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ABSTRACT

A hybrid solar system including a hybrid solar collector using
non-imaging optics and photovoltaic components and a heat
transier and storage system in thermal communication with
the hybrid solar collector, the heat transier and storage system
using particle laden gas as thermal media to simultaneously
generate and store electricity and high temperature dispatch-
able heat.
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HYBRID SOLAR SYSTEM

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This mnvention was made with government support
under grant ARPA-E DE-AR0000464 awarded by the U.S.
Department of Energy (DOE). The government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] This mvention relates generally to a hybrid solar
system.

SUMMARY OF THE INVENTION
[0003] The hybnd solar system (HSS) according to a pre-

terred embodiment of this invention integrates a hybrid solar
collector (HS Collector) using non-imaging optics (NIOs)
and photovoltaic (PV) components with a heat transfer and
storage system (FITS System) using particle laden gas as
thermal media to simultaneously generate electricity and high
temperature dispatchable heat. The HS collector preferably
transforms a parabolic trough, commonly used 1n concen-
trated solar power (CSP) plants, into an integrated spectrum-
splitting device. This places a spectrum-sensitive topping
clement on a secondary retlector that i1s registered to the
thermal collection loop. The secondary reflector transmits
higher energy photons for PV topping while diverting the
remaining lower energy photons to the thermal media.

[0004] The subject invention preferably further utilizes the
spectral selectivity property of Galllum Arsenide (GaAs)
cells to maximize the exergy output of the system. The ther-
mal media 1s preferably comprised of fine particles of high
melting point, high thermal conductivity and, 1t desired, high
radiation absorptive material 1n a gas. The particle laden
thermal media not only increases direct solar radiation
absorption when used 1n a transparent receiver, but may also
allow operation up to the melting point of the solid particles.
It simultaneously increases thermal conductivity and heat
transier coellicient, and allows for effective storage of excess
heat 1n hot solid particles for later on-demand use. Depending,
on availability of suitable high temperature materials filtra-
tion technologies, this type of thermal media should be
capable of operating at high temperatures allowing further
expansion in the future to deliver high etficiency power.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] These and other objects and features of this mven-
tion will be better understood from the following detailed
description taken 1n conjunction with the drawings, wherein:

[0006] FIG. 1 1s a schematic of an integrated spectrum-
splitting solar collector (drawing 1s not according to dimen-
sion) according to one preferred embodiment of the iven-
tion.

[0007] FIG. 2 1s atlow diagram of an example hybrid solar
system process (assumes heat sink drops temperature to 100°
C.) according to one preferred embodiment of the invention.

[0008] FIG. 3 1s a schematic of a design of particles sepa-
ration, storage and feeding vessels (note the filters may could
be fabric, ceramic or cyclone depending on process needs)
according to one preferred embodiment of the 1nvention.
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[0009] FIG. 4 1s an example solar hybrid collector block
diagram according to one preferred embodiment of the mnven-
tion.

[0010] FIG. 5 1s a graph showing ray tracing results
wherein the right graph shows enlarged recerver area accord-
ing to one preferred embodiment of the invention.

[0011] FIG. 6 are off-axis ray tracing results according to
one preferred embodiment of the invention.

[0012] FIG. 7A 1s a perspective view schematic of an
example of the structure of a topping device according to one
preferred embodiment of the invention.

[0013] FIG. 7B 1s a front view schematic of the structure of
a topping device shown 1n FIG. 7A.

[0014] FIG. 8 1s a graph of percentage of radiation that
directly arrives on the secondary thermal receiver based on
the off-axis angle 1n simulation according to one preferred
embodiment of the mnvention.

[0015] FIG. 9 1s a graph of the reflectivity testing of GaAs
cell according to one preferred embodiment of the invention.
[0016] FIG. 10 1s a graph of the output and losses of the
topping device according to one preferred embodiment of the
invention.

[0017] FIG. 11 1s a graph showing the effect of particle
loading on heat transfer according to one preferred embodi-
ment of the mvention.

