE in 2016, which led to the
publication of the “Concentrating Solar Power Gen3 Demonstration Roadmap” [1], and
actively participated in organizing the first ever particle technology workgroup workshop,
which was held in Riyadh, Saudi Arabia, with the sponsorship of SolarPACES and SEC.
It has also been a privilege for KSU to partner with SNL, the world’s foremost
research center in developing particle-based CSP. The mutual interest of SNL and KSU
to develop the technology and push it to reach the commercialization phase has led to a
partnership that has been in effect for the past eight years. This partnership included
participation in the DOE-funded “High-Temperature Falling Particle Receiver” project and
“High Performance Reduction/Oxidation Metal Oxides for Thermochemical Energy
Storage (PROMOTES)”, which were primarily directed to component development.
However, the most important SNL-KSU partnership to date has been the G3P3
project. By joining forces with SEC, SNL and KSU have been able to champion the unique
“two-for-one” approach, where two plants are built simultaneously in the US (G3P3-USA)
and Saudi Arabia (G3P3-KSA), with the majority of the cost of the latter being covered by
SEC, thereby ensuring that DOE gets the benefits of the data generated from two plants
instead of just one.
In addition, G3P3-KSA has the unique advantage of being a fully integrated, precommercial particle-based power plants that includes not only the receiver/heat
exchanger/storage/particle lift subsystems, but also a power block. With this plant being
designed for years of operation, the data it generates will provide valuable operational
information to DOE and the CSP community about the benefits and the challenges of a
particle-based CSP power plant.
Another defining feature of G3P3-KSA is that operates on an air-Brayton power
cycle rather an sCO2 cycle. This feature is driven by local needs, since the market
environment in Saudi Arabia and the GCC region poses serious challenges to adopting
new technologies like sCO2 cycles. With air-Brayton technology being widely used in the
region for decades, and with the existence of local expertise in this technology, the
chances of success of particle-based CSP will be greatly increased by coupling with airBrayton power cycles. This fundamental difference is actually an advantage. It opens the
doors to a parallel track of developing particle-based CSP that, together with the sCO2,
increases the appeal of the particle path to investors and decision makers by
demonstrating its ability to adapt to different needs.
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Because of the difference in power block interface for the G3P3-USA and G3P3KSA systems, a number of design features will also be different. Table 1-1 highlights
those differences, as well as other differences that are not directly related to the type of
power block.
Table 1-1. Design differences between G3P3-USA and G3P3-KSA

Receiver
Power Cycle
Operating Pressure
Operating
Temperature

G3P3-USA
Multi-stage
sCO2
Up to 250 bars
715°C

Temperature
Difference
Heat Exchanger
Particulate Material

150°C
Shell-and-plate
CARBO HSP

Facility Design

Pilot

G3P3-KSA
Obstructed flow
Hybrid air-Brayton
4 (16 bars in the future)
≥ 970°C
(70%-100% solar
contribution)
416°C
Shell-and-tube
Silica sand or
CARBOBEAD
Pre-commercial

Again, those differences highlight the benefits of the “two-for-one” approach, since
particle-based CSP will be tested at different pressure and temperature levels, and with
different component designs and different particulate materials, thereby generating a
wealth of knowledge and operational experience.
References
1. https://www.nrel.gov/docs/fy17osti/67464.pdf
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The development of the world’s first integrated gas turbine - solar particle heating
hybrid system has been realized on Riyadh Techno Valley (RTV) area at the campus of
King Saud University (KSU), Saudi Arabia. The system was built and tested to prove the
concept of such integrated system so that, upon a successful completion of the test, a
larger/commercial scale of the integrated gas turbine-solar particle heating system can
be built with confidence. As any typical CSP system, the KSU facility is composed of
several subsystems including a heliostat field, a particle heating receiver (PHR) placed at
the top of the tower, thermal energy storage (TES), a particle-to-fluid heat exchanger
(PFHEX), particles circulating system, and a power block. The facility has a peak thermal
power of approximately 300 kW. The heliostat field tracks the sun during the day's working
hours and reflects sunlight on an aperture of a small cavity 22.5 m above the ground. A
discrete particle heating receiver (PHR), of 1.2 m height and 1.2 m width, is located just
behind the aperture. The discrete structure uses chevron-shaped mesh screens to limit
particles' velocity when flowing through and around the chevrons. These mesh screens
are made of a high-temperature alloy (Inconel 601), and they are intended to limit the
particle velocity and increase the particles’ residence time to absorb sunlight and hence
increase the PHR efficiency. The TES tank has a capacity of approximately 1 m3, and it
is placed just under the PHR to collect the particles leaving the PHR. The TES tank feeds
the PWFHX; the PWFHX is a tubular heat exchanger (six-tube passes) in which particles
flow on the shell side, and air flows inside the diamond-shaped tubes. The PWFHX has
a thermal capacity of about 100 kW with an overall surface area of approximately 79 m2.
The heat exchanger is connected to the microturbine, which is called the T100; it has a
nominal capacity of 100 kWe, a 30% efficiency at ISO conditions, and operating pressure
of approximately 4.5 bara. The T100 has an external combustion chamber (CC), which
was modified to admit hot compressed air from the PWFHX in addition to burning diesel
fuel. The particles are circulated using a type of screw conveyor called Olds Elevator.
The successful execution of this project leads to the following important
conclusions and recommendations: (1) The particle central receiver system is able to heat
the falling particles (local red sand) up to 700°C or more. (2) The gas turbine - solar
particle heating hybrid system is able to supply additional thermal energy from the solar
heated particles to the compressed recuperated air by means of the PWFHX. Hence, the
temperature of the compressed air is increased before it enters the combustor of the
micro-turbine (the T100). (3) Operation from thermal energy storage was demonstrated
after the solar field was shut down. (4) Even though the temperature-rise of the
compressed air across the PWFHX was still low, it is enough to prove the system’s ability
to utilize solar heated particles as a heat source. It is a matter of preventing the following
system limitations in future projects: (a) The high heat losses from the system. (b) High
losses due to the exposure of PHR to the wind and sky. (c) High heat loss during charging
the TES. (d) High heat loss during particle circulation. (e) Overheating of some parts of
the chevron meshes of the PHR. Accordingly, with collaboration with DOE, we embarked
on R&D risk reduction activities that aim to identify the main risks in such particle-based
CSP systems and to investigate methods to mitigate those risks. Therefore, a
larger/commercial scale of the integrated gas turbine-solar particle heating system can
be built with confidence.
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2.1

R&D risk reduction activities

2.1.1 Subtask 2.2: Receiver Efficiency
Executive Summary
A mock-up obstructed flow PHR was constructed at KSU with a height of 2.5m.
The effect of many parameters were studied, including vertical spacing of chevrons, tilt
angle, particle mass flow rate, and particulate material. Three metrics were considered,
including particle velocity, particle retention, and curtain opacity. The velocity profile was
nearly identical at the top, middle, and bottom of the PHR with a deviation of 10%, which
means that discrete structure configuration design successfully limits the particle falling
speed with a consistent performance throughout the PHR. Also, it was found that PHR tilt
angles below 10° were not sufficient to effectively retain the particles inside the chevrons
region. Particle retention was found to be progressively decreasing the farther the
particles move away from their release point. Curtain opacity was found to be >95% when
the mass flow rate corresponded to the maximum allowable flux. The semi-transparent
property of olivine sand particles did not show a significant effect on curtain opacity
compared with the opaque CARBOBEAD particles.
2.1.1.1 Methodology
A mock-up obstructed flow PHR was constructed at KSU in which the PHR is 2.5m
high and 0.63 m in width to mimic the preliminary design of the next-generation 1.3-MWe
PHR plant that will be built in Saudi Arabia. The mock-up is designed such that chevrons
can be easily removed and inserted as needed. As shown in Figure 2-1, just above the
mock-up, a particle-feeding hopper is installed. The hopper is designed to handle
approximately one cubic meter of particulate material. The bottom of the hopper has a
compartment designed to house interchangeable inserts that are in the form of long
plates. Each plate has a long slender water-jet-cut slot that runs along its middle. The slot
is designed to be longer than the width of the PHR itself, allowing some particles to fall
freely on one side. This feature is intended to provide side-by-side comparison of
obstructed flow and free falling PHR designs. Finally, beneath the slot lies a c-shaped
compartment that allows a locking bar to slide-in to block particle flow or slide-out to
release particles. The mock-up is also designed in a manner that allows the tilt angle to
be adjusted manually such that the effect of tilt angle (3°, 5°, 7°, 10°, and 13°) on the flow
pattern, particle retention, and curtain opacity can be examined. The tilt angle is
measured using a digital level box with a ±0.1° accuracy.
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Figure 2-1. Mock-up PHR arrangement

A wire mesh screen was cut into 8cm x 5cm rectangles and bent 30 degrees to
form a chevron shape. The chevrons were then inserted 2-cm deep into pre-prepared
grooves (discussed below), such that the exposed part of the chevrons extends by 3 cm
from the PHR panel. The examined wire mesh counts (MC), which is the number of
opening per inch, were 6 and 10 to investigate the effect of chevron porosity on particle
velocity and retention.
The PHR panel is made from a Duraboard and is grooved based on a 30-mm
vertical spacing. To investigate the effect of chevron packing density on the particle
curtain opacity and particle retention, the chevrons were inserted based on a 30-mm
spacing in the case of high packing density. The chevrons packing density was then
reduced by removing every other row of chevrons to obtain chevrons spacing of 60-mm
without changing the panel as shown in Figure 2-2.
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Figure 2-2. 60-mm chevrons spacing arrangement

Three characterization tools were used, namely, particle velocity, particle
retention, and curtain opacity. A detailed description of each metric is provided in the
following sections.
2.1.1.1.1 Particle Velocity Measurements
The measurements were done at 10° PHR tilt angle and at three positions: the top,
middle, and bottom of the PHR. The camera used is Chronos 1.4 high-speed camera and
it is capable of recording at the rate of 38,000 frames per second (at a resolution of 336
x 96 pixels). First, the camera was fixed at a position then focused and zoomed to cover
two rows of chevrons. Second, a DC light source (Godox SL-200W) was oriented to the
focused position. After that, a 25-mm ruler (for the case of 30-mm spacing and 50-mm
ruler in the case of 60-mm spacing) was placed at the center of the distance between the
PHR panel and the tip of the chevron, and an image of the ruler was captured. This image
was later used for calibration. Figure 2-3a shows a sample image for the calibration
process. The calibration image was processed using ImageJ software to calculate the
number of pixels per one millimeter. This information is essential to convert the output of
the PIV analysis tool which is in pixels per frame to m/s. Then, the particles were allowed
to flow once the camera started recording. An actual recording session was shown in
Figure 2-3b.
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(a)

(b)

Figure 2-3. (a) a sample of a calibration image and (b) an actual recording session

2.1.1.1.2 Particle Retention Measurements
To quantify particle retention, two separate bags were wrapped around the bottom
of the PHR (Figure 2-4). The first bag enclosed only the last raw of chevrons while the
second bag was installed to collect particles that leave the PHR. Also, two plates were
attached to the PHR sides (left and right) to prevent losing particles in the spanwise
direction. The mass of particles collected in the two bags represents the total mass of
particles that stayed in the PHR region and the particles that escaped the PHR,
respectively. Thereby, an accurate estimate of the percentage of particles retained within
the PHR can be made by dividing the mass of particles that stay in the chevrons region
by the total mass of collected particles as follow
𝑃𝑅

𝑚
𝑚

𝑚

100%

(2.1)

Since particle retention is measured at the end of the PHR panel, the value
represents particle retention at this point only. To evaluate how particle retention changes
with PHR height and estimate the average throughout the PHR, particle retention was
measured at 3 more points with a tilt angle of 10°. This was done by covering part of the
PHR with a thin-wooden sheet as shown in Figure 2-5 for 0.6 m height. With this
arrangement, the PHR can be split into segments, allowing us to estimate particle
retention at different PHR heights.
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Figure 2-4. Bags arrangement for particles retention
measurement

Figure 2-5. Setup for
measuring the particles
retention at 0.6m height

2.1.1.1.3 Curtain Opacity Measurements
The measurement of curtain opacity was done at two positions: at the middle of
the upper part and the middle of the lower part of the PHR panel. To take those
measurements, holes were drilled in the PHR panel and covered with transparent glass.
A photodiode of 13 mm2 was inserted and placed just behind the glass so that the flow is
not interrupted by the sensor. For 30-mm spacing, only one hole is needed in each part.
In the case of 60-mm spacing, the measurement was done at two points in each part,
near the chevron and far from the chevron to capture the effect of falling distance on
curtain opacity. For that, two holes are needed. Figure 2-6 shows a schematic diagram
of the arrangement of the holes at each position and an image after the preparation. A
light source was placed in front of the PHR emitting light perpendicular to the particle
curtain, while the photodiode was connected to a multimeter. The multimeter used is
EXTECH X470 with a bias error of 1.5% in the range of 0.1 to 4000 microamps. First, a
base reading was made where the light source was turned on and the reading of the
multimeter was recorded without the particles flowing, as Figure 2-7 shows. Then, the
measurement was repeated but with the particles flowing. Both measurements were
performed in a dark environment to ensure the photodiode response is zero. The
comparison between the two readings gives the opacity of the falling curtain as calculated
by Eq. 2.2.
𝑂𝑝𝑎𝑐𝑖𝑡𝑦

1

𝐼
𝐼

100%

where 𝐼 is the electrical current reading with the particles flowing and 𝐼
electrical current reading without the particles flowing.
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(2.2)
is the

Figure 2-6. Holes arrangement for opacity measurement.

Figure 2-7. Opacity measurement before releasing the particles.

2.1.1.2 Results
2.1.1.2.1 Particle Velocity
Originally, the velocity measurements were planned to be done on 16 cases.
However, eight of them were discarded because the feeding of particulates materials was
high and flooded the PHR. Flooding happens when the particulates materials cannot pass
through the chevrons which means that the mass flow rate per unit area (also known as
the mass flux) exceeds the maximum mass flux that the chevrons can pass. The
maximum mass flux is a function of mesh count and the particulate material’s shape and
size. The 16 cases are summarized in Table 2-1 and the discarded cases are denoted in
the situation column by “Flooded”. A 4-identifier coding system is introduced in Table 2-1
9

and will be used frequently from this point onward to refer to different cases. The first
identifier is the abbreviation of the particulate material (CB for CARBOBEAD, and OS for
olivine sand). The second identifier is the slot width (5-mm or 7-mm). The third identifier
is the mesh count (MC6 or MC10). The fourth identifier is the vertical spacing between
chevrons (30-mm or 60-mm).
Table 2-1. Summary of velocity measurement cases

material

slot
width

mesh
spacing
count (MC)

CARBOBEAD

6

CB 5-mm MC10 30mm

60-mm

CB 5-mm MC10 60mm

30-mm

CB 5-mm MC6 30-mm

60-mm

CB 5-mm MC6 60-mm

30-mm

CB 7-mm MC10 30mm

Flooded

60-mm

CB 7-mm MC10 60mm

Flooded

30-mm

CB 7-mm MC6 30-mm

60-mm

CB 7-mm MC6 60-mm

30-mm

OS 5-mm MC10 30mm

Flooded

60-mm

OS 5-mm MC10 60mm

Flooded

30-mm

OS 5-mm MC6 30-mm

60-mm

OS 5-mm MC6 60-mm

30-mm

OS 7-mm MC10 30mm

Flooded

60-mm

OS 7-mm MC10 60mm

Flooded

30-mm

OS 7-mm MC6 30-mm

Flooded

60-mm

OS 7-mm MC6 60-mm

Flooded

10
7-mm
6

10

Olivine sand

5-mm
6

10
7-mm
6

situation

30-mm
10
5-mm

Case code

For CARBOBEAD, both MC10 and MC6 could handle 61 kg/s.m2 flux for the case
of 5-mm slot width. When the slot was changed to 7-mm, the mass flux increased to 90
kg/s.m2 and MC10 could not pass this amount of particles, but MC6 could. Flooding for
this case can be seen in Figure 2-8.
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For olivine sand, the 5-mm slot flooded MC10 even though the mass flux was 47
kg/s.m , which is less than CARBOBEAD. This happened because the maximum
allowable flux through MC10 decreased when less spherical particles were used. For the
7-mm slot, the mass flux was 81 kg/s.m2 and both MC10 and MC6 were flooded.
2

Figure 2-8. An image for the upper section of the PHR for the flooded PHR case of CB
7-mm MC10 30-mm.

That said, it has to be noted that there are some limitations in the velocity
measurements. Displacements smaller than 1 pixel cannot be reliably detected by the
algorithm. Practically speaking, this means that velocities above 0.13 m/s are sufficient
to be reliably measured, but velocities below 0.13 m/s cannot be reliably measured. The
minimum interrogation window that is used is 64x64 pixels and the analysis of the
displacements at the boundaries is not accurate since some particles that are near the
boundaries in one image could leave on the next image. Also, the movement range is
lower than the tracking resolution. So, measuring the velocities of particles that are within
3mm from the boundaries is not reliable. Decreasing the interrogation area to increase
the tracking resolution would result in a low seeding problem and results in outlier vectors.
The particle velocity profile for the case of CB 5-mm MC10 30-mm is shown in
Figure 2-9, while Figure 2-10 shows the particle velocity profile for CB 5-mm MC6 30mm. The theoretical limit is included in both cases to compare the measurements with. It
can be calculated from this equation: 𝑣
2𝑔ℎ with a modification of the initial velocity
𝑣 to best fit the readings.
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Figure 2-9. Particle velocity profile for CB 5-mm MC10 30-mm.

Figure 2-10. Particle velocity profile for CB 5-mm MC6 30-mm.
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The velocities at the three measurement locations (i.e. at the top, middle, and
bottom of the PHR panel) are nearly identical with a deviation of 10% or less except at
the top in the case of MC6. This means that this design not only succeeds in limiting the
falling speed of particles, but also gives a predicted and consistent performance along
the PHR. The relatively large deviation of the velocities at the top in the case of MC6 is
because the mass flux at the first row of chevrons was high since the falling curtain just
left the slot and its thickness is narrow. This results in more resistance to the particles to
pass through the mesh openings.
The theoretical velocity profile (which is based on a single free-falling particle in
vacuum) is nearly identical to the velocity measurement when the initial velocity is
modified. This behavior is expected given the fact that the drop distance from one chevron
to the next is very small. At such small drop distances, viscous effects that cause the
deviation of actual particle velocity from the theoretical particle velocity are still very small
and subdued. After analyzing all the six cases for CARBOBEAD, the approximated initial
velocity to best fit the measurement was found to be 0.05 m/s for MC10 and 0.2 m/s
for MC6. The maximum velocity for the case of CB 5-mm MC10 30-mm and CB 5-mm
MC6 30-mm were 0.75 m/s and 0.86 m/s, respectively. MC6 gave a higher velocity than
MC10 since it started with a higher initial velocity.
Velocity profiles that are shown in Figure 2-11 and Figure 2-12 are for the cases
of CB 5-mm MC10 60-mm and CB 5-mm MC6 60-mm, respectively. The maximum
velocity for MC6, in this case, was 1.21 m/s while the maximum velocity for MC10 was
1.08 m/s. The 60-mm spacing configuration gave a higher speed than 30-mm spacing.
Due to the fact that the particle sizes are not too small, the small increase in the drop
height did not let the particles to reach their terminal velocity, and the velocity increased
at the same rate of increase as it falls in a vacuum.
Comparing MC10 to MC6 cases, it can be seen that the velocity profile is more
uniform for MC10 than MC6. This is because the particles start falling nearly from rest for
MC10. On the other hand, particles leave MC6 with a higher initial velocity and the random
collisions that occur within the chevron’s holes create velocity components in directions
other than the downward direction. This could be an advantage for MC6 because this
vigorous agitation of particles can cause particles to be more uniformly heated by the
incident solar radiation.
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Figure 2-11. Particle velocity profile for CB 5-mm MC10 60-mm.

Figure 2-12. Particle velocity profile for CB 5-mm MC6 60-mm.
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The slot width used in the previous four cases was the same, which is the 5-mm
slot. In the next two cases, the slot is changed to 7-mm, which results in a higher flow rate
and higher mass flux. MC10 could not handle the high loading of particles and flooded as
mentioned previously.
Figure 2-13 shows the velocity profile for CB 7-mm MC6 30-mm spacing. The
maximum velocity was 0.88 m/s. The increase in the mass flux (from 61 to 90 kg/s.m2)
did not increase or decrease the maximum velocity, and the best-fit initial velocity for the
theoretical case remained the same as well. For 60-mm spacing, Figure 2-14 shows the
same trend as the case presented in Figure 2-12 with a slightly more uniform flow since
the high mass flux probably decreased the intensity of the random collision within the
chevrons.

Figure 2-13. Particle velocity profile for CB 7-mm MC6 30-mm.
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Figure 2-14. Particle velocity profile for CB 7-mm MC6 60-mm.

The velocity profile of olivine cases is shown in Figure 2-15, Figure 2-16, and
Figure 2-17 for 30-mm and 60-mm spacing, respectively. The initial velocity that best fit
the olivine sand particle velocity profile is less compared with CARBOBEAD.
From Figure 2-15, the velocity profiles for the three locations generally have a
downward trend, with particles in the top part being the fastest and particles in the bottom
part being the slowest. This phenomenon also occurred with CARBOBEAD, namely in
the case of CB 7-mm MC6 30-mm presented in Figure 2-13, when the PHR was at a high
mass flux (90 kg/s.m2). Since increasing the slot width from 5-mm to 7-mm floods the
PHR when olivine sand is used, this would suggest that if the slot width increased beyond
7-mm for CARBOBEAD, it would flood MC6 too.
The maximum velocity did not change for 30-mm spacing compared with CB 7mm MC6 30-mm and CB 5-mm MC6 30-mm. However, when the drop height increased
to 60-mm, as shown in Figure 2-16, the velocity is less than the case of CB 7-mm MC6
60-mm. The average maximum velocities were 1.08±0.02 m/s for the olivine compared
with 1.17 ± 0.04 m/s in the CARBOBEAD case. Figure 2-17 shows the velocity profiles
for the two cases in the middle part. Since olivine sand particles are less spherical than
CARBOBEAD particles, the drag force acting on olivine sand particles is greater than on
CARBOBEAD particles. Because of that, some deviation from the theoretical particle
velocity appeared in the olivine sand case after increasing the spacing and the viscous
effects became more significant.
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Figure 2-15. Particle velocity profile for OS 5-mm MC6 30-mm.

Figure 2-16. Particle velocity profile for OS 5-mm MC6 60-mm.
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Figure 2-17. Particle velocity profile for CB 7-mm MC6 60-mm and OS 5-mm MC6 60mm.

2.1.1.2.2 Particle Retention
Figure 2-18 and Figure 2-19 present the particle retention results with different
PHR tilt angles for the cases of CB 5-mm MC10 and CB 5-mm MC6, respectively. The
particle retention increases with the increase in tilt angle because particles that leave the
PHR have a higher probability to return to the chevrons region, as illustrated in Figure
2-20.
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Figure 2-18. Particle retention for CB 5-mm MC10 with different PHR tilt angles and
chevrons spacing.
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Figure 2-19. Particle retention for CB 5-mm MC6 with different PHR tilt angles and
chevrons spacing.

19

3°

13°

Figure 2-20. A schematic diagram for the spilled particle trajectory for 3° and 13°

For CB 5-mm MC10, particle retention for 30-mm and 60-mm spacing is nearly
identical. This is because the falling particle velocity is slow and the curtain is uniform. It
is also worth noting that the obstructed flow PHR design successfully retains more
particles than a flat PHR (a panel without chevrons). For example, particle retention of a
flat PHR was found to be only 59% at 10°, compared to 85% for an obstructed flow PHR.
For CB 5-mm MC6, presented in Figure 2-19, the particle retention for 30-mm
spacing is higher than 60-mm spacing by 6% to 24% because the falling speed for 30mm spacing is less than for 60-mm. At a tilt angle of 10°, the particle retention was 72.9%
and 66.2% for 30-mm and 60-mm spacing, respectively. The maximum particle retention
was 87.3%, and it was reached at 13° for 30-mm spacing. This low particle retention does
not mean that the particles were lost from the beginning; rather, the particles are lost
gradually. To further investigate this point, the case of CB 5-mm MC6 60-mm spacing
was chosen to look at particle retention at different distances from the top of the PHR.
Particle retention for this case was 66.2%, which means that 33.8% of the particles were
falling out of the obstructed objects, thus having high falling speeds and less time to
capture the heat when the PHR is irradiated by concentrated sunlight. Figure 2-21 shows
that particle retention is decreasing linearly with PHR height to a point where the rate of
decrease plateaus. It can be predicted from the fitted polynomial line that particle retention
would become constant after 2.6m height at around 65%. The average particle retention
was found to be 80.2%. From an operational point of view, this figure is not as bad as the
overall particle retention of 66.2%.
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Figure 2-21. Particle retention for CB 5-mm MC6 60-mm with different PHR height.

