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Abstract. This paper evaluates a novel receiver design concept that implements photovoltaic (PV) cells on heat shields
and bellows shields to capture optical spillage from central receiver and parabolic trough concentrating solar power (CSP)
plants, generating electricity from concentrated light that would otherwise be wasted. A combination of conventional
silicon and multi-junction concentrating PV (CPV) cells were evaluated to accommodate regions of both high and low
solar fluxes on the shields. Estimates from existing CSP plants indicate that the irradiance on central-receiver heat shields
can be well over 100 kW/m? near the receiver tubes, but lower fluxes can occur in distant regions or in parabolic trough
applications. A technoeconomic study was performed to estimate the levelized cost of energy (LCOE) for these systems
as a function of several cost and performance factors, such as irradiance, PV cell type, and cooling conditions.

INTRODUCTION

Optical spillage from heliostats and parabolic trough collectors occurs due to surface aberrations, misalignment,
and tracking errors in concentrating solar power (CSP) plants. In central receivers, spillage is accommodated using
heat shields fabricated from high-temperature refractory materials above and below the receiver tubes to protect
headers and other infrastructure components. In parabolic trough systems, metal bellows shields (collars) spaced
several meters apart are used to protect the expansion joints connecting the receiver tubes from concentrated sunlight.

This paper evaluates a novel receiver design concept that implements photovoltaic (PV) cells on these heat shields
and bellows shields to generate electricity from concentrated light that would otherwise be wasted (FIGURE 1). Das
et al. [1] investigated spillage recovery from molten salt central receivers using either feedwater heater panels or
concentrated PV (CPV) modules. They assumed a fixed spillage area and average irradiance, along with constant
conversion efficiency of the PV modules. In the current work, we investigate the impact of variable irradiance, cell
efficiency (as a function of temperature and irradiance), and cooling systems on the system performance and LCOE.

A combination of conventional silicon and multi-junction concentrating PV (CPV) cells were evaluated to
accommodate regions of both high and low solar fluxes. Estimates from PHLUX imaging [2] show that the irradiance
on central-receiver heat shields can be well over 100 kW/m? near the receiver tubes, but lower fluxes can occur in
distant regions or in parabolic trough applications. A technoeconomic study was performed to estimate the levelized
cost of energy (LCOE) for these systems as a function of irradiance, PV cell type, and cooling mechanisms.
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Finned collars lined with
high-temperature CPV
cells

FIGURE 1. Conceptual design of PV cells on heat shields or standby régioné of a central receiver (left) or on the
bellows shields of a trough receiver (right).

APPROACH

The PV cell temperature, efficiency, power generation, and LCOE for different hybrid receiver configurations
were evaluated using the following procedure:

1. Develop a steady-state heat transfer model using a control volume of the PV cells with consideration of
solar irradiance, radiation to the environment, convection to the environment, and energy conversion to
electricity (which depends on the PV cell efficiency as a function of temperature and irradiance)

2. Determine the cell temperature that satisfies the steady-state energy balance as a function of irradiance
(implicit equation)

3. Determine potential power generation for different receiver configurations and available area”

4. Evaluate costs of components and determine LCOE for PV generation from different hybrid receiver
configurations

Analytical heat transfer models were derived to estimate the cell temperature as a function of irradiance and heat
transfer coefficients for the application of PV cells on flat heat shields. More detailed computational fluid dynamics
models were used to estimate the cooling and heat transfer coefficients associated with finned PV-lined collars that
could be used in place of the bellows shields for parabolic trough receivers. Cost and efficiency curves were obtained
from literature and from data for silicon and triple-junction PV cells (FIGURE 2) and other components such as heat
exchangers. Our investigation of CPV cells in hybrid system applications considered both established triple-junction
CPYV cells, such as the SolAero Concentrating Triple-Junction (CTJ) cell, and next-generation CPV cells that are being
developed for high-temperature applications (e.g., up to 400°C per the ARPA-E FOCUS project; https://arpa-
e.energy.gov/?q=arpa-e-programs/focus). Representative cell efficiencies for silicon (7iicon) and triple-junction
(7wipie) cells as a function of irradiance (Q in suns, where 1 sun = 900 W/m?) are provided as follows at a prescribed
reference temperature ([3] for silicon cell and SolAero Technologies for triple-junction cell):