DETAILED DESCRIPTION

[0018] As described 1n greater detail below, the invention
generally relates to a hybrid solar system such as shown
schematically in FIG. 2. The hybrid solar system (HSS) 10
according to a preferred embodiment of this invention inte-
grates a hybrid solar collector (HS Collector) 20 using non-
imaging optics (NIOs) and photovoltaic (PV) components
with a heat transfer and storage system (HTS System) 30
using particle laden gas as thermal media to simultaneously
generate electricity and high temperature dispatchable heat.

[0019] According to a preferred embodiment of the mven-
tion, the HS collector 20 transforms a parabolic trough, com-
monly used 1n concentrated solar power (CSP) plants, into an
integrated spectrum-splitting device. This places a spectrum-
sensitive topping element on a secondary retlector that 1s
registered to the thermal collection loop. The secondary
reflector transmits higher energy photons for PV topping
while diverting the remaining lower energy photons to the
thermal media, achieving temperatures of ~400 to 500° C.
even under partial utilization of the solar spectrum. It uses the
spectral selectivity property of Gallium Arsenide (GaAs)
cells (preferred, but other cell material may also be suitable)
to maximize the exergy output of the system, resulting in an
estimated exergy efficiency of over 40%. The thermal media
preferably comprises fine (preferably <100 micron) particles
of high melting point, high thermal conductivity and, 1f
desired, high radiation absorptive material (carbon, alumi-
num nitride, alumina, silicon, graphite, graphene etc.)1n a gas
(N,, CO,, air etc.). The particle laden thermal media not only
increases direct solar radiation absorption when used 1n a
transparent receiver, but may also allow operation up to the
melting point of the solid particles. Preferably, this arrange-
ment simultaneously increases thermal conductivity and heat
transier coetlicient, and allows for effective storage of excess
heat 1n hot solid particles for later on-demand use. Depending
on availability of suitable high temperature materials filtra-
tion technologies, this type of thermal media should be
capable of operating at temperatures as high as 1000° C. or
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even higher. This allows extending to much higher tempera-
ture solar systems in the future to deliver high efficiency
power.

[0020] The HSS technology preferably integrates innova-
tions 1n collector design and heat transier and storage to
deliver variable electricity at a competitive cost together with
on-demand heat. Using NIOs, a parabolic trough commonly
used 1n CSP plants 1s transformed into an integrated spec-
trum-splitting device to place a spectrum-sensitive topping
clement on a secondary retlector associated with the thermal
collection loop. The secondary reflector will transmit higher
energy photons for PV topping, while diverting the remaining
lower energy photons to a high temperature thermal collec-
tion system. In one embodiment, the design could be 1mple-
mented 1n a retrofit mode, thereby adding exergy value to
existing plants. By using NIOs, a ~75x concentration ratio 1s
achieved which 1s significantly higher than the conventional
parabolic trough concentration ratios. This helps the second-
ary thermal receiver to achieve higher temperatures even
under partial utilization of the solar spectrum.

[0021] Based on a conventional 5 m wide parabola, the
design preferably incorporates both a primary photovoltaic/
thermal topping device and a secondary thermal recerver. It
uses the spectral selectivity property of GaAs (or a compa-
rable alternate) cell to maximize the exergy output of the
system. The cell serves three purposes: 1) the spectral splitter/
concentrator; 2) the selective thermal recerver at a medium
temperature (~200° C.); and 3) the electric receiwver. One
feature of the design 1s that 1t provides enough geometric
concentration on both receivers to maintain their efficiencies
at the operating temperatures. On the primary topping device,
a geometrical concentration of ~13x 1s achieved to maintain
the ~200° C. working temperature. The ratio from parabolic
aperture width to the thermal recerver tube circumierences 1s
~75x%, so the efficiency 1s kept above 50% at 400 to 500° C.;
even though only a portion of the solar spectrum 1s redirected
to 1t based on properties of the cell.