The next step was to measure particle retention when the slot width is changed to
7-mm to investigate the effect of increasing the flow rate on particle retention. However,
for the MC10 configuration, the flow was flooded for both CARBOBEAD and olivine sand.
Therefore, the results shown next only consider MC6.
Figure 2-22 shows the particle retention for CB 7-mm MC6 with 30-mm and 60mm spacing. From the figure, particle retention with 30-mm and 60-mm spacing did not
have a significant difference except at 5°. At 10°, the particle retention was 80.3% and
79.3% for 30-mm and 60-mm, respectively. Particle retention at 13° was 89.5% and
88.4% for 30-mm and 60-mm, respectively.
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Figure 2-22. Particle retention for CB 7-mm MC6 with different PHR tilt angles and
chevrons spacing.

To see the effect of increasing the flow rate on particle retention, a comparison
between 5-mm and 7-mm slots for the case of CB MC6 30-mm and CB MC6 60-mm
spacing is presented in Figure 2-23 and 2-24, respectively. Increasing the flow rate
enhanced particle retention by 2.5% for 30-mm spacing at 13° and by 8.8% for 60-mm
spacing at the same tilt angle. The enhancement was even higher at a 10° tilt angle. The
particle retention increased from 72.9% to 80.3% which is a 10.2% enhancement for 30mm spacing. For 30-mm spacing, the particle retention enhanced by 19.9% from 66.2%
to 79.3%.
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Figure 2-23. Particle retention for CB MC6 30-mm with different PHR tilt angles and slot
width.
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Figure 2-24. Particle retention for CB MC6 60-mm with different PHR tilt angles and slot
width.
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For olivine sand, only the 5-mm slot with MC6 cases were investigated since others
were flooding the PHR as mentioned in the previous section. Particle retention for OS 5mm MC6 with 30-mm and 60-mm spacing are shown in Figure 2-25. There is no
significant difference in particle retention between 30-mm and 60-mm spacing at 13° as
well as at 10°. Particle retention at 13° and 10° were 93.5% and 86.4%, respectively. The
pattern of the particle retention in this figure is similar to CB 7-mm MC6 case shown in
Figure 2-22, but with higher particle retention. These two cases have another similarity
where both of them are operating at near the maximum allowable mass flux as discussed
in the previous section.
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Figure 2-25. Particle retention for OS 5-mm MC6 with different PHR tilt angles and
chevrons spacing.

2.1.1.2.3 Curtain Opacity
The opacity was measured at two locations: at the middle of the upper part and
the middle of the lower part of the PHR panel. For 30-mm spacing, one measurement at
each part was done. For 60-mm spacing, two measurements were done at each part.
Both measurements were done between two chevrons to capture the effect of falling
distance on curtain opacity.
Curtain opacity measurement results represent the lower limit of the opacity since
the light source is perpendicular to the panel (i.e. the angle of incidence is zero), whereas
in reality, solar radiation will reach the PHR panel with an angle of incidence larger than
zero since the PHR is irradiated from the heliostat field at ground level and the PHR will
normally be tilted backwards to maximize particle retention. With a much larger angle of
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incidence, sunlight will need to pass through a thicker curtain of particles. This effect is
similar to the air mass effect in the atmosphere.
Table 2-2 lists the results of curtain opacity measurements for CB 30-mm spacing.
For a 5-mm slot, the opacity for MC6 was higher than MC10 even though the case of CB
5-mm MC6 30-mm has lower particle retention (87.3% for MC10 and 81.2% for MC6) and
higher velocity than CB 5-mm MC10 30-mm. This occurred because the particle curtain
distribution was uneven for MC10 and the curtain was denser on the sides of the chevrons
and lighter at the center where the sensor location was (Figure 2-26a), while MC6
successfully created a well distributed curtain (Figure 2-26b). For MC10, the opening size
is small, and when the falling particles reach a chevron, it is easier for some particles to
slide to the left and right than pass through the mesh at the tip, thereby decreasing the
concentration of particles at the center. For the 7-mm slot, curtain opacity was very high
(>99%) since the PHR is nearly at its maximum capacity, thus the curtain is thick and
dense.
Table 2-2. Curtain opacity measurement results for CB 30-mm spacing

Slot width PHR part
5-mm
7-mm

Mesh count
MC6

MC10

Upper

97.70%  0.30%

95.36%  0.13%

Lower

97.67%  0.25%

92.50%  0.17%

Upper

99.36%  0.08%

Lower

99.88%  0.01%

Flooded

Sensor
location

(a)

(b)

Figure 2-26. An image of an area between two chevrons for CB 5-mm MC10 (a) and MC6
(b) at 30-mm spacing.

Table 2-3 lists the results of curtain opacity measurements for CB 60-mm spacing.
The average curtain opacity for 5-mm MC6 and MC10 was 80.62%  0.48% and 96.17%
 0.05%, respectively. There are three observations for 5-mm slot results. First, curtain
opacity decreases with the falling distance between two chevrons. This is because the
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velocity is increasing with the increase in falling distance, thus the volume of entrained air
increases. Second, the lower part of the PHR has lower curtain opacity since the particle
loss increases the farther the particles move down the PHR (refer to Figure 2-21). The
third observation from this case is that MC10 has higher curtain opacity because it results
in higher particle retention (85.7% compared with 66.2% for MC6) and lower falling speed.
For the 7-mm slot, curtain opacity was nearly perfect and constant throughout the entire
PHR length.
Table 2-3. Curtain opacity measurement results for CB 60-mm spacing

Slot width PHR part
Upper
5-mm
Lower
Upper
7-mm
Lower

Mesh count
MC6

MC10

88.39%  1.25%

97.68%  0.05%

83.36%  0.94%
78.84%  0.75%
71.87%  0.80%
99.90%  0.01%
99.75%  0.01%
99.74%  0.02%
98.97%  0.15%

96.45%  0.08%
96.04%  0.10%
94.52%  0.14%

Flooded

For olivine sand, curtain opacity measurement results are listed in Table 2-4. This
case can be compared to the case of CB 7-mm MC6 since they exhibit high loading of
particles. The olivine sand curtain has slightly lower opacity than CARBOBEAD case for
both chevrons spacing configurations, with an average of 96.30%  0.10% for 30-mm
spacing. This is because olivine sand particles are semi-transparent while CARBOBEAD
particles are opaque.
Table 2-4. Curtain opacity measurement results for OS MC6

Slot width PHR part

Chevrons spacing
30-mm
60-mm

Upper

98.28%  0.06%

Lower

94.32%  0.19%

5-mm

98.78%  0.11%
97.77%  0.16%
97.12%  0.19%
93.25%  0.42%

The average curtain opacity for the entire PHR for 60-mm spacing cannot be
estimated correctly. The chevron-shaped obstruction with 60-mm spacing creates a dry
region at each side of the chevron as shown in Figure 2-27. This problem did not appear
for 30-mm spacing.

26

(b)

(a)

Figure 2-27. Dry regions for the case of CB 5-mm MC10 (a) and MC6 (b) with 60-mm
spacing.

2.1.1.2.3.1 Dry Regions Risk Mitigation
At the conclusion of testing chevron-shaped obstructions, it was noted that some
“dry” spots appeared at the trailing edges of the chevrons, as Figure 2-27 shows. To
mitigate this issue, a modified arrangement was tested where flat, continuous perforated
plates were used. Furthermore, to avoid accumulation of particles on the top of the
meshes, plates with much larger circular perforations were used, as Figure 2-28 shows.

Figure 2-28: New perforated plate arrangement
Preliminary results are very encouraging. Figure 2-28a shows the flow pattern with
the new arrangement, which is uniform across the receiver with no “dry” spots. Further
testing of the perforated plate design will be conducted with different holes sizes and
different particulate materials. Finally, preparations are underway to evaluate samples of
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perforated plates made of WHIPOX®, which is an abrasion-resistant all oxide ceramic
matrix composite that can withstand temperatures beyond 1200°C with very limited
thermal expansion. Figure 2-28b shows some of the perforated plate shapes that can be
made using WHIPOX®.

(b)

(a)

Figure 2-28. (a) Uniform flow through perforated plate obstructions, (b) High-temperature
alumina-ceramic WHIPOX® composite material
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2.1.2 Subtask 2.2: Ceramic Receiver
Executive Summary
A preliminary design of an all-ceramic obstructed flow PHR was constructed at
GIT, and its flow characteristics were studied. The particle mass flow rate, particle
velocity, and curtain geometry were studied. The all-ceramic design, also called the allceramic discrete-structure PHR, utilizes ceramic tiles, made porous by discrete passages
carved through them. These plates are arranged in a chevron arrangement, like the
geometry of the metal wire mesh developed by KSU. These ceramic chevrons are
intended to raise the operating temperature of the PHR and eliminate the structural issues
that can arise in the metal mesh design at higher temperatures. The all-ceramic design
demonstrated adequate momentum scrubbing effects, while maintain a favorable mass
flow rate for the particle curtain. Furthermore, meshes made of a composite material
called WHIPOX® was also found to provide superior temperature and abrasion resistance
with very limited thermal expansion. This material will be considered for G3P3-KSA.
2.1.2.1 Methodology
A series of ceramic plates were machined into 2 different geometry patterns.
Figure 2-29 shows a chevron with vertical slots, and an Open Surface Area Ratio(OSAR)
of 40.52% of the 87.1 cm2 surface area of the tile face. Figure 2-30 shows a chevron with
45-degree angled slots. These slots seek to introduce a passive element of flow control
into the system. These slots can be used to promote lateral flow mixing, as well as depth
wise mixing to promote uniform particle curtain heating. These angled slot chevrons have
an OSAR of 17.96%. These chevrons were configured in the geometry shown in Figure
2-31, at 120- degree angles with respect to one another, and vertical spacing of 31.75
mm between the top of each chevron. To analyze the particle curtain characteristics a
camera was used to record and analyze the curtain during operation. This configuration
is shown in Figure 2-32. The flow experiments were conducted using ID50 particulate,
circulated through an Olds (fixed helix/rotating drum) elevator, and driven through the allceramic PHR. To assess the performance of the PHR, Particle Image Velocimetry (PIV)
was used. First, velocities of particles are recorded while the ceramic tiles are parallel to
the ground. Next, the velocities of particles are recorded while the ceramic tiles are angled
to form chevrons. Finally, a progression of the velocities of particles as they exit one row
of chevrons and enter the next is measured. Figure 2-33 shows the experimental setup
used to perform these measurements.
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Figure 2-29. Chevron with slots angled
straight down

Figure 2-30. Chevron with slots angled at
45 degrees

Figure 2-31. Chevron Configuration

Figure 2-32. Camera Elevation Platform
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Figure 2-33. Experimental Setup

Controlling mass flux rate is an important aspect of PHR design, as this parameter
can dictate amount of thermal flux the particles are receiving. Mass flux rate was measure
by taking a constant volume container and capturing particles over a set period.
As mentioned earlier, the straight slot chevrons have an OSAR of 40.52%. To
calculate the mass flux rate over a certain area, a smaller reference area is used to gather
the particulates. This figure is multiplied to get the mass flux over a sizable area. A
container of rectangular cross-sectional area of 13.5 in , or 0.0087 m was used to
collect particles for a period of 10 seconds. The resulting averaged mass flux rate is 23.5
kg/(m2-s). In this experiment, the cross-sectional area catching the particulates is of
constant size so there is no variation with this variable. Similarly, the OSAR of the angled
slot chevrons is 17.96%. The averaged mass flux rate for the angled slot chevrons is 14.1
kg/(m2-s).
2.1.2.2 Results
2.1.2.2.1 Straight Slot Chevrons
Using the experimental set-up detailed, and the PIV methodology within MATLAB,
particle velocities can be characterized. Figure 2-34 shows the progression of vertical
velocities across vertical displacement using the PIV method with straight slot chevrons.
The particles show clear signs of deceleration within this configuration, reaching velocity
values below 0.1 m/s. This level of deceleration occurs due to particles accumulating on
the top of the chevrons, around the discrete channels. This forms a particle bed, which
proves effective as a sink for kinetic energy and momentum. Once through the channels,
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the particles then fall due to natural acceleration, until they reach the next packed bed
atop the next chevron. It will be shown that this velocity profile is extremely like a freefalling profile from rest. This demonstrates that nearly all the kinetic energy from the
previous step in the chevron configuration has been removed. To compare this
momentum scrubbing effect more accurately the average particle stream velocities were
compared to a theoretical model of particles free falling under no drag. Five separate
datasets of average particle stream velocity from one chevron step were then plotted
against the theoretical model to compare, shown in Figure 2-35. At some points, the
average velocities of the particles exceed the free-falling model, meaning some residual
kinetic energy remains. However, it is evident from the figure that this residual energy has
a small effect on the velocity profile as a whole and is quite comparable to the free-falling
theoretical model.

Figure 2-34. Vertical Velocities vs Displacements
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Figure 2-35. Combined Particle Velocity vs Distance Traveled

In order to characterize the entirety of the particle curtain flow, data was taken
across various heights along the entire height of the PHR. Figure 2-36 demonstrated such
an approach, with the five data sets plotted against theoretical velocities of a 300-micron
and a 100-micron particulate under drag, a 300-micron particulate with drag using the
EES based model, and any particulate experiencing zero drag force.

Figure 2-36. Vertical Velocities vs Vertical Displacements straight slot series

It is easily seen that the particles drop to near zero velocities at the beginning of
the cycle, indicating that the packed bed methodology of momentum scrubbing is
operating as intended. The areas of velocities exceeding the theoretical models are
indicative of residual kinetic energy from the previous stage. The cause of this can be
visually determined from the flow profile across the entirety of the PHR. The first row of
chevrons experiences a “mound” of particles, much more densely packed than the lower
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rows. As the particles travel down the PHR there are less particles concentrated over the
same area, leading to smaller packed beds, and the particle not completely scrubbing
their momentum from each previous stage. These results demonstrate how the particle
acceleration can be controlled within a range of particle velocities, not exceeding an upper
limit of 0.65 m/s.
2.1.2.2.2 Angled Slot Velocities
The same process was conducted for the angled slots, first taking the average
velocities of the jet stream, and comparing this to the theoretical model of particle free
fall. Then individual video sets with differentiable particles are analyzed and compared to
the theoretical velocities of a single particle flow as shown above. Seven total video sets
were taken, however only four were of high enough quality to be considered for analysis.
The average velocities of the particle jets are plotted against the theoretical models of
single falling particles in Figure 2-37. These angled slots decelerate the particles
significantly more than the straight slot configuration, keeping the stream of particles
below the theoretical model of free-falling particle once through the slot, in all four cases.
Then data was taken at heights along the entirety of the PHR and plotted against the
same theoretical models. Figure 2-38 shows that the velocities from stage to stage stay
well within the theoretical models, meaning the residual velocity from each previous stage
has been scrubbed in a satisfactory manner.

Figure 2-37. Vertical Velocities vs. Vertical Displacements
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Figure 2-38. Vertical Velocities vs Vertical Displacements

2.1.2.2.3 Horizontal Displacement
Using the relation between particle velocity and drag force, one can calculate the
horizontal displacement of a single particle exiting the 45-degree chevrons (Figure 2-39).
Using the work and energy principle, and assuming the particle is at rest at the top of the
chevron, the gravitation force vectors can be shown to be:
𝐹
𝐹

mg sin 𝜃
mg cos 𝜃

(2.3)
𝐹

(2.4)

Figure 2-39. Reference frame of forces

Using a tile thickness of 7.4 mm, the velocity of a single particulate exiting the
angled chevron is 0.38 m/s. This value is used to calculate the drag coefficient and
respective drag force. The drag force is divided into a new x and y-axis, with y being
normal to the ground. This is used to calculate the expected travel of a particulate under
no acceleration, or the distance traveled in the x-axis. This value changes per the
diameter of the particulate, however these values for a 45-degree incline are tabulated
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below. These distances are found using the maximum drag force in the x-direction with
the initial velocities, and not a continuously updating model.
Table 2-5. Respective particle diameter and expected horizontal travel

Particle Diameter (µm)

106

150

212

300

Horizontal Travel (mm)

12.8

23

41

74

Table 2-5 shows the horizontal distance traveled until the final horizontal velocity
is zero. Its more useful to know this value for the set time between chevrons. Taking
previous models of a particulate accelerating from rest with drag, the amount of time
required for one particulate to travel 25 mm is calculated for each particulate diameter.
Using this time difference, the user can derive how far the particulate is expected to travel
within a set period, and even the velocity after this travel. Results are shown in Table 2-6.
Table 2-6. Horizontal travel as a function of time and diameter

Particle Diameter (µm)

106

150

212

300

Time Difference (sec)

0.058

0.054

0.05

0.05

Horizontal Travel (mm)

6.10

9.90

11.50

12.30

Table 2-6 demonstrates the particles are traveling multiple magnitudes greater
than their diameters horizontally within the curtain. This causes the curtain to have
significant amounts of lateral mixing due to the angled slots, potentially promoting a much
more uniform heating profile across the curtain.
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2.1.3 Subtask 3.1: Heat Loss During Particles Charging
Executive Summary
DOE had long ago identified the issue of heat losses from the charging port(s) of
the TES bins as an important issue that poses a risk to the overall performance of a
particle-base CSP system. An exploratory study aimed to investigate heat loss during
charging the thermal energy storage (TES) bin with hot solid particles. Tests were
performed at the pilot particle-based power tower plant in King Saud University in Riyadh,
Saudi Arabia. In this plant, a small TES bin is installed between the particle heating
receiver and the particle-to-working-fluid heat exchanger. It was found during the
commissioning process of the KSU particle-based CSP pilot plant that particles lose a
considerable amount of their thermal energy when travelling through the TES bin. In this
exploratory study, two types of tests, namely steady and unsteady, were conducted to
investigate heat loss during charging the TES bin with particles at elevated temperature.
Results show that in the case of empty bin, entrained air can cause a significant
temperature drop in the particle side. Moreover, the use of multiple particle-feeding lines
can promote the so-called chimney effect. In the case of full bin, the temperature drop in
the particle side was reduced greatly. However, results show that the air occupying the
empty region inside the bin recorded colder temperature than the particles as a result of
chimney effect. This suggests that the TES bin should be sealed tightly (including all
inactive inlets) to prevent any possible air loops during the charging process. In addition,
a sealable TES bin would help preventing hot air from escaping the bin when it is empty,
thus keeps the bin as hot as possible for the next run. Additional tests on a small-scale
TES bin were performed to investigate heat loss during the discharging process. Results
confirmed that a sealed design could reduce/eliminate charging losses. Moreover, a small
build-up pressure was recorded during charging the bin. Therefore, implanting a vent port
in large scale TES seems preferable.
2.1.3.1 Test Setup
The tests were performed using the pilot particle-based central receiver CSP plant
at King Saud University (KSU), like any typical CSP system, the KSU plant is composed
of several subsystems including the heliostat field, the particle heating receiver (PHR) on
top of a tower, the thermal energy storage, the particle-to-working-fluid heat exchanger
(PWFHX) and the power block (microturbine called T100). Particles are irradiated by the
reflected concentrated sunlight while flowing through the PHR and then collected in the
TES bin. The TES bin feeds the PWFHX in which the thermal energy is transferred from
the hot particles to the process fluid, which is air, of the power cycle. Hot air then goes to
the combustion chamber where fossil fuel is burned to bring the air temperature to the
firing temperature of a gas-fired Brayton turbine; hence KSU facility is a hybrid CSP-fossil
fuel system.
As shown in Figure 2-40a, the TES bin, whose capacity is approximately 1 m3, is in
communication with the PHR and the PWFHX. It serves two purposes, the first is to act
as a buffer to minimize the effect of sudden fluctuations in solar radiation, so that it feeds
the PWFHX with particles of uniform temperature as possible; the second is to
demonstrate the technical feasibility of running the power block from storage. It feeds the
PWFHX for approximately one hour after shutting down the heliostat field. In order to fulfill
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one of the main objectives of the current pilot facility, two particle loops had been
deployed, so the bin has two particle-feeding lines, one through the PHR, and the other
is called the bypass line which is used to circulate the particles without passing them
through the PHR.

TES bin

PWFHX

(a)

(b)

Figure 2-40. (a) schematic diagram of the integrated gas turbine particle-based central
receiver tower system, (b) a photograph of a TES bin/PWFHX assembly.

It has been noticed, during the plant commissioning, that there was a large
temperature drop in the path between the PHR outlet and the PWFHX inlet where the bin
is located, therefore it was decided to start investigating the causes of such loss. In order
to allocate the heat loss during the TES charging, two types of TES charging experiments
were conceived, namely the on-sun test (unsteady test) and the steady-state test.
2.1.3.2 The On-Sun Test
In the on-sun test, particles are directed to the PHR, irradiated by concentrated
sunlight and then fed to the TES bin. The bin is fed with particles having a fluctuating
temperature because of the DNI variation during the day (that’s why this test is called the
unsteady test). During this experiment, the T100 was kept running for which the test can
be performed at maximum possible temperature. As shown in Figure 2-41, two cases were
considered for this test, namely the empty bin and the full bin. In the first case, the bin
was left empty while in the second one it was filled with particles up to the region which
is close to the PHR outlet.
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(a)

(b)

Figure 2-41. Particle level inside the TES bin during the on-sun test. (a) empty bin, and (b)
full bin, the zoomed-in picture to the right shows the particle level during the unsteady
tests.

2.1.3.3 The Steady-State Test
In the second test, the particles bypass the PHR and are directed to the TES
through the bypass line. The particles are circulated and heated when flowing through the
PWFHX using the recuperated air of the T100; after a certain time, the whole system
reaches a steady-state condition where air enters the PWFHX and leaves it with constant
temperatures. The particles also attain constant temperatures at each location in the
system. It should be noted that the particle temperature experience spatial variation along
the TES bin, the PWFHX, and the particle conveyor. However, the particle temperature
showed constant values in every location with time (that’s why this test is called the
steady-state test). As in the previous test, the same two cases were also considered in
this test, namely the empty TES bin and the full bin as shown in Figure 2-42.
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(a)

(b)

Figure 2-42. Particle level inside the TES bin during the steady-state test. (a) empty bin,
and (b) full bin, the zoomed-in picture to the right shows the particle level during the
steady-state tests.

2.1.3.4 Characterization Tool
To know the particle temperature inside the TES bin, 15 thermocouples were
installed inside it. The thermocouples were distributed into three levels, five
thermocouples at each level. As shown in Figure 2-43a, at each level, the thermocouples
were distributed evenly (horizontal planes) inside the bin constructing a circumference of
0.5 m to measure the temperature at North, East, South, West, and the center of each
level. Since the bin cannot be filled “entirely” with particles (due to the particle’s angle of
repose), additional two thermocouples were installed in the dry region at the bin’s top to
monitor the air temperature. The particle inlet temperature (𝑇 ) was measured by three
thermocouples (locations of the TCs are shown in Figure 2-43a) while the particle outlet
temperature (𝑇 ) was measured at the entrance of the PWFHX by nine thermocouples
(N-Type) distributed evenly at the upper level of the heat exchanger (highlighted in Figure
2-43b).
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(a)

(b)

Figure 2-43. (a) TES dimensions in m and thermocouples locations inside the TES, (b)
locations of the inlet and outlet TCs.

2.1.3.5 Results
Figure 2-44 and Figure 2-45 show the results of the on-sun tests where particles
passed through the PHR and were irradiated by the heliostat field. The Figures show the
bin inlet temperature, outlet temperature and temperatures at different levels inside the
bin namely, upper, middle and lower layers; the arithmetic averages of the thermocouples
readings at each location were taken as representative values. The temperature drop
between the bin inlet and outlet (red and green lines) can be considered as a qualitative
estimate of the heat loss during the charging process. As can be seen in Figure 2-44, the
particles lost a significant amount of their heat; this can be attributed to the following:
when particles flowed through the PHR, they pulled/entrained some air from the
surroundings. The entrained air exchanged heat with the irradiated particles causing their
temperature to decrease. Moreover, the entrained air reached the TES bin and mixed
with the air in the empty region of the bin. Meanwhile, the bypass line was empty of
particles, therefore the excessive air can leave through the bypass line and promote the
so-called chimney effect. By establishing this air loop, a significant amount of the thermal
energy, collected from the heliostat field, was drifted away by the entrained air.
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Figure 2-44. Temperatures at the bin inlet, outlet and along the bin during the on-sun
test, empty bin case.