) 2.158x100° —2.832x10° 0% +1.246x10>0 +0.2089, if O < 6 suns
nsil[con (25 C’ Q) = 5 ~2 4 . (1)
—2.269x107 Q" —1.058x107Q +0.2291, if Q > 6suns
Hye (10°C, Q) = (~5.548x10720* +2.127x10°*0° ~2.965x107° 0" +1.437x1020 +37.07) /100 Q)

In Egs. (1) and (2), the cell efficiency is adjusted for cell temperature using the following relation [4]:

(T.:0)=1(T,.0)(1- (T - T, )) 3)

* At the Tvanpah Solar Electric Generating System (FIGURE 1), over 1000 m? of area is estimated to be available to
accommodate PV cells on the heat shields for each of the ~100 MW. tower units. For a 50 MWe, parabolic trough plant, nearly
700 m? are estimated to be available on the bellows shields to accommodate PV cells.
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where Teo is the actual cell temperature (°C), 7. is the reference temperature (°C) used in Egs. (1) and (2), and S is
set to 0.001 for silicon [4] and 0.0001 for SolAero’s III-V triple-junction cells ([S]. Finally, the cell efficiency is
multiplied by 0.8 to get module efficiency from the cell efficiency (based on data from Sunpower [3]). FIGURE 2
shows the cell efficiency as a function of irradiance and two different temperatures for the silicon and triple-junction
cells.
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FIGURE 2. Cell efficiency as a function of irradiance and cell temperature (1 sun assumed to be 900 W/m?).

TABLE 1 summarizes the parameters used in the technoeconomic analyses. The cost of the heat exchanger for
central receiver applications is assumed to be a function of the overall heat-exchanger conductance (UA) as reported
in [6]. Concepts and designs for back-surface cooling of PV modules is described in Bahaidarah et al. [7].

TABLE 1. Parameters used in the technoeconomic models for different hybrid CSP/PV systems.

Parameter Tower PV (100 MW.) Trough PV (50 MW,)
Absorptivity / Emissivity 0.9 0.9
Ambient Temperature (K) 300 300
Ratio of module to cell efficiency 0.8 0.8
Auvailable area for PV (m?)? 280 654
Hours of sunlight (hours/year)® 4364 4365
Plant availability 0.9 0.9
s o it on PV
Cost of module and inverter (/) $50,0%2()5/r0112ngr§;112§?1?1)cti0n) $50,0:E)%)ir(r)l/znér(iz)lltj?;rll)ction)
Cost of heat exchanger ($)¢ 17.5(UA(W/K))08778 $2/We
Number of years for financing 25 25
Interest rate (%)° 8% 8%

*Based on estimated area of heat shields above and below Crescent Dunes receiver (more area available on tower) and 50 MW,
trough plant with annual efficiency of 15%, average DNI of 800 W/m?, trough aperture of 5 m, bellows shields spaced every 4 m
(0.1 O.D. x 0.3 m), and only the bottom third of the bellows shields being covered by PV cells

"Based on TMY3 data for Tonopah

“Silicon PV price from NREL [8] assuming ~$1.5/W (utility-scale, fixed-tilt, projection to 2017) installed and ~170 W/m?; triple
junction price from SolAero Technologies

4From Ho et al. [6], where U is the overall heat transfer coefficient (W/m?-K) and A is the heat-transfer area (m?); for troughs, the
cost is in $/We and covers the finned collar and associated costs of installation and retrofitting

“Based on IEA discount rate used in Technology Roadmap Solar Photovoltaic Energy (2014 edition) [9]
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The LCOE is calculated as the annualized costs, 4, divided by the annual energy production, where the annual
costs are calculated from the total capital costs, C, interest rate, i, and years of financing, n, as follows: 4 =

CH(1+i)"/(1+i)-1).