[0022] With reference to FIG. 1 within the topping device,
a preferred cell 50 preferably includes a GaAs reflector 60
serving as the wide acceptance angle, secondary concentrator
for the high-temperature thermal receiver 70, preferably
formed 1n a tube shape. A tube 65 15 preferably formed over
the GaAs reflector 60, preferably in a similar size to minimize
footprint and maximize efliciency. The cells are attached to a
nonimaging shaped retlector/heat sink 80 (which may be
made from using multiple flat panels), which enables the
GaAs retlector 60 1tself to operate at ~200° C. as a heat
source. The GaAs retlector 60 1s preferably greater than 85%
reflective, at sub-bandgap photon energies, making it an effi-
cient spectrally selective reflector. It preferably reflects wave-
lengths above 870 nm (the bandgap of GaAs), as well as
converting the energy that 1s not converted into electricity into
thermal output. The high temperature tube recerver 70, work-
ing under the concentration ratio of ~735x, which accepts both
the direct input of the primary parabolic and the sub-bandgap
energy from the GaAs reflector 60 reflection, can achieve up
to 500° C. under vacuum.

[0023] The thermal media 1s preferably comprised of fine
(preferably <100 micron) particles of high melting point,
thermal conductivity, and radiation absorptive material (car-
bon, 1ron oxide etc.) 1n a gas (N,, CO,, air etc.). The particle
laden tluid not only increases the solar radiation absorption,
when used 1n a transparent receiver to be considered in future
development stages, but may also allow for operation up to
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the working temperature of the solid particles. By proper
selection of solid material, simultaneous increases in thermal
conductivity and heat transfer are possible, while also pro-
viding effective heat storage at high temperature for on-de-
mand use.

[0024] As illustrated as an example of a possible flow dia-
gram 1n FI1G. 2, hot media goes through an optional supple-
mentary natural gas fired heater 100, to increase 1ts tempera-
ture to provide the desired point of use levels, for when the
solar radiation levels are 1nsullicient to generate the require
process temperatures. The hot media then flows to the heat
sink 110, transferring the heat to the work load (process
heating or for power generation). The cooler fluid, at an
assumed 100° C., returns to the solar collector 20 for reheat-
ing. According to this embodiment, any excess media (heat)
flows to a first storage container 120 equipped with a hot gas
filter (cyclone, high temperature filter bag, ceramic mem-
brane) for separation and storage of the hot particles. The
mostly particle-free hot gas then picks up cooler particles
from a second storage container 130 before returning to the
collector. When the solar intensity drops below a set thresh-
old, the flows are reversed as shown by dashed lines. Hot
particles are picked up and heat 1s transierred to the process
load. The resulting cooler particles are separated and stored.
The thermal media may be circulated with a pump 140.

[0025] FIG. 3 shows one embodiment of the separation,
storage, and feeding vessels, termed {irst storage container
120 and second storage container 130 herein. The concept 1s
based on designs used 1n the bulk powder industry for storage
and transport of powders, with modifications to allow use at
the proposed elevated temperatures. Since complete particle
separation 1s not necessary in a closed loop system, high
temperature fabric and ceramic based systems as well as
cyclone separators are considered. Use of fabric bags, how-
ever, may require a reduction in the upper temperature limat.

[0026] FIG. 4 shows an example block diagram for the HS
Collector 20. The total estimated exergy output is 482 W/m”~
providing an overall exergy etliciency of 48.2%. Preliminary
specifications for the HTS System 30 are shown 1n FIG. 4.

[0027] The application of this concept should lead to the
development of more thermodynamically efficient thermal
designs as well as higher efliciency solar cells. Therefore, 1f
back ray tracing i1s performed, the thermodynamically effi-
cient solar concentration design will enable its receiver to
only “see” the designated origin of the sky which includes the
solar radiation as well as tracking and structural inaccuracies.
Compared to the conventional method of optical design,
which 1s pursuing high concentration, the HS Collector
design puts emphasis on the “thermodynamic etficiency”, or
how much the recerver “sees” 1s the part of the sky that i1s of
interest, namely the sun disk. Maximizing this percentage to
be as close as possible to 1 1s the goal.