Figure 2-45. Temperatures at the bin inlet, outlet and along the bin during the on-sun
test, full bin case.
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In order to reduce/eliminate the entrained air from reaching the TES bin, the bin
must be filled with particles up to the point shown in Figure 2-41b which is close to the
PHR outlet where the bin inlet temperature is measured. The contribution of the full bin
can be deduced by observing the difference between the temperatures of particles
entering and leaving the bin (Figure 2-45). It appears, from Figure 2-44 and Figure 2-45,
that the full bin condition can reduce the effect of entrained air. Interestingly, as also
shown in Figure 2-44 and Figure 2-45, the air at the empty region of the bin (the black
line) remained at a lower temperature compared to the particle temperature which
implies that the air loop through the bypass line was still functional. Thus, the chimney
effect cannot be overcome by filling the bin while having multiple particle-feeding lines.
Figure 2-46 and Figure 2-47 show the temperatures along the TES bin during the

steady-state test where particles were circulated through the bypass line and heated
using the T100 air. Figure 2-46 shows the measured temperatures when the bin was
empty while Figure 2-47 shows the corresponding values when the bin was full of
particles. As mentioned earlier, the amount of heat that particles lose while charging
the TES bin can be qualitatively represented by the difference between the bin inlet and
outlet temperatures (red and green lines). As can be seen in these two figures, this
difference was shrunk greatly when the bin is filled with particulate material. This implies
that the air entrained by particle flow and the resulted chimney effect (PHR chute acts
as a chimney in this test) can significantly increase the heat loss during the TES
charging process.

Figure 2-46. Temperatures at the bin inlet, outlet and along the bin during the steadystate test, empty bin case.
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Figure 2-47. Temperatures at the bin inlet, outlet and along the bin during the steadystate test, full bin case.

Similar to the unsteady test/full bin case, the air in the empty region inside the bin
stayed at a lower temperature (the black line) compared to the particle temperatures. This
verifies that the PHR line acted as a chimney. It should be noted that in the case of empty
bin-unsteady test, the temperature readings along the bin fall between the particle inlet
and exit temperature lines. Whereas, in the steady-state test, the temperature readings
along the bin show lower values compared to the particle inlet and exit temperature lines.
This behavior is attributed to the positioning of the thermocouples relative to the particlefeeding lines. Due to space restrictions, the thermocouples were installed under the PHR
particle-feeding line, this suggests that the recorded values were influenced by the
particle movement while falling inside the bin. Therefore, the recorded temperatures
showed different trends as can be seen in Figure 2-44 and Figure 2-46.
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2.1.3.6 Measurement of TES Charging-Discharging Heat Loss
Measurements of the extent of heat loss from a TES bin had been previously made
at RTV and reported. However, to better understand this phenomenon and de-risk it, KSU
designed an apparatus to assess the extent of charging heat loss under different design
and operating conditions. Figure 2-48 shows a photograph and schematic of the
apparatus. It should be noted that the listed flow rates and times are based on
measurement at ambient temperature while the vent line is open.
𝒎𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆

𝟐𝟒𝟎 kg

Carbobead (0.5 mm, 2000 kg/m3)
𝒕𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆

𝒎𝒇𝒆𝒆𝒅

𝒅𝒊

𝟑. 𝟒 h

𝑭𝒆𝒆𝒅𝒆𝒓

𝟕𝟏 kg/h

𝟐𝟏𝟐 mm (8 inch)

∀𝑻𝑬𝑺
𝒎𝑷𝑻𝑬𝑺

𝟎. 𝟎𝟒𝟔 m3 (with the cone)
𝟖𝟖 kg

𝒎𝒂𝒄𝒄𝒐

𝟕𝟏

𝒕𝑻𝑬𝑺 𝒇𝒊𝒍𝒍

𝟐. 𝟏 h

𝒎𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆
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Figure 2-48. Photograph and schematic of TES charging loss apparatus.
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The apparatus includes a buffer tank (feeder), a TES bin and a discharging tank
(defeeder). The feeder can be charged with 240 kg of CARBOBEAD CP particles; it is
used to heat the particles prior to feeding them to the TES bin. The particle heating
process is conducted using three inline heaters (Figure 2-49a), each of which has a 7-kW
heating capacity, they heat a compressed air which is then used to fluidize and heat the
particles inside the feeder. The TES bin is a cylindrical shell (212 mm internal diameter)
interposed between the feeder and the defeeder; with a funnel at the bottom. It has a
volume of 0.046 m3 and a height of 1.24 m (excluding the funnel at the bin’s discharge)
and it accommodates 88 kg. The bin has a multiple-section design which makes it
possible to reconfigure and change the aspect ratio of the bin as a flanged section can
be added or removed as needed. The bin is connected to the feeder through some piping
that ends with an inlet tube of 8.6 mm internal diameter; 71 kg/h of hot particles can be
charged through this tube. The bin is connected to another tank (the defeeder) to collect
the particles discharged from the hot bin. The particles leave the hot bin through the outlet
tube (6.35 mm internal diameter) with a mass flow rate of 29 kg/h. The apparatus is
heavily insulated (Figure 2-49b), eight-layers of ceramic wool (1-inch thickness each)
were wrapped around the TES bin to minimize the heat loss.

(a)

(b)

Figure 2-49. (a) the inline heaters, (b) the insulated apparatus.

The temperature inside the bin is monitored using 19 thermocouples distributed in
the longitudinal and radial directions; they are divided into five levels (horizontal planes
as shown in Figure 2-50a), three at the discharge funnel and four at each flanged section.
In the radial direction, the thermocouples are distributed from the wall to the center of the
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bin. It should be noted that as the particle jet moves downward, it spreads within ~1°.
Therefore, the thermocouples located at the bin’s center were shifted 1° from the bin’s
centerline (shown in Figure 2-50a “East”) to avoid disturbing the particle jet while filling
the bin. However, in this report, the temperature measurement at this “shifted” location
will be referred to as centerline temperature.
The bin is provided with a vent installed at the bin lid, a pressure transducer is
installed at the vent tube to record the bin pressure when the vent is closed, Figure 2-50.

(a)

(b)

Figure 2-50. (a) radial distribution of thermocouples, (b) pressure transducer in the vent
line

The experiment starts with charging the feeder with sufficient amount of particles,
and then heats the particles using the hot air passing through the inline heaters. Once the
particles reach the desired temperature, the TES bin charging process starts by opening
the inlet valve located in the piping connecting the bin to the feeder. Since the inlet mass
flow rate is larger than the outlet one, the particles are accumulated inside the bin
(simulating real-life scenario) with a rate of 42 kg/h; thus, the time needed to fill the bin is
about 2.1 hours. Once the bin is filled, it is isolated from the feeder by closing the inlet
valve. Discharging the bin to the defeeder continues until it gets empty, a process that
takes approximately 3 hours (with a discharge flow rate of 29 kg/h). At that time, the TES
bin is disconnected from the defeeder by closing the outlet valve in order to prevent air
from entering the bin. The bin is supposed to preserve the thermal energy contained in
its walls and in the trapped air inside it, so that there will not be much heat loss when it is
charged again. Temperatures and air pressure are recorded on a 5 seconds interval
basis. It should be noted that air pressure is monitored/recorded while filling the bin to
investigate whether or not a build-up pressure is occurring during the process.
1.1.1.1.1 Results
This study investigated the heat loss during charging the TES bin at two cases,
firstly when the bin is at ambient condition and secondly when the bin is at high
temperature. The maximum inlet temperature we could reach was ~350 ºC. Figure 2-51
shows the variation of the inlet and outlet temperature during the charging-discharging
process when the bin was at ambient temperature at the first place. The heat loss can be
represented by the temperature difference between the inlet and the outlet of the bin. This
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heat goes to the bin walls and the volume of air contained in the bin.

Figure 2-51. History of inlet and outlet particle temperatures during the experiment

The history of temperature variation along the bin during the experiment is shown
in Figure 2-52. Level 1 refers to the arithmetic average of the readings of the
thermocouples located at the first flanged section from the bottom, and this applies to
Level 2, 3 and 4. It can be noticed that the temperatures at all levels have the same
trendline, the nearly plateau region at each level refers to the particle temperature while
the regions before and after refer to the air temperature during charging and discharging,
respectively.

Figure 2-52.Temperature variation along the bin during the experiment
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Figure 2-53 shows how the particle temperature changes in the radial direction,
which confirms the continuous heat flow from the bin center to the bin’s wall.

Figure 2-53. The temperature gradient in the radial direction

The results mentioned above pertain to the starting-up scenario, in which the bin
and the air inside it are at ambient temperature. This might suggest that the results shown
above represent the worst heat loss scenario. However, in practice, the TES bin will go
through a transient operation/s reaching the final state (steady-state conditions). To
accurately simulate this behavior, the bin is to be kept sealed after discharging all
particles. By doing so, in the next run, the bin will be at an elevated temperature. This
procedure was adopted, pursuing the steady-state charging process.
Charging the TES bin while it is at a high temperature significantly minimizes the
radial heat loss, as shown in Figure 2-54. Also, preserving the bin's hot walls by insulation
and trapping the hot air inside the bin by sealing the bin will ensure eliminating the heat
loss. It can be noticed from Figure 2-54 that the temperature of particles leaving the bin
is very close to the inlet temperature, which means that the particles mostly preserved
their thermal energy while flowing inside the bin. It should be noted that the bin is “tightly”
sealed; no entrained air, air loops, or exfiltration are existing during the whole process.
This might strengthen the necessity of adopting a sealed design for the TES bins.
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Figure 2-54. History of inlet and outlet particle temperatures when the bin is at high
temperature

The minimized heat loss can also be observed by looking at the temperature
variation in the longitudinal and radial directions of the bin as shown in Figure 2-55 and
Figure 2-56. All levels almost maintained the same temperature during charging the bin
and discharging it as well. Looking at the readings in the radial direction (Figure 2-56)
confirms that heat flow in that direction is significantly minimized. A quantitative estimate
of the charging heat loss still in progress; results will be shared separately with DOE once
completed.
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Figure 2-55. Temperature variation along the bin during the experiment

Figure 2-56. The temperature gradient in the radial direction
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The air pressure inside the bin was recorded during the charging and discharging
processes using Omega PX309-030G5V. The “gage” pressure transducer was placed in
the bin’s lid as shown to the right of Figure 2-57. As the figure shows, at start, the air
pressure recorded zero-gage; once the particle inlet valve is opened, the air pressure
jumped to 0.5 psig (~350 Pa). This might be related to the air induction with the particle
jet (voidage of the packed bed). The air pressure kept decreasing afterward. However,
this reduction falls within the pressure gage's accuracy, which might suggest that the air
pressure remaind constant during particle charging.
Interestingly, the air pressure dropped sharply to zero-gage once the particles fully
occupied the bin. It should be noted that the filling time remained equal to that when the
bin’s vent is open, which means that the build-up pressure did not affect (expand) the
filling time. However, the sharp drop might be due to the bin's air departure through the
particle inlet valve.
It should be mentioned that the bin is connected to the defeeder through a 6.35
mm nozzle. This might suggest that the flow resistance in the discharge line is greater
than that of the inlet (8.6mm). The sharp increase of the air pressure inside the “empty”
bin (shown in Figure 2-57) can be inferred to the air that escaped the defeeder to the bin
(defeeder’s volume is greater than the bin). It is worth mentioning that the defeeder is
sealed at all times during the tests.
Nevertheless, in real-life situation, the high-temperature TES receives a mixture of
air and particles from the PHR while discharging air and particles to the particle-based
heat exchanger. However, having the TES’s vent line seems reasonable to mitigate the
“potential” build-up pressure risk.

Figure 2-57.The variation of air pressure inside the bin
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2.1.4 Subtask 3.2: Erosion Evaluation
Executive Summary
To study the susceptibility of potential lining materials to erosion, two types of
experiments were conducted. The first type is an “accelerated direct impact” test at high
particle temperature. The second test type is a low-velocity “mass flow test” that closely
simulates flow conditions in an actual thermal energy storage (TES) tank. The results
indicate that the “accelerated direct impact” test causes a significant mass loss in the
insulating firebrick, while AMP materials perform well in this test. Therefore, the insulating
firebrick cannot be used in a situation where particles impinge its surface and a lining
material, like Tuffcrete 60 M, has to be applied on the insulating firebricks surface to give
more protection/strength. On the other hand, the results of the cold particles mass flow
test show that there is no significant erosion on the insulating firebrick after tested for 60
hours. It is also found that particles bed height does not affect the degree of erosion on
the insulating firebrick samples.
2.1.4.1 The Accelerated Direct Impact Test
The purpose of this test is to see if the lining material can survive the impact that
it may potentially be subjected to at the upper section the thermal energy storage (TES)
tank, when the particles are just entering the tank. This test is considered an extreme
case since, even at the particle entry region, such high-velocity impact is unlikely.
This test was conducted using the existing particle CSP system at KSU-RTV. A
test rig to hold the tested storage bin materials was built directly under the PHR, i.e., at
the PHR outlet. The test rig was able to hold five samples at the same time. Moreover,
the mounting of each sample was designed such that it can be rotated or slid so that the
test materials could be oriented and located as required. The schematic of the test section
can be seen in Figure 2-58.
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Figure 2-58. The schematic of the test rig for the direct impact test. It can test five
samples simultaneously.

The particulate material used for the test was red sand. The test was performed
over two stages, the samples used in the first stage were only bare insulating firebricks,
i.e., without any lining material. They were installed at an angle greater than the angle of
repose of sand (30° from horizontal line) to ensure that the particles flowed upon their
impact with them. Figure 2-59 shows a picture of the test rig holding five samples of
insulating firebricks.

Figure 2-59. A picture of the test rig for the direct impact test. The five mountings are
able to rotate on and to slide along the west – east direction
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The red sand particles were heated while crossing the existing shell and tube
moving packed-bed heat exchanger using the heating jacket wrapped around the heat
exchanger. The temperature of the particles leaving the particle heating receiver (PHR)
and hitting/flowing on the test materials was only around 100 - 150 °C. Figure 2-60 shows
the bare insulating firebrick during the test.

Figure 2-60. The test material (bare insulating firebricks) during the hot particle impact
test.

The weight of the insulating firebricks was measured before and after the test.
Each sample was weighed six times before and six times after the test to take into account
the uncertainty of the measurements.
In the second stage, the test materials used were the lining materials received from
Allied Mineral Products Company. There were three types of lining materials tested,
namely, Matrigun 25 ACX, Tuffcrete 47, and Tuffcrete 60 M. The test samples before the
test can be seen in Figure 2-61.
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Figure 2-61. The test rig for the direct impact test along with the three different lining
materials from Allied Mineral Products to be tested (from left to right Tuffcrete 60 M,
Tuffcrete 47, and Matrigun 25 ACX).

The hot particles leaving the PHR impinged and flowed on the test materials at a
temperature of around 500 °C for four hours. These particles were made hot by means
of the recuperated compressed air supplied by the existing micro-turbine and then heated
further by the concentrated sun light from the heliostat field. The weight of the tested
materials was measured six times before and six times after the test.
For the first stage of the test, the results showed that the particles falling from the
PHR heavily eroded and pitted the insulating firebricks. This means that the insulating
firebrick cannot be used in a situation where particles impinge its surface. Figure 2-62
shows the bare insulating firebrick after the erosion test. The weight of the samples before
and after the test can be seen in Table 2-7.

Figure 2-62. The test material (bare insulating firebricks) after the direct impact test.
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Table 2-7. Results of the direct impact test for insulating firebricks

Sample
1
2
3
4
5

Original mass (g)
84.78±0.0068
96.21±0.0064
77.71±0.0064
82.57±0.0064
84.49±0.0053

After 55 min (g)
77.83±0.0077
82.85±0.0064
67.03±0.0053
74.78±0.0064
66.60±0.0099

Mass loss (g)
6.95±0.010
13.36±0.009
10.68±0.0083
7.79±0.009
17.89±0.011

Percentage
8.19
13.89
13.74
9.43
21.18

The results of the second stage of the test showed that the test samples were only
slightly eroded with a mass decrease of 21.54 g, 2.01 g, and 1.47 g for Matrigun 25 ACX,
Tuffcrete 47, and Tuffcrete 60 M respectively (Table 2-8). It should be noted that the size
of the test surface area of the samples was made the same, i.e., 100 mm x 114 mm. This
was done to allow a fair comparison of mass decrease because, logically, the amount of
mass eroded would be proportional to the size of the test surface area.
Table 2-8. Results of the direct impact test on the lining materials from Allied Mineral
Products.
Type

Before [g]

After [g]

Matrigun 25 ACX
Tuffcrete 47
Tuffcrete 60 M

708.47±0.01
827.07±0.01
803.54±0.01

686.93±0.01
825.06±0.01
802.07±0.01

Mass decrease
[g]
21.54±0.01414
2.01±0.01414
1.47±0.01414

The surface of the materials after the test is shown in Figure 2-63. This is
encouraging in comparison to the results of the insulating firebricks test. Hence, a lining
material has to be applied on the insulating firebricks surface to give more
protection/strength. The three types of lining materials from the Allied Mineral Products
were proven to be good candidates especially the Tuffcrete 47 and Tuffcrete 60 M since
the Matrigun 25 ACX was eroded the most. Combining the insulating firebricks with one
of these lining materials will give good thermal resistance as well as strength to the hot
bin wall to be built in the future. There are some challenges which need to be thought
about further such as how to prepare the lining materials for the large scale hot bin as
well as how to attach them on the insulating firebricks surface. Therefore, further
discussion with the company regarding this issue should be planned.
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Figure 2-63. The picture of the three different lining materials from Allied Mineral
Products after the test (from left to right Tuffcrete 60 M, Tuffcrete 47, and Matrigun 25
ACX).

2.1.4.2 The low-velocity mass flow test
This test type was designed to closely simulate flow conditions in an actual TES
tank. Three different designs for the test rig were developed in order to accomplish this
test. The first design consists of a test section, supply tank (upper tank), and collecting
tank (lower tank) as shown in Figure 2-65. The test section was made of the test material,
in this case the insulating firebrick, constructed to form a small storage bin (Figure 2-65).
A valve was installed at the outlet of the supply tank as well as at the outlet of the test
section to control the sand mass flow rate entering and leaving the test section. The
particles leaving the test section were collected inside the collecting tank (lower tank).
The supply tank (upper tank) could store 30 kg of red sand (particle diameter of around
0.3 mm) which needed to be charged periodically. The test section was designed to be
tapered in such a way that mass flow (rather than core flow) is established. This way, it
is ensured that particles near the walls will not remain stagnant. The test section was kept
full of particles all the time during the test. To do that, both valves (supply tank outlet valve
and test section outlet valve) were adjusted so that the mass flow rate entering and
leaving the test section were equal.
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Figure 2-64. The CAD model (left) and the actual (right) test rig for the cold particle
mass flow test

Figure 2-65. The construction of the cold particle mass flow test section forming a
small storage bin. All four side walls were made of the test material, in this case,
insulating firebricks

The test procedure was as follows. The weights of the side panels of the test
section were measured before they were attached and clamped together. Upon installing
the test section on the test rig, it was fully filled with red sand. Then the red sand was
allowed to flow through the test section for around 20 hours by maintaining the particle
level which was controlled by the aforementioned valves. The weights of the side panels
of insulating firebrick were measured again after the test to see if there was a decrease
in weight.
It was found that some of the particles were not directly entering the test section.
Rather, there were some particles hitting the top edge of the test section which caused
unwanted pitting on the edges of the test section. Hence, the measured decrease in
weight was misleading since it came not only from friction between the particles and the
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inner surface of the test section but also from pitting occurring on the edge of the test
section. Therefore, a new design for the test rig was built; the test section was modified
to be 1 m high in order to see the effect of height on the rate of erosion on the test samples
There were two versions of the 1 m high test section. The 1st version of the test
section was fully made of stacked insulating firebrick (Figure 2-66). The number of test
samples was 60 pieces which was planned to be weighed before and after the test. The
surfaces of the tested insulating firebricks were all wrapped with a tape (silver colored)
except the surface exposed to the particle flow (Figure 2-66 and Figure 2-67). This is to
avoid any pitting, erosion, or crumbling of the firebricks from the surfaces other than from
the test surface.

Figure 2-66. The construction of the 1st version of the 1 m high test rig of the cold
particle mass flow test. This test section was finally not used.

The surface
exposed to the
particles flow
(not wrapped)

The surface
wrapped by the
silver colored

Figure 2-67. The insulating firebrick to be tested was wrapped by a tape (silver
colored).
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This version of test section, however, was time and material consuming to make
and assess. It is time consuming because it has to be disassembled completely every
time the test samples were about to be assessed for their erosion wear. Moreover, the
idea of wrapping the insulating firebricks with tape caused another problem, i.e., some
sand was trapped in between the tape and the insulating firebrick. Hence, additional
unwanted mass was added to the test samples after the test. These issues led the team
to build the 2nd version of the 1 m high test section.
The 2nd version of the test section was a rectangular duct made of steel sheet with
16 holes on its sides where the test samples were installed (Figure 2-68). The test
samples were located at eight different levels from top to bottom with two samples per
level (total of 16 samples). The cross sectional area of the test section was 80 mm x 100
mm through which the particles flowed. The number of test samples needed for this test
section (the 2nd version) was much less than that of the 1st version, i.e., 16 vs 60 pieces.
The size of test surface of each sample was made to be around 56 mm x 60 mm and the
particles flow was parallel to the test surface of the test samples.

Figure 2-68. The 2nd version of the 1 m high test rig of the cold particle mass flow test.

As mentioned above that, finally, the 2nd version of the 1 m test section was
chosen. The test procedure was as follows. The weights of the 16 samples of the test
material, in this case insulating firebrick, were measured before they were installed at
their locations. Upon placing the test samples at their designated positions, the test
section was then fully filled with the particles. At this moment, the discharge funnel pipe
end was closed using a cap. In this test rig, no valves were used. In order to always have
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the test section full of particles (red sand in this case), the supply mass flow rate was
made larger than the discharge by means of different pipe size, i.e., ¾ inch and ½ inch
pipes for the supply and the discharge, respectively. Furthermore, to prevent the particles
from overflowing the test section, the supply pipe (Figure 2-68) was extended up to the
top opening of the test section. This would cause the supply pipe to be blocked by the
pile of particles whenever the test section was full and, hence, the supply flow stopped.
The supply tank (feeder) inlet was equipped with a filter to ensure no contamination
entered the tank as well as the test section.
When the test section was already full of sand, the cap of the discharge funnel pipe
was opened. The particles were allowed to flow through the test section for around 60
hours in total with assessment done every 12 hours. The assessment was done by
removing all the test samples from the test section and then measuring their weights. The
new weight was compared to the previous weight to see if there was any mass decrease.
The particles speed inside the test section was found to be 3 mm/s. This was obtained
by measuring the mass flow rate of the particles divided by the cross sectional area of the
test section and by the density of the particles.
The results of the cold particles mass flow tests show that there is no significant
erosion on the 16 samples after tested for 60 hours. It is also found that height does not
affect the degree of erosion on the samples. The explanation of these conclusions will
come next. The complete test results can be seen in Table 2-9. In this table (Table 2-9),
Δm_i is defined as the difference between the mass “After run i” minus the “Initial mass”.
Therefore, minus sign means that there is a mass decrease and vice versa.
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Table 2-9. Results of the cold particles mass flow erosion test of insulating firebricks.

