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ABSTRACT

High-temperature  receiver designs for solar powered
supercritical CO, Brayton cycles that can produce ~1 MW of
electricity are being investigated. Advantages of a supercritical
CO, closed-loop Brayton cycle with recuperation include high
efficiency (~50%) and a small footprint relative to equivalent
systems employing steam Rankine power cycles. Heating for
the supercritical CO, system occurs in a high-temperature solar
receiver that can produce temperatures of at least 700 °C.
Depending on whether the CO, is heated directly or indirectly,
the receiver may need to withstand pressures up to 20 MPa
(200 bar). This paper reviews several high-temperature
receiver designs that have been investigated as part of the
SERIIUS program. Designs for direct heating of CO, include
volumetric receivers and tubular receivers, while designs for
indirect heating include volumetric air receivers, molten-salt
and liquid-metal tubular receivers, and falling particle
receivers. Indirect receiver designs also allow storage of
thermal energy for dispatchable electricity generation.
Advantages and disadvantages of alternative designs are
presented. Current results show that the most viable options
include tubular receiver designs for direct and indirect heating
of CO, and falling particle receiver designs for indirect heating
and storage.

1. INTRODUCTION

The Solar Energy Research Institute for India and the
United States (SERIIUS), a consortium funded jointly by the
governments of India and the U.S., is focused on developing
emerging solar electricity technologies toward the success of
India’s Jawaharlal Nehru National Solar Energy Mission and
the U.S. Department of Energy’s SunShot Initiative. One of the
thrust areas is multi-scale concentrating solar power (CSP),
which includes the evaluation of CSP systems with high-
temperature, closed-loop CO, Brayton cycles.

Supercritical CO2 (s-CO2) thermodynamic cycles are
projected to improve overall CSP plant economics due to their
high power conversion efficiency and compact system layout;
these attributes should allow for a reduction in installed cost in
comparison to more conventional alternatives including steam
turbines and open-cycle gas turbines [1-3]. The s-CO, Brayton
cycle is essentially a recuperated, low pressure ratio closed-
cycle gas turbine concept (Figure 1). Use of a closed-cycle
system permits a working fluid other than air, in this case
carbon dioxide, and allows cycle operation at elevated
pressures. For the s-CO, Brayton cycle in particular, the high
cycle thermal efficiency (45-50%) is achievable by means of
pumping CO, in its high pressure supercritical dense phase (at
7.5MPa, 31°C), where little compression work is expended,
then taking full advantage of recuperative heat transfer for pre-
heating, before finally expanding the supercritical fluid at high
temperature (at 20 MPa, 550-700°C). High fluid densities at
the compressor and turbine (500 kg/m® and 100 kg/m®,
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respectively) are largely responsible for an anticipated order of
magnitude reduction in turbomachinery size as compared to
steam plants.

A number of key challenges surrounding this technology
have been identified and addressed. This includes achieving
compressor stability and control near the critical point [4],
devising high pressure approaches to bearings and seals [5],
and developing control procedures from cold start-up to break-
even conditions for both the simple recuperated Brayton cycle
[6] and for a full-fledged recompression Brayton cycle [7].
Experimentally-measured cycle operating characteristics at
steady-state power levels have also been reported in detail [8].

More recently, the performance of the s-CO, cycle at
transient conditions characteristic of a direct-heated solar-to-
CO, receiver has been reported [1]. In successive tests, the
demonstration s-CO, Brayton cycle was brought to its design
conditions, then the thermal input was cut to 50%, then to 0%
for several minutes, before being restored. Pressure,
temperature, and electricity generation transients were
observed. It was noted that the overall system’s large thermal
mass enabled the cycle to continue operation with relatively
small impact in each case. Thermal storage may be designed to
eliminate the transient response altogether.
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Figure 1. Supercritical CO, power cycle schematic and
thermodynamic cycle for 1 MW Power Turbine

The desired power generating capacity for these systems in
the SERIUS program is 100 kW, to 1 MW,. The focus for
these high-temperature systems is on central receiver power-
tower systems. The remainder of this paper (Section 2)
describes alternative receiver designs for power towers that can
provide the necessary heating for the s-CO, power cycle given
the constraints above. In addition, a discussion of the heliostat
field requirements is presented in Section 3.