Modeling

An energy balance was performed on a PV module as shown FIGURE 3 to determine the cell temperature as a

function of irradiance and power losses (heat and electricity).

Qradiation

Welectricity ” Qin

Qconvection

FIGURE 3. Energy balance on PV module to determine cell temperature as a function of irradiance and power

losses (heat and electricity).

The energy balance is expressed as follows:

E

stored Ein o Eom‘ B W;ur

0=a0, _h(Tcezl _Too) _ga(Tciu _Toj)_aQinn(Tceanm)
\ | | | | | |

\ \ \ \

Absorbed solar Convective heat Radiative heat Electricity
radiation loss loss production
where
o Solar absorptance (-)
Oin Solar irradiance (W/m?)
h Convection coefficient (W/m?-K)
Teen Cell temperature (K)
T Ambient temperature (K)
& Thermal emissivity (-)
Stefan-Boltzmann constant (5.67x10° W/m?-K*)
n Cell efficiency expressed as a function of 7.y and Qi, (FIGURE 2)

4

For the application of PV cells on the heat shields of tower receivers, the impact of different cooling mechanisms
and resulting convection coefficients, 4, was evaluated. Conditions of passive cooling (natural convection, A=5 W/m?-
K), forced air cooling (A=100 W/m?-K), and forced liquid cooling (A=1000 W/m?-K) were investigated, and the impact
of these different cooling scenarios on cell temperature, efficiency, annual energy production, and LCOE were

determined using the performance parameters shown in TABLE 1.

For the application of PV cells on trough bellows shields, computational fluid dynamics (CFD) simulations using
Solidworks Flow Simulation were performed to determine average heat transfer coefficients from the finned collars
with and without wind (4 m/s). Results showed that the convection coefficient, /, representing heat loss from the
finned collar to the ambient under both conditions, was ~100 W/m?-K (FIGURE 4). This value was used for all cases

applied to the trough system.
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No wind, h=95 W/m?2-K, Wind (4 m/s along axis),
Teellave= 498 C h=132 W/m?-K, Tceiiavg= 354
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PV cells (60 kW/m2)

FIGURE 4. CFD simulations of the heat transfer convection coeffient from a finned collar with PV cells on the
bottom irradiated at 60 kW/m?.

RESULTS

The module efficiency as a function of irradiance for different convection coefficients (cooling mechanisms) is
shown in FIGURE 5 for both triple-junction and silicon cells. Results show that the triple-junction cell yields greater
module efficiencies and can withstand higher irradiances. At irradiance levels above 100 suns, the silicon cell
efficiency drops to zero. Greater cooling reduces the cell temperature and increases the efficiency in all cases.
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FIGURE 5. Module efficiency of triple junction (left) and crystalline silicon (right) cells as a function of irradiance
and cooling (heat transfer coefficients). 1 sun =900 W/m?

Hybrid Central Receivers

FIGURE 6 shows the annual power generation as a function of irradiance and different cooling conditions from
PV modules (triple junction and silicon) placed on the heat shields of a tower receiver using the parameters in TABLE
1. For the triple-junction cell, greater cooling yields lower temperatures and increased power generation. For all other
cases, there is a maximum power production depending on cooling and irradiance levels. The silicon cells cannot
handle high irradiance values, and the power generation peaks at difference irradiance levels (less than 100 W/m?)
depending on the cooling mechanism. The power generation from the silicon cells is roughly an order of magnitude
less than from the triple-junction cells.