Brick
no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Initial mass,
0 h [g]

After run
1, 12 h [g]

Δm_1
[g]

After run
2, 24 h [g]

133.43
125.52
139.42
132.88
131.74
131.06
127.04
116.77
128.76
139.11
135.40
135.11
127.57
141.67
128.36
123.37

133.46
125.55
139.44
132.84
131.74
131.06
126.99
116.72
128.76
139.01
135.42
135.13
127.57
141.65
128.32
123.37

0.03
0.03
0.02
-0.04
0.00
0.00
-0.05
-0.05
0.00
-0.10
0.02
0.02
0.00
-0.02
-0.04
0.00

133.47
125.54
139.43
132.84
131.72
131.07
126.98
116.72
128.76
139.01
135.41
135.10
127.59
141.66
128.31
123.35

Δm_2 After run Δm_3
[g]
3, 36 h [g]
[g]

0.04
0.02
0.01
-0.04
-0.02
0.01
-0.06
-0.05
0.00
-0.10
0.01
-0.01
0.02
-0.01
-0.05
-0.02
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133.45
125.52
139.41
132.82
131.71
131.07
126.96
116.70
128.74
138.99
135.39
135.07
127.56
141.65
128.31
123.35

0.02
0.00
-0.01
-0.06
-0.03
0.01
-0.08
-0.07
-0.02
-0.12
-0.01
-0.04
-0.01
-0.02
-0.05
-0.02

After run
4, 48 h [g]

Δm_4
[g]

After
run 5,
60 h [g]

Δm_5
[g]

133.45
125.51
139.40
132.81
131.71
131.06
126.94
116.69
128.73
138.99
135.38
135.06
127.56
141.64
128.28
123.32

0.02
-0.01
-0.02
-0.07
-0.03
0.00
-0.10
-0.08
-0.03
-0.12
-0.02
-0.05
-0.01
-0.03
-0.08
-0.05

133.36
125.49
139.37
132.77
131.69
131.03
126.92
116.67
128.70
138.95
135.34
135.04
127.54
141.62
128.26
123.30

-0.07
-0.03
-0.05
-0.11
-0.05
-0.03
-0.12
-0.10
-0.06
-0.16
-0.06
-0.07
-0.03
-0.05
-0.10
-0.07

In order to assist comparing the trend of mass change between the samples, some
curves showing the adjusted mass of them (the samples) are presented (Figure 2-69 and
Figure 2-70). The so-called adjusted mass is obtained by offsetting the mass of each
sample by a certain amount such that the initial mass of all samples become equal. The
sample with highest initial mass is chosen as the reference. By doing this (offsetting the
mass), comparing the trend of mass change between samples with respect to the test
duration will be clearer. As an example, the highest initial mass is brick no. 14 with a value
of 141.67 g and, hence, is used as the reference. To know the adjusted mass of brick no.
15, an offset value has to be added to the mass values of that brick. The offset value is
13.31 g which is obtained by finding the difference between the initial mass of brick no.
14 (the reference) and the initial mass of brick no. 15. This illustration can be seen in
Table 2-10.
141.71
141.69
141.67

Adjusted mass [g]

141.65

Brick 1
Brick 2

141.63

Brick 5

141.61

Brick 6

141.59

Brick 9
Brick 10

141.57

Brick 13

141.55

Brick 14

141.53
141.51
0

12

24

36

48

60

Duration [Hour]

Figure 2-69. The adjusted mass of the test samples (insulating firebricks) of level 1, 3,
5, and 7.
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141.71
141.69
141.67

Adjusted mass [g]

141.65

Brick 3

141.63

Brick 4
Brick 7

141.61

Brick 8
Brick 11

141.59

Brick 12

141.57

Brick 15
Brick 16

141.55
141.53
141.51
0

12

24

36

48

60

Duration [Hour]

Figure 2-70. The adjusted mass of the test samples (insulating firebricks) of level 2, 4,
6, and 8.

Table 2-10. Example to illustrate the definition of adjusted mass.
Test duration [h]
Mass of brick 14 (ref.) [g]
Mass of brick 15 [g]
Mass offset for brick 15 [g]
Adjusted mass of brick 15 [g]

0
141.67
128.36

12
141.65
128.32

141.67

141.63

24
36
141.66 141.65
128.31 128.31
13.31
141.62 141.62

48
141.64
128.28

60
141.62
128.26

141.59

141.57

The somewhat random trend of mass decrease rate especially at the first run (the
first 12 hours) and, even, up to the second run (the second 12 hours), are due to two
causes. The first reason is that some particles, in this case the red sand, are trapped in
the pores of the insulating firebricks test surface (Figure 2-71). This is what causes the
mass to increase. The second reason is that it is possible for some of the firebricks
surface to crumble more at the beginning. This is because the samples are prepared by
cutting and afterwards smoothening. Therefore, there is a chance of an unseen small
crack to happen at the test surface during the preparation because the insulating
firebricks are inherently brittle. Once the first run is conducted, this small crack crumbles
and, therefore, causes larger decrease in mass. Some test results which show no mass
decrease may result from the combination of mass decrease due to the existing erosion
and mass increase due to trapped particles on the test surface. Hence, they cancel each
other.
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Figure 2-71. The particles (red sand) trapped in the pores of the test surface of the
samples.

However, despite the aforementioned randomness, in general one can see that
after the 12-h test, the rate of mass decrease of many of the samples is similar which is
concluded from their slope in Figure 2-69 and Figure 2-70. Such a trend is even clearer
after the 24-h test as can be seen in these figures as well as in Table 2-11. The table
shows the slope of the trendline of each sample (excluding sample no. 1) as well as the
rate of mass decrease per unit area based on the test results of the 24-h test up to the
60-h test. In this table, sample (brick) no. 1 is excluded because the result of the 60-h test
is unreliable due to mishandling during the assessment. It should be noted that since the
erosion is a surface phenomenon, the area size will be proportional to the rate of mass
decrease. Thus, it is more appropriate to present the rate of mass decrease in terms of
per unit test area. The average of the rate of mass decrease is found to be 0.42 g/(h.m2)
with precision error of 0.05 g/(h.m2) which is around 11 percent of the average value. It is
worth to restate that, in this test, the particles speed is 3 mm/s and the test section height
(particles column height) is 1 m.
Regarding the effect of height on the rate of erosion on the test samples, the test
results show that there is no relation to the height of the particles column. It can be seen
clearly in Figure 2-69 and Figure 2-70 presented previously as well as in Table 2-11 where
the rate of mass decrease per unit area of many of the samples is similar. However, this
conclusion may not be valid for a much larger particles column such as that exist in the
hot bin of large scale particles CSP systems.

66

Table 2-11. Shows the slope of the trendline of each sample (excluding sample no. 1)
as well as the rate of mass decrease per unit area based on the test results of the 24-h
test up to the 60-h test.

Sample
(Brick)
no.

Test
surface
area of the
brick [m2]

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336
0.00336

Slope of
the trend
line [g/h]
-0.0013
-0.0016
-0.0018
-0.0008
-0.0011
-0.0017
-0.0013
-0.0016
-0.0015
-0.0018
-0.0016
-0.0012
-0.0011
-0.0015
-0.0015
Average
Precision
error
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Rate of
mass
decrease
per unit
area
[g/(h.m2)]
0.39
0.48
0.54
0.24
0.33
0.51
0.39
0.48
0.45
0.54
0.48
0.36
0.33
0.45
0.45
0.42
0.05

2.1.5 Subtask 3.4: Expansion layers
Executive Summary
Utilizing an efficient and reliable thermal energy storage (TES) bin in a
concentrated solar power (CSP) systems can help to overcome the variability in the
thermal energy supply due to the bad weather condition or during the off-sun period. At
King Saud University (KSU), Saudi Arabia, a multilayered-wall TES bin has been
developed to be used in a solid particle central receiver system. In this system, the
multilayered-wall TES bin can reach a very high temperature and experience a thermal
cycle. Therefore, the thermal expansion and compression will be significant which can
cause cracks on the walls of the TES. One of the important layers used to avoid such a
failure is the expansion joint layer. This research work attempts to further investigate
various expansion joint materials for the TES bin, additional to the one which has been
used in the previous design. Compression tests were conducted to find the suitable
expansion joint materials. There were six (6) materials tested, i.e., asphalt, fibre, ceramar,
sponge rubber, cork, and wooden fiber. Initially, room temperature compression tests
were done. The room temperature tests were done in two stages, i.e., the preliminary
stage and the advanced stage. The preliminary stage was a short test without cycling to
quickly screen the prospective materials. The advanced stage was done to further test
the best materials concluded from the first stage test. This test was done with longer
compression holding-time and with cycling. The most promising materials from the room
temperature tests were, then, tested at a higher temperature to simulate the real condition
under which they will be utilized. The go/no-go criteria were how far the material recovers
to its original thickness (referred to as the recovery value) and how fast after the
compression it recovers (referred to as the recovery speed). The results showed that, at
room temperature, sponge rubber has the highest recovery value and speed. However,
at a higher temperature, all the materials have relatively low recovery values with the
wooden fiber outperforms the others.
2.1.5.1 The Room Temperature Test: Preliminary Stage (The First Stage)
The preliminary stage of room temperature test was conducted to quickly screen
the prospective materials. This test was done with 25% compression distance and holding
time of only 30 minutes. No cycling was done in this test. The machine used can be seen
in Figure 2-72. This machine was also used for the other compression tests at room
temperature. The results clearly showed that asphalt and fibre were not suitable. They,
respectively, only recovered to 79.8% and 89.7% of their original thickness. On the other
hand, Ceramar, Sponge rubber, and Cork gave promising results which recovered to
97.7%, 98.5%, and 100%, respectively (Table 2-12). Therefore, only these three materials
were continued to the advanced stage room temperature test.
The wooden fiber was tested separately later because the sample on hand had a
significantly larger thickness than that of the others (around 23.6-25.41 mm for the
wooden fiber vs 12-13 mm for the others). Moreover, it was directly tested at the advanced
stage because it has been previously used in the small scale thermal energy storage
(TES) experiment at KSU-RTV. The results of the tests were also promising which will be
shown in more detail later in this report.
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Figure 2-72. The compression machine used for the room temperature tests during idle
(left) and compressing (right).
Table 2-12. Results of the initial 25% compression test with compression holding time of
30 min. The thickness was re-measured 30 minutes after the compression was released.
Sample name

ho [mm]

Asphalt
Fibre
Ceramar
Sponge Rubber
Cork

12.25
12.08
12.80
12.87
12.45

h1 (measured 30
min after release)
[mm]
9.77
10.84
12.50
12.68
12.50

recovery [%]
79.76
89.74
97.66
98.52
100.00

2.1.5.2 The Room Temperature Test: Advanced Stage (The Second Stage)
Further compression tests on Ceramar, Sponge rubber, and Cork were conducted.
The tests were done under the 25 % and 50 % compression distances and repeated
several times to see the effect of a compression cycle on the materials. The number of
samples tested per material type were four and there for the 25% and 50% compression
distances, respectively. The compression rate was 5 mm per minute and the compression
was hold for 6 hours (referred to as compression holding time) for each test.
The results show that the Sponge Rubber was superior compared to the other two
materials, i.e., Ceramar and Cork. The Sponge Rubber thickness did not change
significantly with both compression distances. For the 25% compression distance (Δh =
3.2 mm) after the 7th cycle of the test, the recovery value was around 88.2%, 97.7%, and
87.8% for Ceramar, Sponge rubber, and Cork, respectively. These were measured 30
minutes after the compression was released. The recovery value got higher when it was
measured after 17 - 18 hours from releasing the compression, i.e., around 91.8%, 98.4%,
and 91.1% for Ceramar, Sponge rubber, and Cork, respectively. The results after each
cycle can be seen in Figure 2-73 to Figure 2-76.
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Figure 2-73. The sample thickness of the 25% compression test measured 30 minutes
after the test for each cycle
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Figure 2-74. The recovery value of the 25% compression test measured 30 minutes after
the test for each cycle
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Figure 2-75. The sample thickness of the 25% compression test measured 17 – 18 hours
after the test for each cycle
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Figure 2-76. The recovery value of the 25% compression test measured 17 – 18 hours
after the test for each cycle

It is interesting to note that Ceramar and Cork recovered a lot after 17 – 18 hours
which indicates that it has fairly high recovery value but with a lower rate. On the other
hand, Sponge rubber has a high recovery rate. Therefore, Sponge rubber will recover
faster than Ceramar and Cork when the compression was released.
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The 50% compression tests (Δh = 6.4) also showed that Sponge rubber has higher
recovery value as well as higher recovery rate compared to those of the other materials.
The recovery was around 66.4%, 96.2%, and 71.7% for Ceramar, Sponge rubber, and
Cork, respectively, measured 30 minutes after the 13th cycle test. Similar to the 25% tests,
the recovery values increased when it was measured 17-18 hours after the test, i.e., the
values increased to 72.5%, 97.1%, and 74.3% (Figure 2-77 and Figure 2-78). It should
be noted that there were some interruptions between cycle 5 and 6, 7 and 8, and cycle
12 and 13. When the 5th cycle test was done, the thickness was measured after 30
minutes. However, the thickness was re-measured after 282 hours instead of after 17-18
hours which directly followed by the 6th cycle test. This means that the 6th cycle test was
also delayed for around 282 hours. Also, The 8th and 13th cycle tests were, both, delayed
for 66 hours. This gave an effect on the recovery values especially for Ceramar and Cork
while, on the other hand, the Sponge rubber did not seem affected. These can be seen
more clearly in Figure 2-77 and Figure 2-78 (the marked/circled data)
110.00
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90.00
80.00
70.00
60.00
Ceramar (30 min)
Sponge rubber (30 min)
Cork (30 min)

50.00
40.00
0

1

2

3

4

5

6
Nth

7
8
cycle

9

10

11

12

13

Figure 2-77. The recovery values of the 50% compression test, measured 30 minutes
after the test for each cycle. The circles indicate the Nth cycle tests (6th,8th, and 13th) which
were delayed.
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Figure 2-78. The recovery values of the 50% compression test, measured 17 – 18 hours
after the test for each cycle except for the circled data (5th , 7th, and 12th cycle tests)

The 25% compression tests on the wooden fiber resulted in recovery value of
93.8% and 95.3% measured after 30 min and 17-18 hours from the release of
compression, respectively. These were measured after the 2nd cycle. After the 3rd cycle,
which was the last cycle for test on wooden fiber, the recovery value was 92%, measured
30 minutes after the test. Unfortunately, the after 17-18 hours measurement was not
done. Instead, the thickness was measured around 90 hours after the 3rd cycle test and
it gave recovery value of 97.8%. Despite its good recovery in the 25% compression test,
it did not recover well during the 50% compression tests. The recovery was only 76.6%
and 77.5% measured after 30 minutes and 17-18 hours from the release of the
compression. These were the values after the 5th cycle test. The complete cycle test
results can be seen in Figure 2-79 and Figure 2-80
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Figure 2-79. The sample thicknesses of the wooden fiber after each cycle of the
compression tests
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Figure 2-80. The recovery values of the wooden fiber after each cycle of the compression
tests
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2.1.5.3 Hot compression tests
As have been mentioned previously that the sponge rubber gives the best results
compared to that of the other materials at room temperature test. Also, the wooden fiber
looks promising at room temperature.
Due to the test machine limitation, the test sample was only one per material type
for the hot test. The machine has an insulated chamber within which the sample is placed.
It also has heaters to raise the temperature to a desired value (Figure 2-81). The
procedure of the tests was similar except that it needed time for the test section
temperature to be steady. The samples were measured twice, i.e., 30 minutes and 17 –
18 hours after the test.

Figure 2-81. The machine used for the hot compression test. The left picture shows when
it was not operated and the right shows a sample was being placed inside the chamber.

Ceramar, Sponge rubber, and Cork were all tested. Unfortunately, none of them
gave good thickness recovery after the hot tests, even, at only 25% compression distance
and at temperature of around 120-135 °C (Table 2-13). The wooden fiber was also tested.
However, it needs to be retested because it was found that the sample orientation was
not correct during the test and, hence, the result is not reliable. As had been mentioned
previously, the “25% compression distance” represents sample thickness change (Δh) of
3.1 mm for Ceramar, Sponge rubber, and Cork, and 6.2 mm for wooden fiber.
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Table 2-13. Hot compression test results with 25% compression distance and
temperature of around 120 – 135 °C

Sample
Ceramar
Sponge rubber
Cork
Wooden fiber
(Note: Sample
misplaced during
the test)

[mm]
12.80
12.85
12.51

[mm]
melt
10.10
9.75

[mm]
n/a
10.13
9.81

Recovery
(17-18 h)
[%]
n/a
78.83
78.42

24.40

20.62

20.88

85.57

ho

h1 (30 min) h1 (17-18 h)

It is suggested that it is better to estimate first how far the compression will be in
an actual condition of a particle thermal energy storage (TES). The materials should, then,
be tested based on it. This is because there is a chance that the test conducted was
actually far beyond the compression distance (compressive strain) in an actual TES and,
therefore, the results cannot be concluded for the considered application (TES).
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2.1.6 Subtask 4.1: Tubular PWFHX
Executive Summary
Tests were conducted on the existing tubular heat exchanger at KSU. The
performance of the heat exchanger based on the heat transfer coefficient in the particle
side is presented. Two particulate materials were considered, namely, red sand and
Carbobead. The results presented in this report pertain to the tests performed using red
sand only. Tests are going on to investigate the PWFHX performance using Carbobead.
The results revealed excessive heat loss due to the absence of insulation between the
lower part of the PWFHX and the concrete platform. However, the percentage of energy
lost by heat became smaller than the energy transported by the moving sand as the sand
is strongly affected
mass flow rate increased. In addition, the results showed that ℎ
by the particle velocity (mass flow rate). The obtained values are consistent with those
obtained experimentally by [1] and [2], where the particle heat transfer coefficient was
less than 100 W/m2K when the superficial particle velocity was less than 1 mm/s.
2.1.6.1 Description of the King Saud University facility
The particle-to-working-fluid heat exchanger (PWFHX) was tested at the particle
CSP research plant located on the campus of King Saud University in Riyadh, Saudi
Arabia (Figure 2-82). The research plant consists of a heliostat field (300 kW peak thermal
power), a receiver on top of the tower, a thermal storage bin, a power block, and a particle
lifting system. The power block consists of a custom-made microturbine (T100) and the
PWFHX.

Figure 2-82. Photograph of the particle-heating receiver test facility at King Saud
University.

The PWFHX (Figure 2-83) is a six-pass shell-and-tube design with diamondshaped tubes that bring the compressed air leaving the recuperator of the T100 to the
bottom of the unit, whereas hot sand is fed from the top so that counterflow occurs,
allowing the smallest possible temperature difference between the particles and
compressed air. The horizontal air tubes have square cross sections with vertical
diagonals to allow smooth gravity-driven particle flow between the tubes. The PWFHX is
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fully integrated with the pipe support structure so that the support structure can be used
to hold and slide the tube bundles when they are being installed or removed. Furthermore,
a motorized slide gate is fixed to the bottom of the PWFHX to regulate the sand flow rate
as needed. When the slide gate is closed, sand accumulates in the PWFHX and the hot
bin hopper above it. The hot bin is a well-insulated storage tank with a capacity of
approximately 1 m3. A level sensor (Solicap M FTI55) is installed inside the thermal
energy storage (TES) bin to monitor the amount of sand inside it. Both the PWFHX and
the hot storage bin are heavily insulated to minimize heat loss. Figure 2-83 shows a
schematic illustration of the PWFHX, and Table 2-14 lists the main technical
specifications.

Figure 2-83. TES tank/PWFHX assembly.
Table 2-14 Main technical specifications of the PWFHX.

Technical
Specification
Width
Depth
Height
Number of tubes
Total weight (approx.)
Heat transfer surface
2.1.6.2 Experimental setup

Tube
Bundles
980 mm
1550 mm
1800 mm
894
2600 kg
79 m²

Tube Bundles
and Framework
1180 mm
1820 mm
2000 mm
4200 kg
-

Figure 2-84 shows the particle loop (red loop), in which the particles are directed
from the elevator outlet to the bypass line and circulated inside the tower to avoid changes
in the ambient conditions during the test. The system went through two start-up phases
beginning a couple of days before the test. In the first start-up phase, the particles were
preheated using the heliostat field and/or the heating jacket around the PWFHX. The
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T100 should only be started when the temperature inside the PWFHX reaches a certain
value (usually approximately 300 °C or higher). The T100 design has been modified to
have an external combustion chamber in which the air exiting the recuperator goes to the
heat exchanger and returns to the combustor through a piping system, as shown in Figure
2-85. The T100 can operate independently using diesel fuel, and because the air leaves
the recuperator at a high temperature, we used this feature to apply the T100 as a heat
source for the heat exchanger. In the second phase, the particles were only heated using
the T100 at the end of the day and overnight.

Figure 2-84. Schematic diagram of the types of tests performed in the research plant.

Figure 2-85. Schematic diagram of the integrated T100-PWFHX system.

The elevator and T100 were kept running as the particles circulated through the
bypass pipe connecting the elevator outlet to the hot bin of the heat exchanger until the
steady state was reached. This allowed the hot particles to maintain most of the
components in the particle loop, such as the elevator itself and most of the ducts/pipes,
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at a higher temperature while the circulated particles continued to receive thermal energy
from the recuperated air of the T100. Thus, these components were indirectly heated by
the T100 recuperated air, and all the components were brought to the steady state. Figure
2-86 shows a sample of steady-state measurements of selected thermocouples at
different locations inside the PWFHX.
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Figure 2-86. Steady-state temperatures of red sand particles inside PWFHX with slide
gate fully open for selected thermocouples at different locations.

The particle mass flow rate was controlled by a multiple-orifice slide gate (Figure
2-87) located under the PWFHX. The particle mass flow rate increases when the slide
gate opening is larger, and the maximum particle flow rate was 0.97 kg/s. To measure
the particle temperature distribution inside the PWFHX, 27 N-type thermocouples were
installed, located at 3 different levels (horizontal planes) across the heat exchanger
height: 9 thermocouples at the particle inlet (upper layer), 9 in the middle, and 9 at the
particle outlet (lower layer) of the heat exchanger (Figure 2-88). At each level, the 9
thermocouples were distributed evenly inside the heat exchanger. The recuperator air
temperature/pressure were measured at the air inlet and outlet of the PWFHX, as shown
in Figure 2-88. Two pressure transducers (Druck UNIK 5000) were used to acquire the
pressure signals. A flowmeter (SDF-SKI) was used to measure the air flow rate. It uses
the averaging Pitot tube technology and was installed in the air pipe coming from the
T100 and feeding the PWFHX.
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(b)

(a)

Figure 2-87. (a) Orifice funnels, (b) slide gate.

Figure 2-88. Locations of thermocouples (TCs) inside the PWFHX.

The overall performance of the PWFHX can be estimated by incorporating the
control volume shown in Figure 2-89. The circles represent the locations of the 27
thermocouples inside the PWFHX. The arithmetic mean of the 9 thermocouples in the
upper layer represents the inlet sand temperature, and the arithmetic mean of the 9
thermocouples in the lower layer represents the sand outlet temperature.
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Figure 2-89. Control volume on the PWFHX.

On the basis of the air/sand mass flow rates, the heat loss can be estimated by
subtracting the heat captured by the sand from the heat supplied by the air as
𝑄

𝑄

𝑄

(2.5)

where the supplied and captured heat can be estimated as
𝑄

𝑚

𝑐

𝑇

𝑄

𝑚 𝑐

𝑄

𝑈𝐴 𝐿𝑀𝑇𝐷

𝑇

𝑇

(2.6)

𝑇

(2.7)
(2.8)

where 𝐴 is the outer surface area of the tube (79 m2), and LMTD is the logarithmic mean
temperature difference between the air and the sand. The heat transfer coefficient on the
sand side can be estimated by calculating the total thermal resistance between the air
and the sand as follows:
𝑈𝐴

(2.9)

∑

∑𝑅

(2.10)

where S is the tube shape factor, which can be estimated using the formula giving by [3]
for a square channel, and Kss is the thermal conductivity of 316 stainless steel. The value
of ℎ can be calculated using the Dittus–Boelter correlation for turbulent flow inside a
smooth tube as
ℎ

0.023 𝑅𝑒

.

𝑃𝑟

.