2. ALTERNATIVE RECEIVER DESIGNS

2.1. Direct Receiver Designs

Direct receiver designs for s-CO, applications require high
pressures (up to 20 MPa) and temperatures (~500 °C — 700 °C).
Figure 2 shows a schematic of a solar-driven, direct-heated,
closed-loop s-CO, Brayton power cycle.  Several direct
receiver designs are evaluated in the following sections.
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Figure 2. Schematic of a solar-driven, directly heated,
closed-loop supercritical CO, Brayton power cycle.

2.1.1. Direct Volumetric Receiver

Volumetric  receivers use highly porous structures
(honeycomb, foam, wire mesh, etc.) of metal or ceramic to
absorb concentrated sunlight and allow penetration of the
incident radiation into the volume of the receiver. This absorbed
heat is transferred to a fluid passing through it. The thermal
energy of the fluid is then converted to electricity by adopting
suitable thermodynamic power cycles (e.g. Rankine, Brayton
cycle, etc.) [9].

Directly heated volumetric receivers require a closed
(pressurized) design that can be coupled directly to the gas
turbine (single loop operation) to operate at higher pressures.
Such receivers have been tested with absolute operating
pressure of 15 bar and air outlet temperatures of 800 °C [9, 10]
(see Figure 3). The higher pressure operation is feasible
because of a transparent window which separates the receiver
cavity from ambient air. Also, the window minimizes thermal
losses. However, containing s-CO, at ~ 20 MPa (200 bar) and
up to 700°C would require a robust window design having
excellent optical properties to prevent reflective losses and
degradation. It would need to be equipped with sealing and
cooling systems to prevent mechanical damage and leakages.
Other challenges associated with volumetric receivers are
absorber durability and unstable gas flow, which, as predicted
by Kribus et al. [11], can cause local overheating leading to its
poor performance and local failures (melting or cracking).
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Figure 3. Direct pressurized volumetric receiver for air-
Brayton cycle [10].

2.1.2. Direct Tubular Receiver

Direct tubular receiver designs for power towers have been
employed at the Solar One pilot facility in the 1980°s [12], the
first commercial power towers, PS10 and PS20, operating since
2007 in Spain, and the recently commissioned lvanpah Solar
Electric Generating System in California. These systems used
water/steam as both the heat transfer fluid and the working
fluid in steam Rankine power cycles, where the steam pressure
and temperature can reach ~10 - 16 MPa and ~560°C [13].

Solar-heated air-Brayton systems with tubular receivers
have been proposed and tested that heat air up to ~800 °C with
a pressure of ~5 — 7 bar (0.5 — 0.7 MPa) [14-16]. Figure 4
shows designs from these direct tubular receiver systems.
Challenges associated with these direct tubular receiver systems
include the potential for high radiative and convective losses,
relatively low heat-transfer coefficients from the tubes to the
heat transfer fluid, and fatigue due to transient thermo-
mechanical loads [17]. Previous researchers have attempted to
overcome these challenges by using segmented quartz
windows, copper inserts to increase the conductivity in the
tubes, and the use of Inconel, Haynes, and other nickel-based
alloys to increase the strength of the tubes and their resistance
to thermo-mechanical cyclic fatigue [16-18].

For s-CO, closed-loop Brayton cycles, in which the
pressure and temperature can reach ~20 MPa and ~700 °C,
addition direct tubular receiver designs have been considered.
Design requirements include the ability to achieve and
withstand the high pressures and temperatures, resistance to
thermo-mechanical fatigue, good heat transfer to the working
fluid to reduce tube wall temperatures, compactness to
accommodate high concentration ratios, scalability, and
mitigation of radiative and convective heat losses to achieve
thermal efficiencies of 90%.
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Figure 4. Direct receiver designs for solar air-Brayton
systems [15, 16].

Figure 5 shows direct tubular receiver designs that are
being evaluated as part of the SERIUS program.
Computational fluid dynamics (CFD) simulations have been
performed to evaluate the temperature rise of the s-CO,
working fluid and the thermal efficiencies, and structural
analyses have been performed to determine critical stresses
under static conditions (Figure 6). Future work will include
transient loading and analyses for low-cycle fatigue. Current
challenges are to reduce wall temperatures, heat losses, and
critical stresses at joints while achieving a desired s-CO, outlet
temperature of 700 °C.