[0028] Thesolar cells inthe HS Collector will preferably be
the GaAs, which has the highest efficiency known for a single
material—nearly 30% sunlight to electricity. In the HS Col-
lector design, the cells need only occupy ~10% of the area,
and still intercept all the sunlight falling on the trough, mak-
ing these cells very affordable. Even heat of the solar cell 1s
collected, at a somewhat lower temperature; no solar energy
1s wasted, or at least as little as possible given the limitations
ol matenals.

[0029] Another benefit of the present HSS 1nvention 1s 1n
heat management and delivery. The FITS System preferably
uses particle laden gas as a two-phase thermal media to both
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transport and store heat. While providing high levels of solar
energy absorption, heat capacity and thermal conductivity for
direct application of solar heating increases up to 600° C.
and potentially much higher. The concept mvolves mixing
fine (preterably <100 micron) particles of high melting point,
thermal conductivity and radiation absorptivity material (car-
bon, 1ron oxide etc.) with an inert gas (N,, CO,, air etc.) to
create the thermal media. The particle laden media will not
only increase the solar radiation absorption but will also allow
operation up to the melting point of the solid particles and
simultaneously increase the thermal conductivity and heat
transier coetlicient. As 1llustrated in FIG. 2, the solar energy
heats the thermal fluid to a high temperature depending on the
process needs, collector design and solar intensity. The hot

fluid goes through a supplementary natural gas fired heater 1f

needed, to increase its temperature to the desired levels, for
example when the solar radiation levels are isuificient to
generate the required process temperatures. The hot fluid then
flows to the process heat exchanger and transfers heat to the
work load (process heating, power generation). The cooler
fluid then returns to the solar collector for reheating.

Performance of Proposed Solution and Its
Advancement

[0030] To understand the performance of the HS Collector,
an optical software has been used to ray trace the design as
shown in FIG. 5. The efliciency according to the off-axis
angle 1s shown 1n FIG. 6. The design of the topping device, 1s
illustrated in FIGS. 7A and 7B.

[0031] The device preferably comprises the following
parts: 1) an outer glass tube 65 shaped similar to the NIOs to
mimmize the size ol the device; 2) enhanced structure thermal
media channel for the purpose of 200° C. heat transter, which
also serves as the reflector/concentrator; 3) thin film GaAs
cell 60 attached to the NIO; 4) selectively coated absorber
tube 70 for the thermal media working at 500° C.; 5) either
single end metal glass sealing or double ends sealing with the
bellows, allowing the thermal media to pass through; and 6)
clectric leads.

[0032] In an example design demonstrated in FIG. 8, based
on the shading etfects of the secondary thermal receiver on
the GaAs cell, 76% of the light coming into the device arrives
onto the GaAs for the purpose of direct electricity generation.
This produces ~142 Wm~ electricity, based on the solar cell
elficiency of ~22% at ~200° C. (dropping from ~29% at room
temperature). According to the testing report of UC-M’s
(GaAs cell at National Renewable Energy Laboratory (NREL)
as shown 1n FI1G. 9, the retlectivity beyond bandgap (870 nm)
towards visible light averages ~0.31 (due to the high refrac-
tive 1ndex of GaAs), and the reflectivity sub-bandgap (to-
wards infrared) averages ~0.879. This provides the reflective
property of the GaAs to be highly selective, minimizing the
energy loss that cannot be used for PV effect to be redirected
to the higher temperature thermal recerver. This enables the
exergy output to be high for the device and keeps 1t thermo-
dynamically efficient. The total reflected energy from GaAs 1s
~318 W/m>, which is collected on the secondary thermal
receiver. The solar cells generate ~176 W/m? of heat at ~200°
C. As a result, the solar resource for ~200° C. 1s only ~2.2
kW/m?* by energy density for the low temperature thermal
purpose. Therefore, a vacuum 1s needed for keeping this part
of the energy to be utilized at high efficiency. The vacuum can
cut off the convection and conduction heat loss, therefore in
the HS Collector design, the only heat loss 1s radiation loss of
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about 10 W/m~ due to the high reflectivity of the GaAs in IR
region, which 1s less than ~5% of the thermal output at ~200°
C.