(2.11)

The LMTD was estimated using the measured air/sand temperatures at the
locations shown in Figure 2-89 and can be expressed as
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𝐿𝑀𝑇𝐷

(2.12)

The EES software [4] was used to calculate the propagation of the bias error of the
measured variables 𝑥 in the ℎ
value as
𝑈

∑

𝑈

(2.13)

,

The bias error was taken to be 0.0001 m for the pipe length and 0.2 °C for the
temperature readings from the calibration results. The air flow meter error was 0.001 kg/s
based on manufacturer's spec and verified with a test. The test was using a fan with a
known flow rate and found that the value measured by the flow meter was close. The
particle mass flow rate was determined using a weighing bucket, and the error of the
weighing scale was ±0.005 g according to the manufacturer’s specifications.
2.1.6.3 Results and discussion
Red sand
To estimate the specific heat of the red sand, two approaches were considered.
The first approach is based on published data on the specific heat of silica [5]. The silica
composition is quite similar to that of the red sand, except that the traces of hematite in
the red sand are absent from the silica. Based on these published data, the temperaturedependent behavior of silica exhibits the following correlation:
𝑐𝑝
where 𝑐𝑝

𝐴

𝐵𝑡

𝐶𝑡

𝐷𝑡

𝐸/𝑡

(2.12)

is the specific heat in J/kg°C, t is the temperature in Kelvin/1000,

A = −101.134, B = 4,188.707, C = −5,405.677, D = 2,805.398, and E = 0.042407.
According to Eq. (2.12), the specific heat of the red sand for the arithmetic mean
average of all the temperature readings (𝑇
440 ℃) inside the PWFHX is 1.038
kJ/kgK. The second estimate is based on a comprehensive study of several samples of
desert sand from different locations in the UAE [6]. The heat capacity of all the samples
was obtained by differential scanning calorimetry under the as-received condition and
after the sample was heated to 800 °C in an oven and cooled to ambient temperature.
The results showed that the specific heat capacity of the samples collected from Al-Ain
three locations is 1.08 kJ/kgK). Therefore, the average of the values obtained by the two
approaches, 𝑐
= 1.06 kJ/kgK, is used in this study.
Table 2-15 shows the measured temperatures of the sand at three levels in the
heat exchanger (upper, middle, and lower). Each value represents the arithmetic mean
of the readings of nine thermocouples installed at each level. The sand mass flow rate
was estimated using a weighing bucket, and the sand velocity (superficial velocity) was
calculated on the basis of the cross-sectional area (0.93 m × 0.925 m) of the hot bin,
which was located just above the upper tube bundle (air exit tubes). The air temperature
and pressure were measured immediately before the air inlet and after the air exit
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locations in the heat exchanger to avoid any possible decrease. The decrease in the air
pressure (0.04%) was indeed found to be small. To test the performance of the insulation
around the heat exchanger, the T100 was kept running while the slide gate was fully
closed until the steady state was reached. The T100 was then turned off. The sand
temperatures at all the locations inside the heat exchanger were recorded to examine the
temperature decay process. Figure 2-90 shows the results of this test; the lower level of
the heat exchanger exhibits a larger heat loss than the higher levels. The reason is that
the heat exchanger is located on a concrete platform; thus, heat can dissipate from the
heat exchanger base to the concrete platform. The decay in the temperature of the upper
layer is due to heat diffusion from the upper layer to the sand that fills the hot bin above
the upper level. However, the overall trend of the temperature decay process shows that
the heat exchanger is well insulated.
Table 2-15. Measured properties of the sand and air.

𝑇
°C
465.8

𝑇

𝑇

𝑇

1

𝑇
°C
527.0

°C
445.3

°C
478.9

°C
481.8

0.5

0.01

0.58

0.012

𝑉
[mm/s]
0.42±0.0117

2

526.9

466.9

455.0

480.6

490.0

0.5

0.01

0.755 0.012

0.58±0.0117

3

527.7

462.0

450.3

476.2

491.0

0.5

0.01

0.820 0.012

0.60±0.0117

4

530.6

465.3

460.5

479.4

495.2

0.5

0.01

0.971 0.012

0.71±0.0117
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Figure 2-90. Arithmetic mean of the sand temperature after T100 is turned off.

Figure 2-91 shows the temperature contours of the sand inside the heat
exchanger, which were generated using the steady-state values measured by the nine
thermocouples at each level. The axes represent the boundaries of the cross-sectional
dimensions (width x depth) on which the particle temperatures were measured. Five tests
were performed at various sand flow rates, which were obtained by varying the amount
by which the slide gate was opened. The temperature distribution on each level exhibits
spatial variation. This variation may be attributable to nonuniform particle flow; however,
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the variation becomes less significant as the sand velocity increases, as observed in the
upper and lower layers for the fully open slide gate (maximum sand velocity).
As mentioned previously, the test with the slide gate closed was conducted to
evaluate the performance of the insulation; however, it appears that as the mass flow rate
increased, the percentage of the energy transported by the incoming and outgoing sand
became larger compared to the energy lost by heat. This can be explained as follows:
When the sand is stagnant inside the heat exchanger (the slide gate is closed), heat flows
from the first tube bundle (at the highest temperature inside the PWFHX) to the adjacent
sand and from the sand to the heat exchanger’s wall, which is in direct contact with the
concrete platform on the lower level. By contrast, when the sand is moving over the first
tube bundle, some of the heat (from the recuperator air) is transferred to the moving sand
depending on the sand velocity. More heat is captured as the sand velocity increases
until the situation becomes that in the test with the slide gate fully open.

Figure 2-91. Steady-state sand temperature contours at three levels in the heat
exchanger.

Table 2-16 shows the estimated values of the air/sand heat transfer rates, air/sand
heat transfer coefficients, PWFHX total conductance, and LMTD as a function of sand
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velocity. The heat supplied by air and the ℎ values obtained in all the tests are almost
constant, whereas the heat captured by the sand increases with the sand velocity.
Overall, the results are consistent with those of previous experiments conducted by [1].
Furthermore, the sand velocity (mass flow rate) shows an exponential relationship with
the heat transfer coefficient on the sand side [ℎ
0.5556 exp 7.0117 𝑉
];
by more
consequently, increasing the sand velocity by less than 20% can increase ℎ
than 100%, as revealed by a comparison of the results of tests 1–2 and 3–4. However,
when the slide gate is fully open, the sand flow rate is approximately 1 kg/s, which implies
that the maximum ℎ
value that can be obtained (according to the shape and size of
the sand particles) is 84 W/m2-K under the experimental conditions (Table 2-15).
Table 2-16. Results based on the control volume shown in Figure 2-89.

Test

𝑉
[mm/s]
0.42

𝑄
[kW]
33.39

𝑄
[kW]
22.45

𝑄
[kW]
10.94

ℎ
[W/m2°C ]
60.27

ℎ
[W/m2°C]
11.38

𝑈𝐴
[W/°C]
719.7

𝐿𝑀𝑇𝐷
[C]
31.2

1

±0.004

±0.68

±0.496

±0.85

±1.01

±0.188

±9.212

±0.22

0.58

32.78

29.52

3.26

60.28

27.01

1337

22.08

±0.004

±0.67

±0.51

±0.842

±1.011

±0.632

±17.83

±0.23

0.60

35.84

35.32

0.52

60.24

37.19

1612

21.9

±0.004

±0.73

±0.57

±0.930

±1.01

±1.006

±20.79

±0.24

0.71

35.65

35.67

-0.02

60.31

84.32

2323

15.36

±0.004

±0.73

±0.52

±0.90

±1.011

±5.502

±46.79

±0.32

2
3
4

The LMTD is found to be small, indicating that this PWFHX design allows the exit
air temperature to closely approach the particle inlet temperature. The overall heat
transfer coefficient of this PWFHX is clearly low owing to the low mass flow rate on both
the air and sand sides. Finally, the heat loss through the insulation is estimated from the
difference between the arithmetic mean of the readings of the 27 thermocouples inside
the PWFHX and the temperature of the outer surface area of the insulation (60 °C). This
was found to be in the order of 0.5 kW (approximately 1.5% of the total heat supplied by
the air), which indicates that the PWFHX is well insulated.
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2.1.7 Subtask 7.1: Particles Sourced in KSA
Executive Summary
Six different types of particulate materials were studied as a part of selecting
suitable heating fluid to be used in PHR studies at KSU. Four samples of about 210-400
micrometer particle size were taken from each appropriately sifted material. The first three
samples were heated at 800oC, 1000oC and 1200oC for 6 hours and then checked for
their elemental composition and solar reflectance and absorbtance. It was observed that
all of the particulates showed considerable agglomeration except olivine and white sand.
Though there was slight agglomeration in Olivine sand samples at 1200oC, but olivine
sand also showed high light absorptance (~75 % to ~95 %) with increase in temperature
from 800oC-1200oC. Cyclic heating and cooling was also performed on the samples to
observe the particulate behavior when exposed to cyclic temperature change. They were
given 25 cycles at 1200oC for 8 hours each and then continued to heat up to 500 hours
to observe particulate materials when subjected to extended heating time. Olivine sand
samples did not show any change in appearance, agglomeration and absorptance even
after subjected to cyclic and extended period heating.
2.1.7.1 Investigation of Alternative Low-Cost Particulate Materials
There are six different types of particulate materials that are being studied, namely
pure olivine sand, raw olivine sand (containing a considerable amount of basalt), Riyadh
red sand, white sand, ilmenite stone and Carbobead. All samples were cleaned and dried
after sifting at 40/70 mesh size sieve so that the particle size is between 210-400
micrometer. After that the bulk density and material density were measured (device).
Table 2-17 shows the results for olivine, red sand and white sand.
Table 2-17: Bulk density and true density measurements

Material

Bulk density [g/cm3] Material density [g/cm3]

Pure olivine sand

1.82

3.26

Raw olivine sand

1.89

3.35

Red sand

1.69

2.7

White sand

1.67

2.71

The particulate materials were divided into four samples so that the first sample
was kept untreated and used as a reference. The other three samples were heated at
800°C, 1000°C and 1200°C for 6 hours at a heating rate of 10°C/minute. Table 2-18
shows the gradual change in the appearance of the tested samples with temperature.
Three types of olivine sand were tested, raw olivine sand and pure olivine sand with
different particle size (coarse and fine). The olivine sand turned dark black from light
green. This change in color is possibly due to the oxidation of ferrous (Fe8SiO4) into ferric
(MgFe2O4 or cubic ferric oxide Fe2O3) that are brown ferromagnetic crystals or most
probably, an isomorphous mixture of these two compounds [1].
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Table 2-18. Photographic images for candidate particulate materials after heating at different temperature.

Material

Fresh

800°C

Pure olivine sand

Raw olivine sand

Red sand

White sand

Ilmenite
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1000°C

1200°C

Slight agglomeration was also observed after heating the sample at 1200°C.
However, the samples heated at 800oC and 1000oC did not show any sign of
agglomeration. For the raw olivine sand at 1200°C, several particles stuck together and
formed lumps. These lumps were analyzed by an EDX spectroscopy and it was found
that they were made up of basalt particles, and not olivine. The agglomeration at 1200oC
was not significant and it was easy to separate the agglomerated particles. The analysis
data for basalt and olivine samples is given in Table 2-19 to Table 2-21.
Table 2-19. Elemental composition of raw olivine sand

Raw olivine sand
Element

weight %
fresh

800°C

1000°C 1200°C

Al

0.39

2.75

Ca

0.27

0.24

Fe

4.11

6.56

14.35

26.48

Mg

22.57

23.73

21.20

12.39

O

59.25

56.61

56.04

51.88

Si

13.42

12.88

8.43

5.67

Total

100.00 100.01

100.01

99.99

0.81

Table 2-20. Elemental composition of pure olivine sand

Pure olivine sand
Element

weight %
fresh

800°C

1000°C

1200°C

OK

56.12

57.27

52.35

41.71

Mg K

25.00

23.29

21.14

13.34

Si K

14.45

12.38

9.49

3.145

17.02

41.79

100.00

99.99

Ca K

0.29

Fe K

4.42

6.77

Total

99.99 100.00

Table 2-21. Elemental composition of basalt

Element
Weight%

C
1.5

O
34.8

Mg
13.4

Al
0.6
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Si
5.7

Ca
0.4

Fe
43.7

Total
100.1

Red sand appearance slightly changed when heated to 800°C and 1000°C as
shown in Table 2-18. However, when it was heated to 1200°C, agglomerated particles
started to form. In the case of white sand, its color changed a bit and didn’t show any sign
of agglomeration. From the EDX results in Table 2-22 and Table 2-23, It is evident that
lesser the unwanted impurities in silica, less would be the agglomeration. The ilmenite
particles started to show some sign of agglomeration at 800°C, but when they were
heated to 1000°C, large lumps were created. Lump formation increased at 1200°C and
the lumps were very hard to break. Lumps formed can be observed in Table 2-18. The
EXD results of ilmenite are shown in Table 2-24. Based on the aforementioned results
and observations, the ilmenite was excluded for now from the next heating stage. Instead,
Carbobead replaced the ilmenite sample for evaluation.
Table 2-22. Elemental composition of red sand

Red Sand
Element

weight %
fresh

800°C

O

64.99

60.43

61.17

64.12

Mg

0.55

0.71

0.41

0.51

Al

2.14

2.59

2.26

1.91

Si

29.54

32.30

30.71

29.96

K

0.22

0.26

0.48

0.35

Ca

0.42

0.71

2.01

0.79

Ti

1000°C 1200°C

0.34

Fe

2.12

3.00

Total

99.99 100.00

2.65

2.35

100.03

100.00

Table 2-23. Elemental composition of white sand

White sand
Element

weight %
fresh

800°C

OK

64.94

66.83

67.40

63.52

Al K

1.16

1.00

1.17

1.26

Si K

33.90

32.17

31.41

35.22

Total

100.00 100.00

99.99

100.00
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1000°C 1200°C

Table 2-24. Elemental composition of ilmenite

Ilmenite
Element

weight %
fresh 800°C 1000°C

OK

48.45

46.55

Na K

43.32

1200°C
44.47

0.51

Mg K

2.36

1.59

2.80

0.98

Al K

2.22

1.12

2.29

1.10

Si K

4.20

1.89

4.37

2.68

SK

0.54

0.24

Ca K

0.34

0.71

0.34

Ti K

15.39

9.90

16.96

VK

9.90
0.69

Fe K

26.49

38.01

36.11

33.46

Total

99.99

99.99

100.01

99.99

The sample of each material, which was heated at 1200°C initially, was reheated
to 1200oC for 8 hours and then cooled down to room temperature. This cycle was
repeated 25 times to see the aging effect on each material. This process simulates an
extreme case of a ‘6 hours’ storage system. After completing 25 cycles, same sample
was continued to heat for 500 hours in three stages. Table 2-25 shows the effect of the
aging process on the appearance of selected materials. The results show that the
difference in the color of olivine sand (pure and raw) samples at 1200oC for 6 hours and
after cyclic heating for 500 hours was not much. In case of red sand, the color changed
entirely to white, which makes it unsuitable to be used as a heat transfer fluid in a CSP
power plant. The fracking sand turned more whitish while Carbobead exhibited a small
change in the color compared to the original color. The results also show that the
agglomeration appeared in all samples except the white sand. However, all these
agglomerated masses were easy to break.
The EDX results shown in Table 2-19 to Table 2-21 show decrease in O2 weight
percentage and increase in most of the elemental weight percentage with temperature.
Since EDX is an analytical technique that uses an electron beam that could penetrate
from 1-2 micro-meter, therefore it is safe to say that the changes in the elemental weight
percentages are on the surface due to diffusion of elements at higher temperatures.
However, these results could not be interpreted for the bulk of the material.
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Table 2-25. Comparison between the samples appearance after 500 hours of heating at
1200°C.

Material

Fresh

Heating for 6 hours at
1200°C

Pure olivine
sand

Raw olivine
sand

Red sand

White sand

Carbobead
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Cyclic heating for 500
hours at 1200°C

2.1.7.2 Optical Properties Measurements
Six different types of particulate materials were studied: olivine sand (Raw and
pure), red sand, white sand, and Carbobeads. ASD FieldSpe3 Portable
Spectroradiometer device was used to measure the light reflection. Reflectivity of
candidate materials was measured from 350 nm-2500 nm wavelength range. The
instrument was calibrated by a high reflectance standard. The test was performed in a
dark area to prevent the effects of reflection or diffusion of ambient light on the
measurements. A sufficient thickness of the tested particulate material was placed on the
sample stand to make sure that the stand is completely covered with particulate and light
reflected to the sensor is only from the sample and not from the base of the stand. This
procedure was performed to make sure that the light transmission is equal to zero.
The particulate reflectance was measured at ambient temperature. Eq.(2.13) was
used to calculate the absorbance:
Rλ +Tλ + Aλ = 1

(2.13)

where λ indicates the wavelength at which the measurement has been performed.
Considering transmittance equal to zero, the absorptance was found by Eq.(2.14)
Aλ = 1- Rλ

(2.14)

To find the solar absorptance of the candidate particulate materials, absorptance
values are weighted with respect to the values of the solar spectrum according to ASTM
G173-03 and air mass of AM1.5 as shown in Eq. (2.15).
A weighted = AM1.5 (W/ m2nm). A measured

(2.15)

After that, a trapezoidal integration was executed under the curve to calculate the
total absorptance of the material as shown in Eq. (2.16) :
𝐴

𝐴
2
𝑁 1

(2.16)

where Ai is the first low range value, Ai+1 is the higher range value, and N is the
number of values.Table 2-26 shows the solar absorptance results of the different
candidate particulate materials. In general, the solar absorptance results of all olivine
sand samples showed a significant improvement over time and temperature. A significant
difference between the solar absorptance values has been observed for raw and pure
olivine. However, this difference decreased with the increase in heating temperature. Raw
olivine represents the highest absorptance in all heating stages, that might be due to the
presence of impurities such as basalt. However, for pure olivine samples, the increase in
absorptance is possibly due to increase in Ferric content [2].
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Table 2-26. Solar Reflectivity/Absorptivity measurements for different particulate
materials.

Sample

Fresh

800°C

Ref
%
Raw
Olivine 22.13
Sand (ROS)
Olivine
Sand 27.37
(OS)
Red Sand (RS) 35.43

Abs% Ref %

1000°C

1200°C (500h)

77.87

12.85

Abs% Ref
%
87.15 9.46

Abs% Ref
%
90.54 5.28

Abs%

72.63

13.44

86.56

9.63

90.37

7.66

92.34

64.57

37.22

62.78

38.80

61.20

59.54

40.46

94.72

White
Sand 58.52 41.48 58.71
41.29 62.79 37.2
63.89 36.11
(WS)
Carbobead
No data
14.96 85.04
(CB)
Note: Carbobead (CB) sample below was heated to 1200oC for only 4 and 32 hours.
Carbobead
(CB)
Carbobead
(CB)

4 hours

16.46

83.54

32 hours

14.75

85.25

In the case of red sand, solar absorptance values have deteriorated significantly
over time and temperature. The decrease in the absorptance was small at 800°C and
1000°C, but strong deterioration in solar absorptance has been observed along with the
color change after the cyclic heating test at 1200°C for 500 hours. Solar absorptance
results of the heated white sand sample at 800°C for 8 hours did not show any change
from the value of fresh sample. While the absorptance slightly decreased with
temperature after heating at 1000°C. Even with cyclic heating test at 1200°C for 500
hours, the results did not show much difference. The three Carbobead (CB) samples were
tested at 1200oC for different time periods. One of the sample was heated for 4 hours,
the second for 32 hours and the last sample was included in the cyclic heating test for
500 hours. The results showed an increase in the values of solar absorptance with
temperature as shown in Table 2-26.
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3

Phase 3 (Pre-commercialization plant)

3.1

Design and Execution Strategy

3.1.1 G3P3-KSA Location
The proposed site for the construction of G3P3 KSA is Waad Al-Shamal, located
in the North of Saudi Arabia as shown in Figure 3-1. It is a mega industrial zone with a
strong focus on the mining of Phosphate and Aluminum.

Figure 3-1. G3P3 proposed Location

Figure 3-2. SEC’s 1.39 GW ISCC power plant
in Waad Al-Shamal

Saudi Electric Company (SEC) owns a 1.39-GW ISCC power plant at the same
location with partial production of 50 MW from parabolic trough plant as shown in Figure
3-2. SEC has expressed its interest in having this plant adjacent to their ISCC power
plant. The location of G3P3 with respect to SEC plant is shown in Figure 3-3. The
topography is mostly flat (852 to 856 m elevation), and will require minimum levelling. The
soil survey indicate firm and dense sand and gravel ~1.0 m deep; shallow Depth to
Bedrock (DTB) for a desert region; weathered limestone 2-5 m deep, then intact
limestone. These soil conditions are favorable for small and large heliostats and will cause
no adverse effect on design of the tower. Another key advantage on erecting G3P3 KSA
besides the SEC plant is that the electrical and piping cost will be minimized.
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Figure 3-3. G3P3 location with respect to SEC's ISCC plant

Seismic risk analysis is also very low and the peak ground acceleration (PGA) is
almost similar to that of Albuquerque as shown in Figure 3-4 and Figure 3-5.

Figure 3-4. Seismic risk in Waad AlShamal

Figure 3-5. Seismic risk in Albuquerque
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3.1.2 Field Design
Using NREL’s SolarPILOT software, a heliostat field has been designed and
modeled for 1.3 MWe plant at Waad Al-Shamal (G3P3 KSA), as shown in Figure 3-6. The
main design parameters are shown in Table 3-1.

Figure 3-6. Heliostat field for 1.3 MWe tower at Waad Al-Shamal site
Table 3-1. Design Parameters for Solar Field

Design Characteristics
Tower Power

1.3 MWe

Direct Normal Irradiation

733 W/m2

Solar Multiple

2.1

Nominal Thermal Power Incident
on the PHR Aperture

7 MWth

Tower Optical Height(m)

47.1 m

Maximum Land Radius(m)

350 m

Minimum Land Radius(m)

34.9 m

Aperture Height

2.3 m

Aperture Width

2.7 m

Heliostat Width

1.224 m

Heliostat Height

1.224 m
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The SolarPILOT simulation was run using TMY data generated for the Waad AlShamal site. The preferred heliostat provider for the above field is Heliogen, as they are
suitable for this field size. The above parameters generate a field of 9907 Heliogen
heliostats. The field demonstrates an annual optical efficiency of 68%.
3.1.3 G3P3-KSA Tower Design
The results from the risk reducing activities performed during this project,
mentioned under section 2.1 of this report, has led the development of a much refined
and ready to implement design for the 1.3 MWe pre-commercialization plant (G3P3 KSA)
as shown in Figure 3-7. The plant is designed to heat a pressurized working fluid to >900
°C, enable 6 hours of direct thermal storage, and provide long-term operation to retire
primary risks associated with the deployment of this technology in a commercially sized
plant. All the key innovations and risk-mitigation measures have been carefully
incorporated in the design to increase receiver efficiency, reduce heat losses during lowcost particle conveyance and particle storage systems, increase heat transfer coefficients
and durability in particle heat exchangers, reduce particle wear and heat losses in all
components, and lowering costs to achieve $0.06/kWhe.
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Figure 3-7. Preliminary design of a fully integrated, pre-commercial particle-based CSP plant
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3.1.3.1 Receiver design
The particle heat receiver (PHR) for G3P3 KSA consist of 5 panels tilted at 15° as
seen in Figure 3-8. A tilt angle greater than 13° would grantee that the particle retention
approaches 100% as addressed in section 2.1.1.2.2. Each panel would be 3-meter long.
These panels will be fed through individual hoppers placed above each of the panels to
ensure a consistent feed rate for each panel. These hoppers are controlled through a
slide gate valve with linear actuators, to modulate particle flow based on a feedback
control system. This will allow for precise control of the particle temperature exiting each
panel, at any given time of day.

Figure 3-8. 5-panel PHR design

This 5-panel design and aperture were tested using Soltrace to model the thermal
performance from the receiver and field generated in section 3.1.2. Figure 3-9 and Figure
3-10 show the flux across the 5-panels and the aperture respectively.
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Figure 3-9. 5 panel PHR flux map at noon

Figure 3-10. Aperture Flux map at noon
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The aperture and PHR were modeled using the assumption of being perfect
absorbers. All simulations were run using 15 million rays to ensure high fidelity results.
The thermal performance of the receiver and aperture are summarized in Table 3-2.
Table 3-2: Thermal Performance of 5-panel PHR and aperture
Average Flux
(kW/m2)

Power (kW)

Peak Flux
(kW/m2)

Total Ray
Hits

Efficiency
(%, based on
Ray hits)

5-panel PHR

429

8024

2121

11,962,731
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Aperture

1340

8349

6866

12,448,250
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The results presented are considered for solar noon when the sun position is at
the highest position in the sky. The receiver captures 96% of radiation that enters
thorough the aperture, and the remaining 4% is captured by a top guard placed over the
PHR (shown in Figure 3-11). This top guard prevents other areas of the tower from
receiving direct irradiation and resulting structural instabilities from this thermal load. The
top guard sees a peak flux of 215 kW/m2 and a total power of 319 kW.

7RS*XDUG

Figure 3-11. 5 panel cavity design with top guard
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3.1.3.2 Cavity design
G3P3 KSA cavity is designed to wrap around the 5-panel PHRs to minimize the
advective heat loss from the panels during the particulate heating. Each PHR panel in the
cavity has individual hopper and slide gate valves with linear actuators as shown in Figure
3-13. This configuration of valves and hoppers will provide fine control over the amount
of particulates being fed to each panel during different times of the day through particles
temperature feedback control system. The cross-sectional view of the cavity is shown in
Figure 3-12. The aperture of the cavity is 2.3 m (H) x 2.7 m (W). The dust control is
achieved by the chimney provided just outside the cavity aperture as shown in the Figure
3-12. Particles fed in to the cavity pass through a strainer and then collected in the
collector and chute, from where they are transferred in to the HT-TES bin. The floor of the
cavity is slightly slanted to make sure that all particles flow to the HT-TES bin via collector
and chute. When the plant is not operating, the hood-cover will protect the cavity aperture
to protect it from environmental effects such as wind and rain and to minimize the heat
loss from the cavity.