27.74 cm
| mI |

Figure 5. Examples of tubular receiver designs for direct
heating of s-CO,.
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Figure 6. Simulations of wall temperature (left) and stress
(right) distributions for direct tubular s-CO, receiver with
irradiance of 400 kW/m? and 10 kg/s of CO, flowing
through the tubes at 20 MPa and an initial temperature of
600 °C.

2.2. Indirect Receiver Designs

Indirect receiver designs for s-CO, applications alleviate the
need for high pressures within the receiver, but high-
temperature heat exchangers are required to transfer the heat
from the heat-transfer fluid to the working fluid (s-CO,).
Examples of heat-transfer fluid (media) include air, molten salt,
liquid metals, or solid particles. The primary advantages of
indirect receivers is the ability to incorporate thermal storage
and to suppress transient effects (e.g., cloud passages). Figure
7 shows a schematic of a solar-driven, indirectly heated, closed-
loop s-CO, Brayton power cycle that incorporates an additional
heat exchanger and storage. Some heat-transfer media that can
be stored directly include molten salt, liquid metals, and solid
particles. Other heat-transfer media, such as air, would require
and additional heat exchanger if storage is desired. Several
concepts for indirect s-CO, receiver designs and heat-transfer
media are presented in the following sections.
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Figure 7. Schematic of a solar-driven, indirectly heated,
closed-loop supercritical CO, Brayton power cycle.

2.2.1. Indirect Volumetric Receiver

Power plants with an indirect or open volumetric receiver
design are generally equipped with two loops consisting of two
different fluids. The heat-transfer fluid (usually air) at
atmospheric pressure gets heated and pulled through the open
volumetric receiver, and a heat exchanger transfers this heat to
higher pressure fluid in the secondary loop. The secondary fluid
then drives the turbine to generate power (e.g., 1.5 MW,
Rankine cycle at the Julich Solar Tower, Germany) [9, 19].
Brayton-cycle-based power plants consisting of s-CO, as the
working fluid would require an air-s-CO, heat exchanger of
large surface area due to the low overall heat transfer
coefficient. The presence of two loops and high air temperature
lead to higher thermal losses, thus increasing the system
complexities and also reducing system efficiency.

2.2.2. Indirect Tubular Receiver

Indirect tubular receivers have been used at Solar Two in
Daggett, CA, in the 1990’s (see Figure 8) [20]; the Gemasolar
plant near Seville, Spain, which became the first operating
commercial power tower employing molten-salt technology for
thermal storage in 2011; and the Crescent Dunes Solar Energy
Project in Nevada, which is scheduled to be commissioned in
2014. Each of these systems used molten nitrate salts as the
heat-transfer and storage fluid to heat steam for a steam
Rankine cycle. Thermal efficiencies of the Solar Two receiver
were measured to be between 80 — 90% [20]. However, above
600 °C, conventional nitrate salts become unstable and
decompose [21-23]. While s-CO, cycles could feasibly operate
with a maximum temperature below 600 °C, the thermal-to-
electric efficiency decreases by several percentage points [2].
Other molten-salt systems (fluorides, chlorides) that can
achieve higher temperatures have also been investigated [17].
The advantage of using an indirect molten-salt tubular receiver
design is that this technology and its components (including
piping, pumps, valves, and thermal storage) been previously
demonstrated, and the primary challenge would be to develop a
molten-salt/s-CO, heat exchanger.

Figure 8. Solar Two molten-salt power tower (left) and
receiver (right).
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Liquid metal (e.g., sodium) receivers have also been
studied previously [13, 17]. Liquid metals have the advantage
of higher thermal conductivities and heat transfer rates to
remove the heat from the tube wall. Therefore, higher
concentration ratios and solar fluxes (in excess of 1.5 MW/m?)
can be applied to the receiver, which reduces the size of the
receiver and the resulting radiative and convective heat losses.
However, the reactivity of sodium or other liquid metal heat
transfer fluids with oxygen, combined with the potential for
leaking, can be a concern.