[0033] Thesecondary thermal recerver working at ~500° C.
receives energy both directly from the primary reflector (pa-
rabola) and the GaAs cell reflection, which 1s 1n total ~522
W/m~ solar resource, this accounts for more than ~61% of'the
solar resource arriving on the topping device. Out of this
resource, ~26 W/m? loss comes from the ~0.95 absorptivity,
and ~29 W/m” comes from working at 500° C. and 0.08
emissivity at this temperature.

[0034] FIG. 10 shows the total energy composition of the
collector, assuming 150 W/m? is already lost due to the first
reflector and transmissive loss of the glass tube.

[0035] The HS Collector technology according to the sub-
ject invention has the potential to significantly upgrade the
value of the parabolic troughs already installed at megawatt
scales, while similarly adding value to future parabolic trough
plants. This advance 1n technology 1s made possible by a)
NIOs and b) the novel thin film GaAs cells which combine the
high conversion etliciency of solar light to electricity. This
arrangement provides the ability to spectrally separate the
short wavelength solar spectrum used for direct electricity
production from the long wavelength portion usable for high
temperature heat. In this way, the parabolic trough 1s a source
of direct electricity, for example, for peak loads, mid- to
high-temperature heat for various purposes, or stored for off
peak electricity production. Very importantly, 1t would give
significantly added value to existing parabolic trough plants
by a straightiorward and low cost retrofit procedure.

[0036] The proposed approach of using a particle laden gas
as combined heat transier and storage media offers a number
of benefits over current technologies suitable for tempera-
tures around 500° C. or higher, the target range for the pro-
posed technology. Benefits include allowing direct absorp-
tion of solar energy into solid particles, when using receiver
made from solar radiation transmissive material. In addition,
the system permits use of a single closed loop combining both
energy transier and storage. Further, there 1s availability of a
wide range ol materials offering performance-costs trade-
olifs. There are additionally no direct link between tempera-
ture and pressure of the fluid 1n the closed loop system con-
templated by the invention.

[0037] Other benefits include the potential to achieve tem-
peratures over 1000° C., limited only by the ability of trans-
port and storage equipment to handle the hot HTS media,
creating opportunities for possible future extension to higher
temperature solar systems. The system further permits direct
contact storage and recovery of heat for higher efficiencies
and fewer exchange surfaces. Costs ol the subject system may
be controlled through choice of materials. Advantages of the
contemplated media over molten salts include less sensitivity
ol viscosity to temperature, no need to maintain temperatures
above melting point to avoid solidification/freezing, no side
reactions, noncorrosive, and potential for much higher tem-
peratures.

Test Examples

[0038] Tests carried out using expanded graphite in air
demonstrated significant increases in heat transfer rates com-
pared with particle-free air. The objective of the tests was to
assess heat transier impacts of adding solid powder to a gas,
the ability to maintain flow, and the ability to separate the
particles from gas. A bench scale particle heat transter thuid
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test stand designed as a tool for the investigation of entraining,
fine thermally conductive powders 1n a gas tlow for use as a
high temperature thermal transport fluid.
[0039] The test stand 1s constructed from 2 inch stainless
steel tubing running through two high temperature electric
tube heaters for heating the material under investigation. Air
flow through the test stand 1s measured using a variable area
tlow meter installed upstream of the powder feed. The powder
1s added through a small hopper/funnel attached to a piping
tee 1nstalled 1n the main tubing run by opening a small gate
valve located above the feed port. The motive force to move
both the gas and the test material 1s a HEPA vacuum attached
at the outlet of the tubing, run after a fan cooled coil. The use
of the HEPA vacuum allows for the efficient collection, post-
test measurement, and reuse of the test material. The test
stand can heat materials up to 1200° C. at low throughput, but
this temperature decreases rapidly as the throughput
increases. Currently the test stand 1s configured with four
thermocouples to measure the temperature of the gas/powder
mixture: before the first heater; between the heaters; after the
second heater; and after the chiller.
[0040] FIG. 12 shows the relationship between heat trans-
fer increase over particle-free air as a function of particle
loading. These tests were carried out at an air flow rate of 2.5
scim and temperature of approximately 200° C. using
expanded graphite as the particles. The graphite has a density
of 16.63 ft’/Ibm, specific heat of 0.242 Btu/lbm*° F. and
thermal conductivity of 150 W/(k.m) at 200° C. As shown,
heat transfer increased linearly with particle loading reaching,
2.5 times at a particle loading of 2.5. Higher loading tests
were not run, because of the limited scope of the effort and
limitations of the equipment. No 1ssues with maintaining
flows were observed and the HEPA filter equipped vacuum
was able to effectively capture the particles, with no visible
dust observed either during or after the tests on or around the
vacuum.
[0041] It will be appreciated that details of the foregoing
embodiments, given for purposes of 1llustration, are not to be
construed as limiting the scope of this mvention. Although
only a few exemplary embodiments of this invention have
been described 1n detail above, those skilled in the art will
readily appreciate that many modifications are possible 1in the
exemplary embodiments without materially departing from
the novel teachings and advantages of this invention. Accord-
ingly, all such modifications are intended to be included
within the scope of this imnvention, which 1s defined 1n the
following claims and all equivalents thereto. Further, 1t 1s
recognized that many embodiments may be concerved that do
not achieve all of the advantages of some embodiments, par-
ticularly of the preferred embodiments, yet the absence of a
particular advantage shall not be construed to necessarily
mean that such an embodiment 1s outside the scope of the
present invention.