Figure 3-12. Cross-sectional view of
the Cavity

Figure 3-13. Cavity with hoppers and slide-gates

s
3.1.3.3 Thermal energy storage bin
The thermal efficiency of TES containment is an important factor that determines
the economic competitiveness of the CSP plant. To minimize thermal leakage from a TES
bin, an efficient multilayer design with careful selection of construction materials has been
selected for G3P3 KSA. The design of high temperature thermal energy storage (HTTES) bin is essentially the same as the design of low temperature thermal energy storage
(LT-TES) bin, hereby referred collectively as TES bin. As illustrated in Figure 3-14, the
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TES bin will consist of multiple layers. Tuffcrete 60M will be used as innermost layer to
minimize wall erosion due to particle movement in the TES bin. The evaluation of
Tuffcrete 60M is described in section 2.1.4.1 of the report. Outer layers of the TES bin
have been chosen based on their cost, thermal and structural properties. These materials
have been evaluated by the team in previous reported and published work.

Figure 3-14. TES Bin

In order to address the issue of heat loss during the charging of particles to the hot
bin, a sealable component configuration has been designed and shown in Figure 3-15.
Particles from PHR will enter into the intermediate hopper and then pass through the SiC
foam which will filter the impurities and large sized particles to enter in to the HT-TES bin.
HT-TES bin is provided with a weight operated door. As the particles further flow down
the intermediate hopper, they will push open the weighted door and fall into the HT-TES
bin. The weighted door will itself close when all the particles have flown in to the HT-TES
bin. This will ensure that the HT-TES bin will open only when the particles are present in
the intermediate hopper. This configuration would help preventing hot air from escaping
the bin when it is empty, thus keeps the bin as hot as possible for the next run. Moreover,
a relief valve (shown in Figure 3-15) will be installed at the TES top to regulate the air
pressure while charging the bin.
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Figure 3-15. TES bin air sealing configuration

3.1.4 Particle-to-working fluid heat exchanger (PWFHX)
Previous results detailed our assessment of the overall heat transfer coefficient of
the shell-and-tube heat exchanger manufactured by Grenzebach GmbH and tested
extensively at the 300 kWth RTV facility. Tests with red sand as the particulate material
showed that the log mean temperature difference was very small. In addition, testing with
CARBOBEAD CP was made. However, those tests were inconclusive because some of
the results could not be explained. For example, in some cases, temperature profiles of
the air side and the CARBOBEAD side slightly crossed each other, as
Turbine
The turbine of choice is a 1.3 MWe turbine developed by the Finnish-based Aurelia
Turbines. The following are the general features and specifications of this turbine:






Compressor intercooling
Recuperation of turbine exhaust
Net efficiency: 45%
Pressure ratio: 5
Turbine inlet temperature: 1077°C (estimate)

This turbine’s design allows for easy connectivity to the heat exchanger, and its
control allows for variable fuel injection based on the temperature of air coming back from
the heat exchanger after exchanging heat with hot particles.
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3.1.5 High-temperature particle lift
The high-temperature particle lift (skip-hoist) system designed for G3P3 KSA
comprises of the following sub-systems:
1.
2.
3.
4.

Kimberley-type Skips and Guide Rails
Pre-Skips
Upper-Hoppers
Hoist drives

The design assumptions that used in the Skip and Hoist Requirements study is
shown in Table 3-4. The safety factor (SOF) of 3 for the wire rope based on its tensile
strength is used instead of more traditional higher values since the hoist is considered an
industrial system and will not transport personnel during its operation.
Table 3-4 Design Characteristic used in Particle Hoist Lift Study.

Design Characteristics

Values

Thermal Storage

6 hrs.

Solar Multiple (MUX)

2.1

No of Skips

2

No of Ropes per Skip

2

Hoist Safety Factor of Wire Rope

3

(Tensile Strength Industrial Use Only)
Particles

HSP 40/70

3.1.5.1 Kimberley-type Skips and Guide Rails
Kimberley-type skip used in G3P3 KSA is shown in Figure 3-20. The skip will be
insulated inside and outside to minimize heat loss during conveyance. Sheet metal will
protect the internal insulation to prevent any damage when loading and discharging the
skip. The skip's structural integrity will be protected by miter jointed flanges (MJF), which
will act as fasteners. The MJFs are intended to hold the skip in place during variant
thermal loads (expansion and contraction during charging and discharge).
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Figure 3-20: Kimberley type Skip for G3P3 KSA

One of the essential design features implemented in the G3P3 KSA is the guide
rails (shown in Figure 3-21 and Figure 3-22). They are designed to continuously engage
the front guide rollers (attached to the skip body) with one rail and the bail rollers on lifting
bail with another guide rails over the entire travel. This modification is a divergence from
conventional mine-hoist design. It has the advantage of eliminating a potentially
troublesome mechanism necessary to unlatch the bail from the skip when the skip is
overturned to empty the particulate into the upper hopper that feeds the PHR. The design
eliminates the disadvantage that both rails must extend the lift's entire height in this
application. G3P3 KSA will have two such skip and rails subsystem, which will operate in
the counterbalanced funicular configuration. Each skip will be charged with particles that
will fill 70% of its volume. While charging one skip, the other will transfer particles to the
upper hopper (at the top of the tower) and vice versa. This counterbalanced configuration
is beneficial for large scale systems since it requires low power to move a higher weight
of particles between loading and discharge points.
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Figure 3-21 : Skip and Rails at charging

Figure 3-22: Skip and Rails at discharging

3.1.5.2 Pre-Skips sub-system
Since the skip has to be filled in a relatively short period, an efficient pre-skip
system is required. The pre-skip is the part that communicates with the cold TES
discharge port. It accumulates and provides the appropriate volume of particles to the
skip during the relatively short charging process. Important components of a pre-skip subsystem are shown in Figure 3-23. This subsystem includes the pivoting chute that delivers
the particulate to the skip. The pre-skip is designed to hold particles that can fill 70 % of
the skip’s volume. However, provisions are provided to increase and decrease the volume
of particles that it can hold. The charging and discharging mode in G3P3 KSA is shown
in Figure 3-24 and Figure 3-25, respectively. The operation of the pivoting chute will be
autonomous and driven by the arrival and the departure of the skip. This pivoting hopper's
reliable autonomous operation is essential and demonstrated at the mock-up built at the
GIT lab. The pre-skip hopper can be easily insulated to minimize heat loss. The pivoting
chute can also be operated reliably at an operating temperature between 700°C to 750°C.
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Figure 3-23: Pre-Skip sub-system

Figure 3-24: G3P3 KSA Skips and pre-skips at
charging
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Figure 3-25: G3P3 KSA skips
discharging in upper hoppers

3.1.5.3 Upper Hopper
All-in-one Upper Hopper (UH), as shown in Figure 3-26, is designed to receive
high-temperature particles and limit the advective heat loss by introducing double airblocking components. The skip opens the vertical air-blocking door, and the particles
flowing out of the skip will open the weighted air-blocking trap door. This arrangement
shall minimize air entrainment and infiltration and reduce advective heat loss. A SiC foam
filter will be used to prevent any large particles (resulted from particle agglomeration or
foreign contamination) from reaching the PHR. The UH is also configured as a weighing
bin supported only by load cells (shown in Figure 3-26). Therefore, it can be used as a
mass flow measuring and monitoring bin. This function is potentially a practical solution
to mitigate the difficulty of measuring the mass flow of the extremely hot particulates for
data acquisition, performance monitoring, and control.

Figure 3-26: G3P3 KSA Upper- Hopper

shows.
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Figure 3-16. Temperature profiles of particles and air along the heat exchanger with
CARBOBEAD.

This phenomenon can be interpreted as a result of the two temperatures being too
close to each other, such that the unrealistic temperature crossing is within the margin of
error. Even so, the fact that the two temperatures can approach each other either means
that the heat exchanger was oversized, or that operational issues were causing this
behavior. For example, during operation, a number of the slide gate openings beneath
the heat exchanger were found to be clogged, as Figure 3-17 shows. This can lead to
non-uniform flow through the heat exchanger.

Figure 3-17. Clogging of slide gate openings.

This design issue constitutes a risk that needs to be mitigated. One option is to
work closely with Grenzebach to modify the slide gate mechanism to avoid debris
clogging the openings. However, due to the short period of time available, and since the
overall heat transfer coefficient had previously been found to be low, we opted for another
de-risking option, which is to switch to Solex’s vertical tube heat exchanger design (shown
in Figure 3-18), where particles flow on the tube side in bulk flow mode, while air flows on
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the shell side in counter- and/or cross-flow mode. The critical component to ensure
uniform residence time of the product in the exchanger is the mass flow discharge cone.
The design of the cone follows the Jenike and Johanson theory for the design of hoppers
and bins to ensure mass flow of bulk solids. The basic theory needs further refinement to
ensure that all of the product moves with equal velocity. The hopper design would be
based on the results of shear cell testing for internal angle of friction and wall friction.
These tests would need to be carried out at operating temperatures, since properties may
be temperature sensitive.

Figure 3-18. Solex’s vertical tube heat exchanger design.

This design exhibits a number of advantages and de-risking measures. First, the
flow of particles on the tube side allows the particle speed to be significantly higher than
Grenzebach’s design, thereby increasing the heat transfer coefficient on the particle side.
Second, particle flow control is done through a valve at the bottom; therefore, the heat
exchanger is not prone to clogging as in the case of the current Grenzebach design. Third,
Solex’s design is amenable to easy maintenance since it does not contain air plenums
that make access to the tube bank difficult. Fourth, Solex had already tested this design
at high temperature and the design was shown to be robust.
As shown in Table 3-3, the “conservative” predicted overall heat transfer coefficient
(U) could reach 87 W//m2-K, approaching the value targeted by DOE (100 W//m2-K). The
parametric study was carried out by Solex using Solex Energy Model. The initial
conditions were selected by KSU, which cover most of the operation variant of the KSU
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pilot plant. To validate Solex’s predictions, preparations are underway to procure a heat
exchanger of a size comparable to Grenzebach’s and test it on-sun at RTV. However,
due to COVID 19 pandemic, the heat exchanger's delivery was delayed to late December
2020. This suggests that the field testing results will not be available before February
2021.
Table 3-3. Performance predictions of the tubular cross flow heat exchanger.

Test
1
2
3
4

𝑚
[kg/s]
0.9
1.3
1.3
1

Input conditions
𝑇
𝑚
[kg/s]
°C
0.4
540
0.4
540
0.4
540
0.7
540

𝑇
°C
470
490
750
750

𝑇
°C
483
499
723
678

𝑇
°C
494
502
698.5
661.5

Predicted values
𝐴
𝐿𝑀𝑇𝐷
𝑄
[C]
[𝑚 ]
[kW]
26.1
13
24.63
20.1
13
17.86
74.3
13
81.60
94.6
13 107.30

𝑈
[W/m2-K ]
72.5
68.2
84.4
87.2

The baseline heat exchanger design for G3P3 KSA is Solex’s shell-and-tube heat
exchanger, where the particles flow in vertical tubes in bulk flow mode by virtue of gravity,
while the pressurized air (about 4 bars) coming from the turbine flows on the shell side
through multiple passes (Figure 3-19). The thermal duty of the heat exchanger is
approximately 3 MWth. A manufacturer has already been identified and a preliminary
design has been completed.

Figure 3-19. Drawing of a 50-kWt prototype vertical tube heat exchanger (left), preliminary
design of the 2.9-MWt vertical tube heat exchanger to be used in the demonstration
project
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3.1.6 Turbine
The turbine of choice is a 1.3 MWe turbine developed by the Finnish-based Aurelia
Turbines. The following are the general features and specifications of this turbine:






Compressor intercooling
Recuperation of turbine exhaust
Net efficiency: 45%
Pressure ratio: 5
Turbine inlet temperature: 1077°C (estimate)

This turbine’s design allows for easy connectivity to the heat exchanger, and its
control allows for variable fuel injection based on the temperature of air coming back from
the heat exchanger after exchanging heat with hot particles.
3.1.7 High-temperature particle lift
The high-temperature particle lift (skip-hoist) system designed for G3P3 KSA
comprises of the following sub-systems:
5.
6.
7.
8.

Kimberley-type Skips and Guide Rails
Pre-Skips
Upper-Hoppers
Hoist drives

The design assumptions that used in the Skip and Hoist Requirements study is
shown in Table 3-4. The safety factor (SOF) of 3 for the wire rope based on its tensile
strength is used instead of more traditional higher values since the hoist is considered an
industrial system and will not transport personnel during its operation.
Table 3-4 Design Characteristic used in Particle Hoist Lift Study.

Design Characteristics

Values

Thermal Storage

6 hrs.

Solar Multiple (MUX)

2.1

No of Skips

2

No of Ropes per Skip

2

Hoist Safety Factor of Wire Rope

3

(Tensile Strength Industrial Use Only)
Particles

HSP 40/70

3.1.7.1 Kimberley-type Skips and Guide Rails
Kimberley-type skip used in G3P3 KSA is shown in Figure 3-20. The skip will be
insulated inside and outside to minimize heat loss during conveyance. Sheet metal will
protect the internal insulation to prevent any damage when loading and discharging the
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skip. The skip's structural integrity will be protected by miter jointed flanges (MJF), which
will act as fasteners. The MJFs are intended to hold the skip in place during variant
thermal loads (expansion and contraction during charging and discharge).

Figure 3-20: Kimberley type Skip for G3P3 KSA

One of the essential design features implemented in the G3P3 KSA is the guide
rails (shown in Figure 3-21 and Figure 3-22). They are designed to continuously engage
the front guide rollers (attached to the skip body) with one rail and the bail rollers on lifting
bail with another guide rails over the entire travel. This modification is a divergence from
conventional mine-hoist design. It has the advantage of eliminating a potentially
troublesome mechanism necessary to unlatch the bail from the skip when the skip is
overturned to empty the particulate into the upper hopper that feeds the PHR. The design
eliminates the disadvantage that both rails must extend the lift's entire height in this
application. G3P3 KSA will have two such skip and rails subsystem, which will operate in
the counterbalanced funicular configuration. Each skip will be charged with particles that
will fill 70% of its volume. While charging one skip, the other will transfer particles to the
upper hopper (at the top of the tower) and vice versa. This counterbalanced configuration
is beneficial for large scale systems since it requires low power to move a higher weight
of particles between loading and discharge points.

116

Figure 3-21 : Skip and Rails at charging

Figure 3-22: Skip and Rails at discharging

3.1.7.2 Pre-Skips sub-system
Since the skip has to be filled in a relatively short period, an efficient pre-skip
system is required. The pre-skip is the part that communicates with the cold TES
discharge port. It accumulates and provides the appropriate volume of particles to the
skip during the relatively short charging process. Important components of a pre-skip subsystem are shown in Figure 3-23. This subsystem includes the pivoting chute that delivers
the particulate to the skip. The pre-skip is designed to hold particles that can fill 70 % of
the skip’s volume. However, provisions are provided to increase and decrease the volume
of particles that it can hold. The charging and discharging mode in G3P3 KSA is shown
in Figure 3-24 and Figure 3-25, respectively. The operation of the pivoting chute will be
autonomous and driven by the arrival and the departure of the skip. This pivoting hopper's
reliable autonomous operation is essential and demonstrated at the mock-up built at the
GIT lab. The pre-skip hopper can be easily insulated to minimize heat loss. The pivoting
chute can also be operated reliably at an operating temperature between 700°C to 750°C.
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Figure 3-23: Pre-Skip sub-system

Figure 3-24: G3P3 KSA Skips and pre-skips at
charging
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Figure 3-25: G3P3 KSA skips
discharging in upper hoppers

3.1.7.3 Upper Hopper
All-in-one Upper Hopper (UH), as shown in Figure 3-26, is designed to receive
high-temperature particles and limit the advective heat loss by introducing double airblocking components. The skip opens the vertical air-blocking door, and the particles
flowing out of the skip will open the weighted air-blocking trap door. This arrangement
shall minimize air entrainment and infiltration and reduce advective heat loss. A SiC foam
filter will be used to prevent any large particles (resulted from particle agglomeration or
foreign contamination) from reaching the PHR. The UH is also configured as a weighing
bin supported only by load cells (shown in Figure 3-26). Therefore, it can be used as a
mass flow measuring and monitoring bin. This function is potentially a practical solution
to mitigate the difficulty of measuring the mass flow of the extremely hot particulates for
data acquisition, performance monitoring, and control.

Figure 3-26: G3P3 KSA Upper- Hopper
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3.2

Energy Flow Diagram

Figure 3-27 shows the temperatures, pressures, and flow rates of both media at
different points within the integrated system. The particle flow rate entering the PHR
was estimated based on solar multiple (MUX) of 2.1, temperature rise across
(m _
the PHR (Tp ) of ~400°C, overall plant efficiency (𝜂
of 0.41, and net electrical power
of the turbine (W
1300kW as

𝑚

𝑊
_

𝜂

𝑀𝑈𝑋
∆𝑇 𝑐̅𝑝

3-1

It should be noted that the values shown in Figure 3-27 are based on the scenario
in which a particle temperature of 1127°C is achieved such that the temperature of the air
leaving the particle-to-air heat exchanger is 1077°C, which is equal to the turbine inlet
temperature. In this case, no fuel injection will be needed, and the solar contribution will
be 100%. The OF-PHR design is capable of achieving this temperature; however, even
if the particle temperature is somewhat lower than this maximum, the solar contribution
would still be high. For example, if the particle temperature is 1050°C, the solar
contribution would be higher than 80%.

Figure 3-27. Energy flow diagram for the integrated system
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3.2.1

Piping and Instrumentation

Figure 3-28 shows the proposed piping and instrumentation diagram. This design
will be refined and finalized by professional engineers during the early stages of project.

Figure 3-28. Piping and instrumentation diagram for the G3P3 KSA
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3.3

Commissioning protocols

Particle loop diagram for the G3P3 KSA is shown in Figure 3-29.

Figure 3-29. Particle Loop of G3P3 KSA
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3.3.1.1 Start-up Protocol
Initial and Occasional Charging: For initially charging the system, the charging tank as
shown in Figure 3-29 will be filled with fresh particles. These particles can flow to the preskip and the particle lift (PL) via V-12. The process will continue until the required amount
of particles are charged in to the system. The charging tank can also be used to introduce
fresh particles during the operation or replace the old particles with fresh particles during
the operation when needed.
Particle Lift Testing: The particle lift operation with the particles can tested via by-pass
line 1 (PL-PHR-V3-V5-Pre-skip) without using the whole particle loop.
Mass-flow control System Testing: Bypass line 1 can be used to test the mass flow
control system in PHR cavity prior to start heating the particulates. This can be performed
during on-sun operation. By-passing HT-TES, HX, and LT-TES saves time during startup operation.
PWFHX Cold-Run Testing: Cold-run testing of PWFHX with particulates can be
performed through by-pass line 1 with valves V-2, V-5, V-7, V-8 “CLOSED” and V-3, V-4
and V-6 “OPEN”.
Pre-heating of Particles:










Aims to test the feedback control system of the PHR. As mentioned earlier, the
particle flow rate through each panel will be moderated based on the outlet particle
temperature. Therefore, it is essential to test and generate a data bank for many
scenarios based on the incident radiation's value. To do so, handling a small
amount of particles seems more practical than handling the full capacity, i.e.,
particles will be directed through the bypass line (valve 2 and valve 4 will be kept
closed). Particles will be circulated through PHR-bypass line-skip. It should be
mentioned that during these tests, the bypass line will remain full of particles to
ensure smooth particle feed to the PHR.
Once all necessary data are collected, particles can be circulated through the
whole system to preheat all components. Meanwhile, insulation evaluation,
instrumentation, and operational accessories must be evaluated during transient
heating.
Pre-heating the whole system is expected to take several days; however, the preheating process can be shortened with the aid of the turbine. The recuperated air
can be used to preheat the system overnight. Thus, the system can be brought to
a reasonably high-steady temperature and therefore, ready for on-sun operation
the next day.
Furthermore, feeding the heat exchanger directly from the PHR is possible in G3P3
KSA. With the use of a diverting box (shown in Figure 3-29), the particle flow can
be split into two streams. While one-half of the particle flow rate (~7kg/s) being
directed to the HT-TES, one-half (~7kg/s) can be directed to the heat exchanger
through valve 4. This arrangement is useful to maximize the solar contribution
during the working day in case of low DNI during filling the HT-TES early morning.
In conclusion, several outputs must be outlined from these processes; two of the
most important are the optimum particle flow rate that ensures the highest solar
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contribution and the optimum flow path, i.e., through HT-TES or direct feeding heat
exchanger.
3.3.1.2 Full-Load Operation Protocol
During day-time, V-3 valve can remain closed and the normal particles flow would be
through V-2. From the PHR, the particles can flow through intermediate hopper and then
in to the HT-TES bin. The intermediate hopper will have SiC foam installed which will filter
the particulates before entering to the TES. Alternatively, the particle flow can be split into
two streams as mentioned earlier.
3.3.1.3 End-of-the-day Protocol
At the end of the day, the plant should be able to operate for extended hours utilizing the
heat stored in the particles in HT-TES bin. However, when the operation is stopped during
the night, During the night, valve V-1, V-2 and V-3 must be closed to avoid the heat loss
form the HT-TES bin. The aperture be covered with the hood cover (shown in Figure
3-11). To keep the PHR at high temperature for the next day operation, the turbine
exhaust can be directed to the cavity.
3.3.1.4 Part-Load Protocol
Part-Load protocol will be followed in two conditions:
1- Intermittent Sun: During the day time when there is not enough DNI, the particles
cannot reach to the required operating temperatures. In such cases diverting the
flow to the HT-TES bin is not feasible since it will lower the bin temperature by the
introduction of “low-temperature” particles form PHR. In such conditions we can
direct the particles directly to the PWFHX by-passing completely the HT-TES bin
through by-pass line 1 (V2, V-5 “CLOSED” and V4-V6 “OPEN”).
2- Heliostat or UH Slide-Gate Malfunction: During the malfunction of Heliostat field,
or if any of the slide gate on the top of the PHR gets clogged or malfunctions,
particle flow can be directed directly to the PWFHX completely by-passing the
HT-TES bin).
3.3.1.5 Emergency/maintenance Protocols
HT-TES Malfunction/Maintenance: In case cracks appear in the HT-TES Bin, it will be
required to completely empty the bin so that the repair works could be performed. This
objective can be achieved by emptying the HT-TES to the LT-TES bin via the PWFHX or
HX by-pass line. The particles from the HT-TES can also be emptied to the charging tank
via by-pass line 2.
PWFHX Malfunction/maintenance: HX bypass line (shown in Figure 3-29) can be used
to by-pass the heat exchanger completely in case the inspection, maintenance, or repair
is required on PWFHX.
LT-TES Malfunction/maintenance: If repair is needed for LT-TES bin then all the
particles in the bin can be transferred to the HT-TES bin or the charging tank if required.
Occasional Discharging: Occasional discharging may be required either to get the
sample of the particulates in the system or to replace the existing particulates with the
fresh particulates. This objective can be achieved through the by-pass line 2 of the
charging tank.
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3.4

Budget

The cost of materials required to construct the G3P3-KSA are based on the
weights and volumes of each component calculated by CAD modeling software
(Solidworks). The weights and volumes of each component are given in Table 3-5. The
volume in Table 3-5 represents the volume of material required for building the
corresponding component. The weight and the volume of the heat exchanger are only
estimated as the exact material of construction and component dimensions are yet to be
finalized by Solex Thermal Science.
Table 3-6 provides an estimate of the cost for each subsystem G3P3-KSA. For the
heat exchanger, the cost is estimated based on the approximate cost per unit kWth
received from Solex. The prices mentioned in the table are based on the quotes from
local suppliers from Saudi Arabia and represent conservative estimates to cater for any
unforeseen future cost such as inflation, change in labor costs and change of supplier
and region of purchase.
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Table 3-5: Weights and Volume of the Tower Components
Item
No.

Description

Material
1.

Volume
(m3)

Weight
(kg)

Surface
Area (m2)

Tower Shell

1.1

Tower Walls

Reinforced Concrete

737.1

1768981

3766.8

1.2

Tower Roof

Structural Steel

85.3

665451

524.9

2.