2.2.3. Falling Particle Receiver

Falling solid particle receivers were proposed in the 1980’s
[24] as a means to increase receiver outlet temperatures to over
1000 °C with inherent storage capabilities of the solid particles.
Solid particles (e.g., silica sand, ceramic proppants) fall through
a cavity receiver and are directly irradiated by concentrated
sunlight.  Once heated, the particles may be stored in an
insulated tank and then used to heat a secondary working fluid
(e.g., steam, CO,, air) for the power cycle (see Figure 9).
Because the solar energy is directly absorbed in the solid
particles, the flux limitations associated with tubular central
receivers (high stresses resulting from the containment of high
temperature, high pressure fluids) are avoided. The falling
particle receiver appears well-suited for scalability ranging
from 10 — 100 MW, power-tower systems [25]. For integration
with a s-CO, power cycle, a suitable particle-to-CO, heat
exchanger would need to be developed that can withstand the
high CO, pressures and still provide the necessary heat transfer
rates. Fluidized beds have been proposed as an effective solid-
to-gas heat exchanger, but the use of high-pressure CO, may be
challenging. Shell-and-tube heat exchangers have also been
investigated, but the solid-side heat transfer coefficient can be
relatively low [26, 27].
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Figure 9. Conceptual sketch of large-scale falling particle
receiver system.

3. HELIOSTAT FIELD ANALYSIS

Another task in the SERIIUS program (CSP-2) is to design
a heliostat field compatible with the s-CO, receiver designs
with maximum optical field collection efficiency (desired
annual collection efficiency of 70% or greater). The thermal
design point is 3 MW with a direct normal irradiance (DNI) of
950 W/m? at the Equinox. Considering the modest thermal
target, small heliostat aperture sizes are considered, 1, 4, 9, 16,
and 25 m% SolarPILOT, which was developed at NREL and
utilizes the algorithm in DELSOL to optimize the field layout,
was used to determine heliostat field layouts for the different
heliostat sizes, optical errors, and receiver sizes. Figure 10
shows an example of two different heliostat configurations for
1 m? and 25 m? heliostats. The heliostat size, optical error
budget, receiver size, and tower height are being parametrically
evaluated to determine an optimal configuration. Current
results show that a receiver size of ~6 m® can be employed to
reach a 70% field collection efficiency with 1, 4, or 9 m?
heliostats. Receiver sizes on the order of 4 m? resulted in field
collection efficiencies that were ~5% lower due to increased
spillage.

Figure 10. Optimized heliostat configurations (assuming a
north field) for 1 m? (left) and 25 m? heliostats (right).

4. CONCLUSIONS

Alternative high-temperature solar receiver designs for
supercritical CO, power cycles have been reviewed.
Challenging aspects of implementing solar receivers with s-
CO, power cycles include high CO, fluid pressures (~20 MPa)
and temperatures (~500 °C — 700 °C). Receiver designs that
can heat the s-CO, directly include volumetric receivers and
tubular receivers. Indirect receiver designs that require an
additional heat exchanger to heat the s-CO, from the heat-
transfer media include volumetric receivers, tubular receivers,
and falling particle receivers.  The heat-transfer media
employed by indirect receiver designs can include air, molten
salts, liquid metals, and solid particles. An inherent advantage
of indirect receivers is the ability to store thermal energy for
dispatchability of electricity as needed. Table 1 summarizes the
benefits and challenges of each of the receiver designs
reviewed.
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Table 1. Summary of s-CO, receiver designs.

Receiver . Challenges / Research
. Benefits

Design Needs
Direct Receivers
Window under high
pressure, material
durability, flow
instability, radiative heat
loss, low thermal
efficiency, storage
Thermal cycling and
fatigue of tubes, material
compatibility, pressure

Capable of achieving
\Volumetric | high temperatures,
Co, simple and flexible
Receiver construction, direct
heating of CO,

Proven technology
Tubular CO, | for direct steam and

Receiver molten salt, direct AL >
- limitations, flux limits,
heating of CO,
storage
Indirect Receivers
Material durability, flow
Capable of achieving :gia?é,l\',;y{hmaaﬁwe heat
Volumetric | high temperatures '

Air with air in open loop, zgré?:ieonncgf rzigf"es

Receiver simple and flexible
- exchangers to store
construction

energy and to exchange

heat with CO,

Thermal cycling and
Tubullar Provgn technology fatigue of tubes; material
Receiver for direct steam and

compatibility; pressure

(molten salt | molten salt, direct limitations: flux limits,

%relt';l;'d frtgr:;g:r (;mgat requires fluid/CO, heat
exchanger
Capable of achieving | Radiative and convective
Falling high temperatures, heat losses, particle
Particle reduced flux attrition, requires
Receivers limitations, direct particle/CO, heat
storage of particles exchanger
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