We claim:

1. A hybrid solar system comprising:

a hybrid solar collector using non-imaging optics and pho-

tovoltaic components; and
a heat transfer and storage system 1n thermal communica-

tion with the hybrid solar collector, the heat transfer and
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storage system using particle laden gas as thermal media
to simultaneously generate and store electricity and high
temperature dispatchable heat.
2. The hybnd solar system of claim 1 wherein the hybnd
solar collector comprises Gallium Arsenide cells.
3. The hybnd solar system of claim 1 wherein the hybnd
solar collector comprises an outer glass tube having a thin
film GaAs cell and a central high temperature recerver.

4. The hybnid solar system of claim 1 wherein the hybnd
solar collector includes non-1maging optics and photovoltaic
components.

5. The hybnd solar system of claim 1 wherein the particle
laden gas comprises fine particles having a high melting point
and a diameter of less than 100 micron.

6. The hybnid solar system of claim 1 wherein the particle
laden gas comprises an 1nert gas.

7. The hybnd solar system of claim 1 wherein the heat
transier and storage system includes a supplementary natural
gas fired heater to increase a temperature of the particle laden
gas when solar radiation levels are insuificient to generate
required process temperatures.

8. The hybnid solar system of claim 7 wherein the heat
transfer and storage system further comprises a heat sink
positioned between the gas fired heater and a first storage
container and a second storage container.

9. The hybrid solar system of claim 1 further comprising a
pump positioned within the heat transier and storage system
to reverse flow of the particle laden gas.

10. The hybnd solar system of claim 1 wherein the heat
transier and storage system further comprises a first storage
container for separating hot particle laden gas and second
storage container for separating cold particle laden gas.

11. A hybnd solar system comprising:

a hybrid solar collector using non-imaging optics and pho-
tovoltaic components;

a thermal media comprising a particle laden gas; and

a heat transfer and storage system in thermal communica-
tion with the hybrid solar collector, the heat transter and
storage system including a natural gas fired heater and a
heat sink 1n communication with a first storage container
for separating particles from hot particle laden gas and a
second storage container for separating particles from
cold particle laden gas, wherein electricity and high
temperature dispatchable heat 1s stmultaneously gener-
ated and stored.

12. The hybnd solar system of claim 11 wherein the hybrid
solar collector comprises an outer glass tube having a thin
film GaAs cell and a central high temperature recerver.

13. The hybnd solar system of claim 11 further comprising
a pump positioned within the heat transfer and storage system
to reverse flow of the particle laden gas.

14. The hybnd solar system of claim 11 wherein the par-
ticle laden gas comprises fine particles having a high melting
point and a diameter of less than 100 micron.

15. The hybnd solar system of claim 11 wherein the par-
ticle laden gas comprises an inert gas.
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