High-Temperature TES Bin

2.1

Inner Core

CARBOBEAD

83.1

166254

105.7

2.2

Inner Lining Layer

Tuffcrete 60M

0.4

962

148.4

2.3

Insulating Firebrick Layer

Insulating Firebrick

7.6

6927

154.6

2.4

Insulating Perlite Layer

Ins. Perlite Concrete

94.0

54057

223.8

2.5

Insulating Firebrick Bottom Cap

Insulating Firebrick

35.2

32177

91.9

2.6

Insulating Concrete Upper Cap

Insulating Firebrick

35.2

32178

92.1

2.7

Expansion Joint Layer

Expansion Board

3.8

1187

307.4

2.8

Specialty Concrete Pad

Reinforced Concrete

16.4

39424

138.8

2.9

Hot Bin Floor

Reinforced Concrete

187.9

450861

327.6

2.10

Outer Reinforced Concrete Layer

Reinforced Concrete

31.7

75983

325.3

3.

Low-Temperature TES Bin

3.1

Inner Core

CARBOBEAD

83.1

166254

105.7

3.2

Inner Lining Layer

Tuffcrete 60M

0.4

962

148.4

3.3

Insulating Firebrick Layer

Insulating Firebrick

7.6

6927

154.6

3.4

Insulating Perlite Layer

Ins. Perlite Concrete

94.0

54057

223.8

3.5

Insulating Firebrick Base Cap

Insulating Firebrick

35.2

32177

91.9

3.6

Insulating Concrete Upper Cap

Insulating Firebrick

35.3

32189

91.8

3.7

Expansion Joint Layer

Expansion Board

3.8

1187

307.4

3.8

Specialty Concrete Pad

Reinforced Concrete

16.4

39424

138.8

3.9

Cold Bin Floor

Reinforced Concrete

63.3

152013

281.8

3.10

Outer Reinforced Concrete Layer

Reinforced Concrete

31.7

75983

325.3

4.

Heat Exchanger

4.1

Mid Part HX

Incoloy 800HT

0.3

2735

132.4

4.2

Head-HX

Incoloy 800HT

0.1

562

17.7

4.3

Bottom-1-HX

Incoloy 800HT

0.1

658

35.6

4.4

Bottom-Cone-HX

Incoloy 800HT

0.1

440

22.1

4.5

HX Floor

Reinforced Concrete

63.2

151728

282.0

5.

Turbine Floors

5.1

Turbine Floor

Reinforced Concrete

144.8

347400

524.5

5.2

Turbine E-unit Floor

Reinforced Concrete

219.0

525600

740.5
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Table 3-6: Material Costs
Task

Site Preparation
and Civil Work

Procurement of
Components

Item Cost

Item description
Reinforced concrete for drainage and piping
channels (300 m3 of concrete at $400/m3)

$120,000

Natural gas piping, valves, and electrical cabling
(for natural gas, estimate is based on 200 m of
piping at $400/m. Valves, water piping, and cables
make up the rest)

$200,000

Heliostats (15,000 m2 of reflective surfaces at
$140/m2 for first of its kind)

$2,100,000

Turbine (1,300 kW at $1300/kW for first of its kind)

$1,690,000

Heat exchanger (2,900 kWth at $1,200/kWth for
first of its kind)

$3,480,000

Particle lift (55 m height at $5,000/m)

Power Tower
Construction
Heliostat field
Earthwork and
Foundations
Construction of
Turbine and
Electrical Support
Structure
Installation of
Receiver Cavity,
Absorber, and
Auxiliaries

Construction of
TES bins

Reinforced concrete for the tower and foundation
(2500 m3 of concrete at $400/m3)

$275,000
$1,000,000

Access staircase for the tower and fire
suppression system (55 m height at $2,400/m)

$132,000

Reinforced concrete for heliostat foundations
(1,500 m3 at $400/m3)

$600,000

Concrete and steel (400 m3 of concrete at
$400/m3)

$160,000

Ceramic meshes (20 m2 of meshes at $7,000/m2)

$140,000

Hoppers and slide gates (5 assemblies of hopper
+ chute + receiving funnel + motorized slide at
$80,000 each)
Lining material (300 m2 at $100/m2)
Insulating firebrick (150
Perlite concrete (200

m3

m3

at

at

$1,500/m3)

$700/m3)

$400,000
$30,000
$225,000
$140,000

Expansion board (300 m2 at $20/m2)

$6,000

CARBOBEAD (200 tons at $600/ton)

$120,000
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Contingency (10%)

$1,081,800

Total direct cost

$11,899,800

EPC (15%)

$1,784,970

Total Project Budget

$13,684,770

3.5

G3P3-KSA Schedule

The following Gantt chart shows the project timeline, including dates of design reviews and milestones:

128

3.6

G3P3-KSA Risk Assessment and Mitigation Plans

Table 3-7 provides a list of the potential risks in executing the project. The table
also includes the level of severity of the risks and how our team plans to mitigate them.
Table 3-7. Project Risk Assessment and Mitigation Measures
Risk

Severity

Lead times of critical
components are longer
than anticipated

High

Site access procedures
are delayed

Low

Actual DNI data differ
from
satellite
data,
causing actual system
capacity to be less than
anticipated

Medium

Negotiations with EPCC*
take
longer
than
anticipated

High

Severe weather delays
construction

Low

Development of turbine
of choice is delayed, and
turbine is not available

Medium

Component
prices
change
and
EPCC
demands a “variation
order”

Medium

COVID-19
or
other
pandemics can delay the
project progress

Low

Mitigation Measure
For each critical component, several potential suppliers will
be contacted (possibly in a competitive bid process) to ensure
that alternative suppliers with shorter lead times are available
as needed. In extreme cases, simpler technological
alternatives can be substituted until the critical components
become available with little effect on preliminary project
objectives.
Site access requests will be submitted very early in the
project. SEC management will oversee this process to ensure
expedient clearance.
DNI data will be recorded and analyzed prior to project award
such that any changes to capacity will be captured and
included by the time of Design Review 1. Design assumes a
solar multiple of around 2.0, so the system should still function
well even with greatly reduced DNI. Only the amount of
energy stored is affected, and special runs can be made to
emphasize and test energy storage.
Prior to project award, SEC will contact multiple EPCCs, sign
MOUs with them with clear scopes of work. If negotiations
with the EPCC of choice are delayed, SEC will immediately
switch to other EPCCs
Advance weather forecasting will be incorporated into the
project management plan to dynamically re-allocate human
resources to mitigate any loss of time. There is little evidence
of long duration bad weather in this location.
A multiple of smaller (but off-shelf) turbines can be
substituted. Platform design will be modified accordingly, and
electrical connection to the local grid will also be revisited
accordingly. In extreme cases, simpler technological
alternatives, such as temporarily running a compressor only,
can be substituted until the critical components become
available with little effect on preliminary project objectives.
Project budget includes contingency to absorb potential price
increases.
Current developments are making this problem unlikely, and
our working conditions will be optimized to limit spread in our
work force. SEC and EPCC will monitor national and local
conditions and schedule work and tasks to prevent or mitigate
spread of infection. For example, manual workers may be
asked to stay on or near site until their tasks are completed
and when possible prevented from returning to the site or
quarantined after absenting themselves from site.

* EPCC: Engineering, procurement, and construction contractor (has not been
determined yet)
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4
4.1

Market Adoption Strategy
Status of Renewable Energy and CSP in the GCC

All GCC countries have ambitious plans to increase renewable energy penetration
to have a sizeable contribution of renewables in the energy mix. The following is a brief
overview of renewable energy deployment plans in individual GCC countries which have
clear interest in CSP:
Saudi Arabia
The target is to generate 58.7 GW of electricity from renewable energy by 2030
[1], 40 GW from PV, 16 GW from wind, and 2.7 GW from CSP. The Ministry of Energy,
which tenders renewable energy projects under IPP/PPA arrangements, already went
announced three rounds of tenders since 2017, the combined capacity of which are 2.97
GW of PV and 400 MW of wind [2-4]. To date, there are two operational parabolic trough
systems that are used to provide steam to an integrated solar combined cycle power
plants. For power generation applications, CSP tenders are expected to be announced in
2022.
United Arab Emirates (UAE)
The UAE currently has 413 MW of PV and 100 MW of CSP in operation. By the
end of 2022, additional phases will add 1.75 GW of PV and 700 MW of CSP [5]. The
Dubai Electricity and Water Authority (DEWA) expects future phases to reach 5 GW by
2030 [6]. It is not clear what role CSP will play in future phases, but based on the most
recent trends, it is expected to be minimal (<500 MW).
Kuwait
By the end of 2018, the total installed renewable energy capacity in Kuwait was 79
MW, 19 MW from PV, 50 MW from CSP, and 10 MW of wind. According to IRENA, it is
estimated that Kuwait will add 1 GW of CSP, 6.8 GW of PV, and 200 MW of wind by 2030
[7]
Oman
Since 2015, Oman had adopted the use of concentrating solar thermal technology
for enhanced oil recovery (EOR) with a 7 MWth pilot facility. Plans were underway for a
1 GWth EOR facility. However, liquidation of the technology provider forced the project to
be downsized to around 300 MWth [8]. According to IRENA, it is estimated that Oman will
add 770 MW of CSP, 3.41 GW of PV, and 1.21 GW of wind by 2030 [7].
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4.2

Market Need for CSP from a Utility’s Perspective

As the largest national utility in Saudi Arabia, SEC’s lauds the government’s
ambitious plans to deploy renewable energy plans and believes that they help the
country’s energy diversification and carbon emissions reduction efforts. In the meantime,
the large proportion of PV and wind power generation will come with some challenges.
These challenges become more significant as PV and wind power penetration steadily
increases over the next ten years. One of the challenges is the unpredictable
intermittency of PV and wind due to sudden weather changes, such as passing clouds or
variable wind speeds. This intermittency requires advanced forecasting methods to be
embedded in the grid control strategy.
The second challenge relates specifically to PV, where the peak generation occurs
at solar noon while peak demand occurs much later in the afternoon or even in the
evening time. This disparity between peak PV generation and peak electricity demand
forces grid operators to ramp up other generation methods (usually fossil-fuel plants) very
quickly to compensate for the diminishing PV generation. For example, assuming that
peak demand in 2030 will reach 100 GW during the summer, the PV power contribution
would amount to about 40% of the peak demand. Figure 4-1 shows how the energy mix
will be on a typical summer day in 2030. This figure is based on the assumption that the
normalized hourly load variation pattern remains similar to the current pattern (as of the
2019) [9]. As the electricity generation from PV starts dropping after solar noon,
generation from fossil fuels needs to be ramped up at an average rate of 5.55 GW per
hour for the next 7 hours. This poses a huge challenge for SEC and other operators.

Figure 4-1. Expected load profile and energy mix in 2030

One of the solutions to this issue is to increase the share of CSP with thermal
energy storage (TES) in the energy mix. The ability of CSP systems to store thermal
energy for long hours means that CSP generation can be dispatched on demand. This
way, CSP can help reduce the ramp-up rate of fossil fuel plants since CSP can be
dispatched on demand during the challenging ramp-up period. Figure 4-2 shows a
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scenario in which CSP penetration is significantly increased and the ramp-up rate
significantly reduced from 5.5 GW/hour to 2.1 GW/hour.

Figure 4-2. Possible load profile and energy mix in 2030 with higher CSP penetration

Another important scenario where CSP can play a critical role is in off-grid
locations in the Kingdom. Off-grid power generation in Saudi Arabia is estimated to have
a peak of approximately 540 MW, and it is mostly concentrated in the regions of Rafha
and Sharura. Due to the fact that the majority of the load in those two regions is residential
and commercial, the load profiles show that peak loads occur in the late afternoon and in
the evening, much later than when peak solar radiation occurs. Furthermore, since these
locations are off-grid, the energy sources serving them must be flexible to dispatch power
on demand. Therefore, in order for renewable energy penetration in these locations to be
successful, energy storage is paramount and, currently, CSP is the only renewable
energy technology that offers energy storage at a reasonable cost. More details about
this market need is explained later.
A third scenario in which CSP can be highly beneficial is to serve the auxiliary
loads within SEC’s power plants. As of 2019, auxiliary loads in SEC’s power plants
constituted approximately 4.7% of the gross electricity generation, which amounts to a
1.4-GW market. This application is particularly suited for CSP because auxiliary loads are
present around-the-clock, and CSP can easily match the auxiliary load profiles in power
plants. Again, more details about this market need is explained later.
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4.3

SOLENCORP: A Joint Venture Enabling Particle-Based CSP in the GCC

SEC envisions the innovative technology which will be demonstrated in the G3P3KSA project to be the seed upon which a joint venture company is established. This
venture will be based on the pillars of homegrown innovation, local manufacturing, and
strategic partnership with leading international corporations. These tenets are perfectly
aligned with the nation’s Vision 2030, which emphasizes fostering innovation and
technology localization. In this report, this new joint venture is generically referred to as
“SOLENCORP”. With the funding for developing this technology in the past coming from
SEC and King Saud University (KSU), the initial shareholders will be SEC and Riyadh
Valley Company (RVC), which is KSU’s investment arm. RVC had already invested in a
feasibility study for establishing SOLENCORP, and the outcomes were very encouraging.
The study recognized that many of the components have reached high TRLs, but it also
recognized that the integrated system needs to be tested at near-commercial scale, and
the recommendation was to ensure that the integrated system be close to the
commercialization level (TRL 8 or above) in order for SOLENCORP’s launch to be
successful.
It is important to note that there are other potential stakeholders who have
demonstrated interest in investing in SOLENCROP, namely Saudi Aramco, SABIC, and
Taqnia Energy. We would welcome expanding ownership of the company in the future
based on the value that each stakeholder adds to the company. We also equally welcome
investment from foreign stakeholders, provided that foreign investment brings valuable
know-how to the company.
4.4

Business Model

SOLENCORP will be a technology company whose primary assets are the
enabling KSU patents for which it will have exclusive licenses, as well as the vast
experience of its core R&D team. Those assets are listed below:





Exclusive license for obstructed flow particle heating receiver patent [10]
Exclusive license for particle lift system patent [11]
Twelve years of experience with building thermal energy storage (TES) bins
Track record of the core R&D team in generating and protecting IP

With these assets, SOLENCORP will build its business on two main revenue streams:
1. Design and delivery of critical components
2. Consulting services
The following is a brief description of the mechanisms by which revenue will be generated:
4.4.1 Design and Delivery of Critical Components
This business stream will be based on the following steps:


In-house design of critical components for which SOLENCROP holds exclusive
rights, namely:
o The particle receiver
o The particle lift
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Outsource manufacturing of those components to world-class Saudi
manufacturers
Deliver the components to the customers and supervise installation and
integration

4.4.2 Consulting Services
In this business stream, SOLENCORP will provide consulting services to EPC
contractors and/or project developers who need the core R&D team’s know-how. This
mainly includes (a) designing TES bins, and (b) modeling of overall system performance.
There are a number of advantages to this business model:


Outsourcing manufacturing reduces the start-up risk on SOLENCORP by avoiding
establishing full-fledged manufacturing facilities from the beginning and preserving
valuable capital to more critical operations.



Avoiding in-house manufacturing makes SOLENCORP strictly a technology
provider, which means that the human resources needed are significantly reduced
and focused on highly-skilled design engineers.



Outsourcing manufacturing is well adapted to the Saudi local market, since it
capitalizes on the existence of world-class Saudi companies who can build vital
components. In this sense, SOLENCORP would be an enabler for those
companies.



Being a technology provider reduces liabilities on the company since the company
does not interface directly with plant owners in some types of contracts, as will be
explained later.

4.4.3 Potential Customers
SOLENCORP target customers will vary by the addressable markets that are
mentioned later in Section 4.6. In general, there are three potential markets:


Power generation projects through power purchase agreements (PPA) solicited by
the Renewable Energy Project Development Office (REPDO) and similar
authorities in the GCC



Off-grid power generation projects for SEC



Auxiliary power generation projects for SEC

Table 4-1 shows a list of potential types of customers for each of the three markets,
as well as potential organization names
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Table 4-1. List of potential customers for SOLENCORP

Project Type

Customer Type

PPA Projects

Project
developers

Off-Grid Projects

EPC contractors











Auxiliary Power
Projects

EPC contractors






Potential Customer Names
ACWA Power
MASDAR
Alfanar Company
Al-Babtain Contracting
Company
Al-Toukhi Company
Almabani General
Contractors
ABENER
Initec Energia
Al-Babtain Contracting
Company
Al-Toukhi Company
Almabani General
Contractors
ABENER
Initec Energia

However, regardless of the type of projects or customers, the business
opportunities for SOLENCORP will be similar, since both project developers and EPC
contractors who build particle-based CSP systems will need the products and services
offered by SOLENCORP.
In addition, SOLENCORP will have the unique advantage of providing critical
components that are built locally, a requirement that is becoming increasingly stringent
by REPDO for PPA projects. Increased local content is also becoming SEC’s policy
through its BENA Program, in which case it will be applicable to particle-based CSP
projects in SEC’s off-grid locations and for covering auxiliary power demand in existing
plants. Therefore, SOLENCORP’S products and services will be especially attractive to
both project developers and EPC contractors since they fulfill a large portion of their local
content mandates.
4.4.4 SOLENCORP’s Relationship with Other Stakeholders
In addition to project developers and EPC contractors, there are other major
stakeholders with whom SOLENCORP will interact. The following is a preliminary list of
those stakeholders and SOLENCORP’s relationship with them:


Manufacturers: SOLENCORP will sign agreements with leading manufacturers to
build receivers, heat exchangers, and particle lift components.



Saudi Standards, Metrology, and Quality Organization (SASO): Certification
for locally built parts such as heat exchangers, skips, hoppers, etc. will need to be
obtained from SASO



National Industrial Development & Logistics Program (NIDLP): SOLENCORP
will be registered with NIDLP to help promote its locally manufactured products
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and to secure loans to support the company’s operations.


4.5

REPDO: The company will engage with REPDO to highlight the importance of CSP
in general and particle-based CSP in specific by providing details about the
superior performance and economics of reference projects in which SOLENCORP
supplied critical components.
Value Proposition

SOLENCORP’s value proposition is that it provides CSP project developers and
contractors with disruptive products and services that help them secure contracts
in Saudi Arabia and the GCC by being able to offer record-breaking levelized costs
of energy and high local content.
By offering project developers and EPC contractors components and services that
serve particle-based CSP projects, SOLENCORP is overcoming five critical
disadvantages of molten-salt-based CSP:


High receiver cost



High power block cost



High thermal energy storage cost



High operation and maintenance cost

SOLENCORP’s products and services address these disadvantages as follows:


Receiver: patent-protected obstructed-flow particle receiver is 90% less
expensive than a molten salt receiver, and the refractory receiver is more damageresistant than molten salt receivers known to be delicate and subject to thermal
damage especially during startup



Power block: a particle-based CSP systems operates with a gas turbine which
does not require a heat rejection system, making the power block cost at least 40%
less expensive than a steam turbine linked to a molten salt system.
SOLENCORP’s receiver design enables the operation at high temperature which,
in turn, enables operation with a gas turbine



Thermal energy storage: particle-based CSP makes storage about 70% less
expensive than storage in molten salt. SOLENCORP’s know-how enables
customers to build storage bins that can achieve these savings.



Maintenance cost: particle-based CSP eliminates the maintenance needs for
expensive corrosion-resistant piping and heat tracing. Furthermore,
SOLENCORP’s patent-protected receiver and particle lift offer superior robustness
and reliability that require less maintenance than their counterparts in molten-salt
systems.

To add to our customers’ confidence in our proposed solution, it is important to
note that our team has gone through two previous development phases, (a) proof-ofconcept phase and (b) de-risking phase. Both phases are explained in detail in Section 0
of this report, but a brief summary of the outcomes of those two phases is provided below
for convenience and to emphasize their relevance to SOLENCORP’s value proposition.
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4.5.1 Proof of Concept Phase
The obstructed flow particle heating receiver was tested at Riyadh Techno Valley
KSU’s 300 kW(th) test facility from 2015 to early 2016, as well as at the National Solar
Thermal Test Facility at Sandia National Laboratories. Building and testing the integrated
system solar-air-Brayton system was done between late 2016 and 2018 with SEC
sponsorship. Results of this proof-of-concept phase were very encouraging. A large
temperature rise was achieved (about 200°C) and a high peak temperature was also
achieved (about 720°C) despite the very small heliostat field size, the small receiver size,
and the fact that the receiver was exposed to the wind. Operation from thermal energy
storage was also demonstrated after the solar field was shut down, and decreased
dependence on fossil fuel after system start-up was documented.
4.5.2 De-Risking Phase
Since the conclusion of the proof-of-concept phase, the research team has been
working continuously on eliminating all the deficiencies observed in the previous phase,
an effort that the team refers to as “de-risking”. With the conclusion of the de-risking
phase, we were able to prepare a preliminary design that provides reliable long-term
operation and retires the primary risks associated with this technology's deployment in a
commercially sized plant. All the key innovations and risk-mitigation measures have been
carefully incorporated in the design to increase receiver efficiency, reduce heat losses
through low-cost particle conveyance and particle storage systems, increase heat transfer
coefficients and durability in particle heat exchangers, reduce particle wear and heat
losses in all components, and lowering costs to achieve an LCOE of $0.06/kWh.
4.6

Addressable Market

As mentioned in Section 4.4.3 above, there are three business opportunities for
SOLENCORP, namely (a) PPA projects solicited by REPDO and similar authorities, (b)
off-grid power generation projects for SEC, and (c) auxiliary power generation projects
for SEC. The following subsections discuss the addressable market for each opportunity.
4.6.1 PPA Projects
SOLENCORP can provide innovative products and engineering services to CSP
developers worldwide. The International Energy Agency (IEA) forecasts that the CSP
market will grow to about 184 TWh by 2030 [3]. The International Renewable Energy
Agency (IRENA) estimates that CSP capacity will exceed 300 GW by 2050 [4]. Even if
SOLENCORP considers only the GCC as its addressable market, there is an opportunity
of about 5 GW by 2030 as Section 4.1 explains.
It is assumed that once the G3P3-KSA is operational, interest from REPDO and
renewable energy regulators in other GCC countries will rapidly grow in particle-based
CSP. Therefore, it is conservatively estimated that one particle-based CSP project will be
awarded every year. The first logical commercial size is 26.5 MWe, which corresponds to
the capacity of GE’s Frame 5C, a turbine that is available in the Saudi market and was
designed with a provision for recuperation. It is also conservatively estimated that each
subsequent project will continue to be 26.5 MWe over the next 10 years such that
regulators can help improve the bankability of the technology. Therefore, it is estimated
that SOLENCORP can contribute to a total of 265 MWe of PPA projects over 10 years,
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making its share of the GCC CSP market size approximately 5%.
4.6.2 Off-Grid Projects
SOLENCORP can play a major role in providing cost-effective alternatives to
expensive diesel-based electricity generation in off-grid locations. Installed capacity of
off-grid power generation within SEC’s network is approximately 540 MWe and peak offgrid power generation was approximately 468 MWe in 2019 [6]. Off-grid generation is
mostly concentrated in the regions of Rafha and Sharura. As Figure 4-3 shows, the daily
load profiles in these two regions show distinctive peaks in the late afternoon and in the
evening, much later than when peak solar radiation occurs. This is due to the fact that the
majority of the load in those regions is residential and commercial. For this reason, long
thermal energy storage hours are necessary, which make CSP the only economically
viable renewable energy solution for these regions today.