FIGURE 7 shows the estimated LCOE of the PV generation as a function of irradiance and cooling mechanisms
for both the triple-junction and silicon cells. Results show that with passive cooling, a clear minimum exists at ~60 —
80 suns for the triple-junction cell, but the LCOE is quite high at ~$0.20/kWh. With active cooling, the LCOE drops
to less than $0.10/kWh as the benefits of lower temperatures and higher cell efficiencies outweighs the additional
costs of the cooling system (the active cooling system could also be used to preheat the heat-transfer media, which
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was not considered in this study). For conventional silicon PV cells, results show that minimum LCOE values were
achieved at relatively lower irradiances due to lower cell efficiencies. It is proposed that silicon PV cells be used in
regions of lower irradiance (~10 — 50 kW/m?), and multi-junction cells with active cooling be used in higher irradiance
regions to yield the lowest LCOE values for hybrid CSP/PV tower receiver configurations.
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FIGURE 6. PV power generation as a function of irradiance and cooling mechanisms for triple-junction (left) and
crystalline silicon (right) cells applied to heat shields of a ~100 MW, central receiver CSP plant.
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FIGURE 7. Levelized cost of energy as a function of irradiance and cooling mechanisms for triple-junction (left)
and crystalline silicon (right) cells applied to heat shields of a ~100 MW central receiver CSP plant.

Hybrid Parabolic Trough Receivers

FIGURE 8 shows the annual power generation and LCOE for triple-junction and silicon PV cells placed on the
bellows shields of a 50 MW, parabolic trough plant. Results show that the power generation from triple-junction cells
is significantly larger than from the silicon cells, but the LCOE is also significantly higher (above ~$0.15/kWh). The
silicon cells only produce power for irradiance levels less than ~40 suns for the prescribed heat transfer convection
coefficient of 100 W/m?-K, but the LCOE drops to ~$0.05/kWh. These results indicate that the use of conventional
silicon cells may be more appropriate for the trough applications since the irradiance levels are low compared to the
tower applications. The additional cost of the triple-junction cells are not offset by the increased efficiencies at higher
irradiance levels.
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FIGURE 8. Annual power generation (left) and LCOE (right) for PV cells placed on bellows shields in a 50 MW,
parabolic trough plant. The convection coefficient, 4, was assumed to be 100 W/m?-K for all cases (FIGURE 4).

For both the central-receiver and parabolic-trough hybrid CSP/PV applications, a significant challenge is the non-
uniform irradiance distribution on the PV cells. Non-uniform fluxes can negatively impact performance of the PV
array. The use of microinverters may help mitigate non-uniform flux distributions, but they cost significantly more
than central inverters. Another potential issue is the production of glare from the surface of PV modules, especially
if they are placed on top of the tower [10, 11]. Specular reflections from the glass surface of the module may cause
glare to pilots flying nearby. However, as opposed to direct specular reflections from heliostats, the reflections from
the PV modules will be reduced significantly due to the low reflectance of the PV cover glass [12].

CONCLUSIONS

This paper provided a technoeconomic evaluation of a hybrid receiver design for CSP plants that utilizes PV cells
to capture optical spillage on heat shields and bellows shields at central receiver and parabolic trough plants,
respectively. Both III-V multi-junction and single-junction silicon cells were evaluated. Results showed that with
passive cooling of triple junction cells, a minimum LCOE exists at ~60 — 80 suns for a 100 MW, central receiver, but
the LCOE was quite high at ~$0.20/kWh. With active cooling, the LCOE dropped to less than $0.05/kWh as the
benefits of lower temperatures and higher cell efficiencies outweighed the additional costs of the cooling system, and
the annual power generation could exceed 10 MW, or 10% of the CSP plant capacity. With conventional silicon PV
cells on central receiver heat shields, the minimum LCOE values of less than $0.05/kWh were achieved at relatively
lower irradiances (<100 W/m?) due to lower cell efficiencies. For parabolic trough applications, the triple-junction
cells were not cost-effective at the lower irradiance levels of the trough applications. Silicon PV cells yielded LCOE
values less than $0.05/kWh, but the annual power generation was only up to ~1 MW, or 2% of the trough CSP plant
capacity. In general, it is proposed that silicon PV cells can be used in spillage regions of lower irradiance (~10 — 50
kW/m?), and multi-junction cells with active cooling be used in higher irradiance regions (for central receiver
applications) to yield the lowest LCOE values for hybrid CSP/PV receiver configurations. Issues and challenges
associated with hybrid CSP/PV technologies include non-uniform irradiances on the PV cells and potential glare from
the reflected concentrated sunlight.
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