Figure 4-3. Normalized summer load profile in Rafha and Sharurah

For off-grid locations, a nominal plant size of 26.5 MWe (similar to the first business
opportunity) is not practical, since most off-grid locations have significantly smaller peak
load demand. It is therefore recommended to limit each plant size to 4.6 MWe, which
corresponds to another commercially available recuperated gas turbine, namely Solar
Turbine’s Mercury 50.
It is conservatively assumed that SOLENCORP will supply products and services
to SEC’s EPC contractors for off-grid projects at a rate of one 4.6-MW plant per year, for
a total of 46 MWe over the next 10 years, making the company’s share of the off-grid
market approximately 9% as well.
4.6.3 Auxiliary Power Projects
SEC’s existing power plants have huge auxiliary load demands. Those demands
include (but are not limited to) pumps, compressors, fans, lighting, and HVAC. Table 4-2
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shows the gross electricity generation, auxiliary electricity consumption, and net electricity
generation in each region of SEC’s network in 2019 (Note: this information is
confidential and it is provided to DOE for internal use only).
Table 4-2. Auxiliary power consumption in SEC’s power plants in 2019

Region

Gross Generation
(TWh)

Net Generation
(TWh)

48.47
74.69

Auxiliary
Consumption
(TWh)
1.13
4.93

Central
Western
Eastern
Southern
Total

46.91
21.51

1.75
1.29

45.16
20.22

191.58

9.1

182.48

47.34
69.76

The table shows that auxiliary consumption represents approximately 4.7%. With
the capacity factor of the national electricity network being approximately 52% and SEC’s
installed capacity being 55.3 GW in 2019 [6], it can be concluded that the average
auxiliary power demand in SEC’s power plants is about 1.4 GW. This value represents
the addressable market for this business opportunity.
For this opportunity, the nominal plant size would be similar to the PPA business
opportunity, namely 26.5 MW. Once more, it is conservatively assumed that
SOLENCORP will supply products and services to SEC’s EPC contractors for auxiliary
power projects at a rate of one 26.5-MW plant per year, for a total of 265 MW over the
next 10 years, making SOLENCORP’s share of the auxiliary power market approximately
19%.
4.6.4 Summary of SOLENCORP’s 10-Year Business Forecast
Based on the calculations made above for the addressable market from the three
business opportunities available to SOLENCORP, Table 4-3 summarizes the 10-year
business forecast.
Table 4-3. SOLENCORP’s 10-year business forecast

Year
1
2
3
4
5
6
7
8
9
10
TOTAL

PPA
Projects
(MW)
26.5
26.5
26.5
26.5
26.5
26.5
26.5
26.5
26.5
26.5
265

Off-Grid
Projects
(MW)
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
46
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Auxiliary
Power Project
(MW)
26.5
26.5
26.5
26.5
26.5
26.5
26.5
26.5
26.5
26.5
265

Total
(MW)
57.6
57.6
57.6
57.6
57.6
57.6
57.6
57.6
57.6
57.6
576

4.7

Stakeholder Analysis and Engagement

4.7.1 SOLENCORP Customers and Off-Takers
As mentioned in Section 4.3 above, SOLENCORP is envisioned as a provider of
innovative components and specific engineering services for particle-based CSP
projects. Table 4-1 above provides good insight into potential customers based on the
type of project.
Regarding off-takers, it is important to note there is a fundamental difference in
SOLENCORP’s relationship with them based on the nature of the project. For PPA
projects (which are solicited primarily by REPDO), SOLENCORP will be providing
products and services directly to the off-taker, which happens to be the project developer
itself. However, for off-grid and auxiliary power projects SOLENCORP will not directly
interact with the off-taker, which is SEC in this case. Rather, SOLENCORP will supply
products and services to the EPC contractor selected by SEC.
4.7.2 Potential Project Sites
Project sites will differ based on project type. For PPA projects, sites are
determined by the relevant national authorities. For example, in Saudi Arabia, REPDO
determined that CSP PPA projects will be located mainly in the northwest, specifically in
Tabuk, Al Khanafah, and Tabarjal. For SEC’s off-grid projects, the locations are dictated
by the need to cover the load in two off-grid regions, namely Rafha (northern KSA) and
Sharurah (southern KSA). For SEC’s auxiliary power projects, in order for deployment of
particle-based CSP to be competitive, the best locations are power plants located in
western and northwestern KSA, where solar resource is highest. Therefore, some of the
recommended power plants are:









Green Duba ISCCPP
Waad Al-Shamal ISCCPP
Duba
Al-Wajh
Tabuk PP2
Rabigh 2
Rabigh Gas
Shoaiba

With the government’s ambitious plans to develop NEOM and the Red Sea, and
the emphasis on the use of sustainable energy resources, it is hoped that there will be
more allocation of PPA CSP projects in these regions such that additional potential project
sites will be selected.
4.8

Business Risk Assessment

As with any new venture, there are potential risks that can arise and affect the
business’s performance. However, with effective, prudent management and a deep
understanding of the local and regional market landscape, these risks can be mitigated
or completely averted. Table 4-4 lists some of the potential risks and the proposed
strategies to mitigate them.
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Table 4-4. Potential Business Risks and Risk Mitigation Measures
Risk

Type of Risk

Risk Level

Mitigation Measures

Difficulty recruiting
highly qualified
engineers and
supporting staff,
especially Saudis

Human
Resources

Medium

SOLENCORP will proactively attract young
engineers by providing sponsorship
programs to high-performing students, similar
to Saudi Aramco’s and SABIC’s programs.

First contract takes
too long to be secured

Financial

High

SOLENCORP will proactively lobby national
stakeholders to emphasize its high local
content such that the company will be on the
project developers’ and EPC contractors’
preferred vendor lists. In the mean time, the
equity injection by RVC will be large enough
to sustain the company’s operations for a
prolonged period of time.

Agreements with
preferred local
manufacturers are not
reached

Operational

Medium

Manufacturers can be recruited and qualified
during demonstration project. Many suppliers
already work with local fabricators.

Some sensitive parts
are subject to export
control and cannot be
imported

Political /
Technological

Low

Examples of most of the critical components
such as the turbine and heat exchanger have
been successfully imported. Local production
is anticipated for most components expect
the turbine and multiple sources exist for
turbines.

Environmental
concerns arise about
the effect of CSP on
avian mortality that
delays project and/or
operation

Environmental

Low

None of the preferred Saudi locations appear
to be on the paths of migratory birds as is the
case in western North America. There are
also new aiming strategies that minimize the
risk to wildlife.

Government revises
and reduces CSP
targets

Regulatory

Medium

Particle-based CSP does not require vast
scale of production as does PV.
Development can proceed profitably with
fewer plants until demand surely increases.

Foreign competitors
infringe on the
company’s IP

Competition

Medium

Project team will aggressively pursue new
patent protection and enforce existing IP
rights.
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5

Techno-economic Analysis

As Section 4 indicates, it was found that there are a number of opportunities in the
GCC for which a plant size of 26.5 MW would be ideal due to the presence of GE’s Frame
5C in the local fleets. As mentioned earlier, this model is adaptable to recuperation, and
it operates at a relatively low pressure ratio (8.8) that makes heat exchanger design
easier, and it also operates at a relatively low firing temperature (966°C) that makes
reaching a very high solar contribution possible. Therefore, this plant size will be the
design baseline, such that moving to larger capacities (e.g. 100 MW) will be done by
having multi-tower systems, each of which has a capacity of 26.5 MW.
In the mean time, it should be noted that, even though moving to a larger singular
100 MW tower exhibits benefits of economies of scale, those benefits are not too
significant for the hybrid air-Brayton system for two of the critical components, namely the
power block and the heat exchanger. For the power block, the cost of gas turbines in
general is low, even at 26.5 MW. This means that additional reduction in gas turbine cost
(per kW) by going from 26.5 MW to 100 MW is not significant. For the heat exchanger,
the nature of the shell-and-tube heat exchanger design makes prospects for cost
reduction with larger scales rather limited.
This section explains in detail how the LCOE is calculated for a 26.5-MW particlebased CSP plant built in Saudi Arabia.
5.1

Model Inputs

5.1.1 Nameplate Capacity
As mentioned above, the nameplate capacity for the system will be 26.5 MW to
match the capacity of GE’s Frame 5C. The cycle efficiency with recuperation is 36.4% [1].
5.1.2 Storage Hours and Solar Multiple
According to [2], the lowest LCOE for a particle-based CSP system can be
achieved at a solar multiple of 3.0 and with 16 hours of thermal energy storage. Since
some of the design parameters in the cited study are somewhat different from ours, we
started the study with the same solar multiple and storage, but eventually found that the
lowest LCOE in our case was achieved with a solar multiple of 3.1 and 15 hours of
storage. Therefore, this study is based on the latter parameters.
5.1.3 Field Layout
Due to the high incident thermal power on the tower, we decided to consider a
multiple cavity design, similar to the design adopted by SNL. This design ensures a more
compact solar field than in the case of a single, north-facing cavity. It also keeps the tower
height more manageable. In the mean time, we also wanted to avoid using the southern
side since the optical efficiency is low and, more importantly, because the southern side
of the tower will be occupied by the particle lift system. As a result, our choice was to
have a solar field that extends to 250° and serves three cavities.
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5.1.4 Field Optimization Method
One of the challenges of estimating the LCOE is the fact that the tower cost in
Saudi Arabia can be considerably lower than the cost predicted by NREL’s tower cost
model in SolarPILOT and SAM due to the lower local material and labor costs. In order
for SolarPILOT and SAM to optimize the tower height for the minimum LCOE in Saudi
Arabia, a local tower cost model is needed, and such a model does not exist. Therefore,
we used the following four-step approach:
1. Optimize the solar field starting with NREL’s default tower cost model to obtain a
tower height.
2. Prepare a preliminary design for the tower based on the height calculated in Step
1.
3. Based on that preliminary design of the tower, obtain estimates from vendors,
contractors, and/or the literature to come up with a tower cost that reflects local
conditions.
4. Run SolarPILOT and SAM again to obtain an updated field layout based on the
tower height from Step 1 and the cost from Step 3, and calculate the LCOE.
Based on this method, the optical tower height for the north-facing cavity was found
to be approximately 120 m. Figure 5-1 shows the final field layout.

Figure 5-1. Heliostat field layout for the techno-economic study
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5.1.5 Site preparation
According to the preliminary field layout shown above, the total reflective surface
area was found to be 482,000 m2. Since calculating site preparation cost in detail requires
knowledge of site-specific information, we will rely on NREL’s estimate of $16/m2.
Therefore, the total site preparation cost is assumed to be $7,712,000.
5.1.6 Heliostat Field Cost
As per guidance from DOE’s downselection criteria document, a cost of $75/m2 is
assumed. Therefore, the total heliostat field cost will be $36,150,000.
5.1.7 Tower Cost
Figure 5-2 shows the preliminary tower design which was developed in Step 2 of
the above-mentioned field optimization approach.
One of the unique features of the tower design is that it allows the cold TES bin to
rest on the foundation. This has two advantages. First, the tower will not bear the load of
the weight of the tank and the particles it contains. Second, by keeping the cold TES bin
on the ground, it is also possible to keep the turbine on the ground since the distance
between the heat exchanger (which is directly above the cold TES bin) and the turbine
will be relatively small and the heat loss will accordingly be small as well.
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Figure 5-2. Preliminary tower design
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The main cost components of the tower itself are shown in Table 5-1, along with
the quantities (if applicable) and the local cost. These costs are obtained from local
contractors and they include all material and labors costs.
Table 5-1. Tower cost breakdown
Cost item

Quantity

Unit
cost

Total item
cost*

Reinforced concrete for tower shell, hot TES bin
platform, heat exchanger platform, and tower
foundation

11,500 m3

$400/m3

$4,600,000

Soil survey, soil preparation, and 1,000 m3 of blinding
concrete

N/A

N/A

$240,000

Excavation and insulation around foundation perimeter

3,000 m3

$80/m3

$240,000

Exterior wall finishing and staircase

N/A

N/A

$720,000

Manlift, electric connections, and fire-suppression
system

N/A

N/A

$960,000

TOTAL $6,760,000

* All numbers are rounded to the nearest thousand dollars
5.1.8 Receiver
Based on our model, the nominal thermal power absorbed by the three receivers
is approximately 235 MWth, while the average design flux on each receiver is
approximately 430 kW/m2. Therefore, the total receiver area will be about 550 m2. Table
5-2 shows a breakdown of the cost of the receiver. All costs for Items 1 through 6 and
Item 10 are based on vendor quotes and include labor, whereas Items 7 through 9 are
based on engineering estimates. It should also be noted that, for this large-scale
commercial system, thermal cycling may cause a lining material such as Tuffcrete 60M
to crack over time. Therefore, a high-temperature firebrick coating is used instead to coat
the firebrick lining the receiver panels as well as the firebrick lining the TES bins (as will
be shown next).
Table 5-2. Receiver cost breakdown
Quantity

Unit cost

Total item
cost*

WHIPOX® plates for flow obstruction

366 m2

$5,000/m2

$1,830,000

2

Insulating firebrick (used as a lining material)

63 m3

$1090/m3

$69,000

3

High-temperature firebrick coating

550 m2

$44/m2

$24,000

4

Perlite concrete wall padding (200 mm thickness)

110 m3

$500/m3

$55,000

Item

Cost item

1
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5

Expansion board (25 mm thickness)

550 m2

$13/m2

$7,000

6

Reinforced concrete back wall (150 mm thickness)

83 m3

$400/m3

$33,000

7

SS316 feeding hoppers and pipes

27,500 kg

$8.7/kg

$239,000

8

Inconel 600 discharge cones and pipes

2,200 kg

$59/kg

$130,000

9

Slide gates and flow regulation instrumentation

18

$20,000/ea

$360,000

10

Insulating firebrick (to support pipes and hoppers)

250 m3

$1090/m3

$273,000

11

System integration cost (30% of Items 1-10)

N/A

N/A

$906,000

TOTAL

$3,926,000

* All numbers are rounded to the nearest thousand dollars

5.1.9 Thermal Energy Storage
In the 26.5-MW system, each of the hot and cold TES bins has an effective height
of about 27.2 m, with an inner diameter of 18.6 m. Table 5-3 shows a breakdown of the
cost of building the two TES bins.
Table 5-3. TES cost breakdown
Item

Cost item

Quantity

Unit cost

Total item
cost*

1

Insulating firebrick (150 mm thickness)

477 m3

$1090/m3

$520,000

2

High-temperature firebrick coating

3,180 m2

$44/m2

$140,000

3

Perlite concrete wall padding (700 mm
thickness)

2,240 m3

$500/m3

$1,120,000

4

Expansion board (25 mm thickness)

3,180 m2

$13/m2

$41,000

5

Scaffolding rental

N/A

N/A

$250,000

6

Crane rental

N/A

N/A

$215,000

7A

Option A: Silica sand 40/70

5,700 m3

$85/m3

$485,000

7B

Option B: CARBOBEAD CP 40/70

5,700 m3

$691/m3

$3,937,000

TOTAL

OPTION A

$2,771,000

TOTAL

OPTION B

$6,223,000

In this table, two options for particulate materials are considered. Option A is to
use silica sand, and Option B is to use CARBOBEAD CP. Even though the cost of silica
sand is clearly lower, the cost per unit of thermal energy is $2.18/kWh and $4.88/kWh,
respectively. This is based on the fact that the thermal energy stored is 1.274 GWh. Both
costs are very low, thanks mostly to the inexpensive masonry materials that are used to
build the containments.
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5.1.10 Balance of Plant
For a particle-based CSP system, there are three main cost items to be included
in the balance of plant category:




Particle-to-fluid heat exchanger
Particle lift
Power piping

The following subsections explain how the cost was estimated for each item.
5.1.10.1

Heat Exchanger

As mentioned earlier, a shell-and-tube heat exchanger design will be used. The
design, made by Solex Thermal Science (STS), is a vertical tube type with particles
flowing on the tube side and air flowing on the shell side. We requested a budgetary quote
from STS for the following conditions:








Thermal duty: 73 MWth
Operating pressure: 8.8 bar absolute
Particle inlet and exit temperatures: 980°C and 530°C
Air inlet and exit temperatures: 470°C and 920°C
Particle mass flow rate: 135 kg/s
Air mass flow rate: 143 kg/s
Heat exchanger material: Incoloy® 800H

Since Frame 5C’s firing temperature is 966C, this arrangement allows a solar
contribution of 91%.
Based on these design parameters, the quote estimated that the lowest cost would
be on the order of $600/kWth, thereby making the total cost of the heat exchanger
$43,800,000. With the cycle efficiency being 36.4%, that cost would translate to about
$1648.4/kWe, which is adjusted to $1483.6/kWe to be based on gross output (29.44 MW)
rather than net output. This cost is very high, but it is due to the fact that the heat transfer
coefficient on the air side is low and the that the heat exchanger needs to be fabricated
from a special high-temperature alloy (Incoloy® 800H).
Another option is to reduce the solar contribution to 80% such that the maximum
air and particle temperatures are reduced to 867°C and 927°C, respectively. It is
estimated that switching to a less expensive alloy would reduce the cost to $500/kWth,
thereby making the total heat exchanger cost $36,500,000, which would translate to about
$1236.2/kWe (after adjustment to gross power output). The impact of both options on
LCOE will be assessed in Section 5.2.
5.1.10.2

Particle Lift

The particle lift for this plant is skip hoist system since it features superior efficiency
and minimal heat loss. The cost analysis of the skip hoist particle lifts is shown in Table
5-4. The equipment cost is based on cost models developed in [3] which are derived from
characteristic properties of each component such as capacity of the electric motor or the
rope diameter which directly influences the size of the hoist. The labor and material ratio
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is based on well-established values found in industry literature and through experience
[4,5]. The labor and material costs account for the needs during installation. In addition to
this cost the material and labor for instrumentation and system integration is also
estimated.
Table 5-4. Cost Analysis for Particle Lift Design [1] (L&M = Labor & Material).
Item

Cost item

Cost

1

Electric Motor

$15,000

2

Reducer

$49,000

3

Bearing

$50,000

4

Hoist

$249,000

5

Brakes

$5,000

6

Rope

$47,000

7

Skip

$147,000

8

Variable Frequency Drive

$136,000

9

Olds Elevator

$32,000

10

Material for installation of Items 1-9 (8.4%)

$61,000

11

Labor for installation of Items 1-9 (5.6%)

$41,000

12

Material for instrumentation and system integration
(30% of Items 1-9)

$219,000

13

Labor for instrumentation and system integration
(45% of Item 11)

$99,000

TOTAL

$1,150,000

Based on this analysis, particle lift will cost $43.4/kWe, which is adjusted to
$39.1/kWe to be based on gross output (29.44 MW) rather than net output.
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5.1.10.3

Power Piping

Since the preliminary design keeps the turbine on grade level, long pipe runs are
expected from the turbine to the heat exchanger, as shown in the lower right of Figure
5-3.

Figure 5-3. East view of the tower showing runs of power piping between the turbine and
the heat exchanger.

Since the temperatures of air flowing through the pipes are high, and to minimize
the cost of piping, it was deemed best to use internally insulated pipes. This way, the
body of the pipes can be made of SS316 rather than a super alloy. Our calculations take
into account minimizing pressure drop such that it remains less than 1% of compressor
outlet pressure. Based on these calculations, the two pipe runs will be identical in
structure and will consist of 48” SS316 pipes. Each pipe run will have an internal 6”-thick
high-temperature insulation layer. The inner side of this layer will be internally wrapped
with an Inconel 600 lining which serves as a shield. As such, the inner diameter through
which air will flow will be 36”. The low-temperature pipe run was calculated to be 71 m
long, and the high-temperature pipe run was calculated to be 92 m long. Table 5-5 shows
the cost breakdown for these pipes.
Based on this analysis, the power piping will cost $44.4/kWe, which is adjusted to
$40/kWe to be based on gross output (29.44 MW) rather than net output.
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Table 5-5. Power piping cost breakdown
Item

Cost item

Quantity

Unit cost

Total item
cost*

1

Inconel 600 shielding liner

468 m2

$850/m2

$398,000

2

High-temperature insulation

83 m3

$2,900/m3

$241,000

3

SS316 pipe

30,600 kg

$8.7/kg

$266,000

4

Installation cost (30% of Items 1 to 3)

N/A

N/A

$272,000

TOTAL

5.1.10.4

$1,177,000

Summary of Balance of Plant Cost

Table 5-6 summarizes the balance of plant cost presented in Sections 5.1.10.1
through 5.1.10.3.
Table 5-6. Summary of balance of plant costs
Cost per kWe
Item

Cost item

91% solar
contribution

80% solar
contribution

1

Heat exchanger

$1483.6

$1236.2

2

Particle lift

$39.1

$39.1

3

Power piping

$40

$40

$1562.7

$1315.3

TOTAL

5.1.11 Power Block
The power block consists of the GE Frame 5C gas turbine retrofitted with a
recuperator. Information about the cost of GE’s Frame 5C is scarce. However, there was
some guidance from two sources [6,7]. The estimate from the first source shows that the
cost is $406/kW, but it is based on a curve fit for a large number of gas turbines ranging
in size from microturbines (~1 MW) to 340 MW. The latter shows that the cost is $271/kW.
Therefore, an average cost of $339/kWe is used. Regarding the recuperator, SEC has
been in contact with a US-based recuperator manufacturer, and their quote shows a cost
of $187/kWe. Therefore, the overall cost is $526/kWe, which is adjusted to $473.4/kWe
to be based on gross output (29.44 MW) rather than net output.
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5.1.12 Operation and Maintenance Cost
One of the main advantages of particle-based CSP with an air-Brayton turbine is
the significant reduction in O&M cost compared to a molten salt CSP system of the same
size. This is due to a number of reasons:


Reduction in maintenance of piping and pumping equipment



Reduction in components related to heat rejection from the power block due to the
use of a gas turbine instead of a steam turbine



Lack of need for heat tracing and freeze protection

Assessing the actual reduction in O&M cost is challenging, but we made a
conservative estimate that particle-based CSP will reduce O&M cost by 40% compared
to molten salt. Starting from NREL’s estimates of $66/kW-yr and $3.5/MWh for the fixed
cost by capacity and the variable cost by generation, respectively, our estimates will be
$40/kW-yr for the fixed cost and $2.1/MWh for the variable cost.
Finally, current fossil fuel costs in the GCC are subsidized, and their inclusion (as
is) in the analysis would provide a false impression, especially since GCC governments
have plans to remove those subsidies gradually in the next few years. Therefore, our
analysis is based on the market price of natural gas as of early January 2021, which is
taken to $2.5/MMBTU.
5.1.13 Financial Parameters
Financial parameters were taken from DOE’s downselection criteria document.
The only exception is that income tax rates were set to zero, since GCC countries do not
have income tax
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5.2

LCOE Analysis

Based on all the inputs mentioned above, SAM was used to estimate the LCOE
for four cases, which are divided into two groups. The first group is based on a particleto-fluid heat exchanger capable of making a 91% solar contribution, while the second
group is based on a heat exchanger capable of making an 80% solar contribution. Within
each group, a case was run for TES using silica sand as the storage medium and another
case was run for TES using CARBOBEAD as the storage medium. Table 5-7 provides
the results of those four simulations. It should be noted that all four cases show a capacity
factor of 82.5%.
Table 5-7. LCOE analysis results (all dollar amounts are in thousands of US dollars)
Cost Item
Site improvement
Heliostat field

Unit Price
$16/m2
$75/m

2

91% Solar Contribution

80% Solar Contribution

Silica Sand

CARBOBEAD

Silica Sand

CARBOBEAD

7,712

7,712

7,712

7,712

36,150

36,150

36,150

36,150

Tower structure

N/A

6,760

6,760

6,760

6,760

Receiver cost

N/A

3,926

3,926

3,926

3,926

TES (with silica
sand)

$2.18/kWh

2,771

-

2,771

-

TES (w/
CARBOBEAD)

$4.88/kWh

-

6,223

-

6,223

HXer (91% solar
contribution)

$1483.6/kWe

43,800

43,800

-

-

HXer (80% solar
contribution)

$1236.2/kWe

-

-

36,500

36,500

$39.1/kWe

1,150

1,150

1,150

1,150

Power piping

$40/kWe

1,177

1,177

1,177

1,177

Power block

$473.4/kWe

13,939

13,939

13,939

13,939

Contingency

10%

11,739

12,084

11,009

11,354

Total direct cost

129,124

132,921

121,094

124,891

Indirect cost (EPC
and tax)

27,084

27,577

26,044

26,536

Total installed cost

156,208

160,498

147,138

151,427

Installed cost per
net capacity

$5,895/kWe

$6,057/kWe

$5,552/kWe

$5,714/kWe

LCOE

¢6.06/kWh

¢6.20/kWh

¢5.77/kWh

¢5.91/kWh

Particle lift

The results show that the hybrid solar air-Brayton system provides LCOEs either
below or very close to ¢6/kWh despite the huge penalty for the inefficient particle-to-fluid
heat exchanger. The very inexpensive receiver and thermal energy storage helped offset
the high cost of the heat exchanger. With ongoing research on particle-to-fluid heat
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exchangers, it is hoped that the cost of the heat exchanger will drop significantly in the
next few years. That drop will only make hybrid solar air-Brayton systems even more costeffective.
It is also interesting to note that the impact of the cost of particles is small, which
means that for a hybrid solar air-Brayton system, the type of particulate material is not a
deciding factor. That conclusion does not necessarily apply to a particle-based CSP
system using sCO2, since these systems use a significantly larger particle inventory due
to the smaller temperature difference across the receiver and the heat exchanger.
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