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Abstract. Concentrating solar thermal (CST) power towers can provide high flux
concentrations at commercial scale. As a result, CST towers exhibit potential for high-
temperature solar industrial process heat (SIPH) applications. However, at higher operating
temperatures, thermal radiation losses can be significant. This study explores the trade-off
between thermal and optical losses for SIPH applications using a collection of three case
studies at operating temperatures that range from 900-1,550 °C. We assume blackbody
radiation to represent the thermal losses at the receiver and we use ray tracing to estimate the
optical losses. The results show the impact of process temperature on the maximum attainable
system efficiency, as well as the higher flux concentration requirements as the temperature
increases.
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1. Introduction

The Heliostat Consortium (HelioCon) is an ongoing program effort to improve heliostat
technology with the objective to drive down costs and increase the performance of solar
collection for central receiver, or power tower, concentrated solar thermal (CST) systems [1],
[2]. Optical heliostat field enhancements may increase the concentration ratios (CR)
achievable at scale for those technologies. Most currently deployed CST systems for industrial
process heat (IPH) operate at temperatures lower than 400° C, with applications in textiles,
desalination, pharmaceuticals, and food processing [3]. While there is no clear advantage for
their use in these lower temperatures, power towers show promise for higher-temperature
processes that compose more than 40% of IPH demand as of 2017 [4].

Fernandez-Gonzalez et al. provided a review SIPH research in high-temperature
applications, which we define as at least 900 °C in this study, which span metallurgical
processes, ceramics production, coatings and surface hardening, and welding and cladding,
all of which treat the receiver as a furnace or reaction chamber instead of using thermal energy
storage media to transfer heat [5]. Additional work by Lipinski et al. reviews progress in heat
transfer to particle storage media for use in future SIPH applications, with a maximum
temperature to date of 900 °C [6], illustrating a gap in research of storage and heat transfer for
high-temperature SIPH applications.
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Our study focuses on the modelling and design of solar tower collection systems for
high-temperature SIPH for maximum system efficiency after thermal and optical losses.
Compared to the currently deployed electricity-producing tower plants that use molten salt as
a heat transfer fluid, thermal losses increase significantly as a function of operating
temperature. While this may be mitigated with higher CRs in the system design, the receiver
target area is reduced as the CR increases, which leads to increased spillage losses in the
solar field. This paper explores the trade-off between these two primary sources of system
efficiency loss at a range of temperatures.

Prior work in the HelioCon roadmap report [2] developed three case studies to use as
baselines for analysis in HelioCon: (i) a large electric field; (ii) a modular electric field; and, (iii)
an SIPH case. In this paper, we more thoroughly investigate SIPH applications by presenting
three contrived case studies which are compatible with tower configurations. The case study
temperatures of 900, 1200, and 1,550 °C correspond to IPH applications of calcination [7],
solar fuels [8], and clinker production [9], respectively. The rest of this paper is organized as
follows. Section 2 describes the methodology employed for our study. Section 3 summarizes
results and key insights. Section 4 concludes and describes future opportunities for research.

2. Methodology

We model a polar heliostat field aimed at a cavity receiver mounted on a tower. We measure
total system efficiency after accounting for black-box radiation losses as a function of the CR.
This extends work by Li et al. [10] that determines cost-optimal, temperature-based optical
design of solar collection systems with and without a secondary concentrator. In this study, we
assume a flat-plate receiver to be the aperture to the cavity receiver. We make as many
simplifying assumptions as possible to generalize the results.

This section describes the methodology that we employed to understand the impact of
operating temperature and optical error on system efficiency of an SIPH project. Specifically,
we describe (i) the modeling framework that we adopted for this analysis, (ii) the blackbody
radiation assumption that we adopt as a model for thermal loss at the receiver, (iii) our
procedure for determining the maximume-efficiency design, including a justification of removing
heliostat size as a design variable.

2.1 SolarPILOT model assumptions

We evaluated the performance of potential plant designs using SolarPILOT [11], a
concentrating solar power tower performance characterization tool that includes built-in layout,
via the Python API [12]. We use Daggett, California in the United States as the plant location.
We assume a radial stagger field layout and a flat-plate receiver target with square, single-
facet heliostats that employ center-point aiming; we allow SolarPILOT to select heliostats in
the field layout to meet the receiver power design according to annual efficiency estimates
using a four-day representative profile. We assume 2 milliradians of slope error on both the
horizontal and vertical axes, which is consistent with the baseline study in the HelioCon
roadmap and follow-up analysis [13]. To simplify the analysis, we assume no piping losses and
only radiation losses at the receiver, the latter of which we describe below in Section 2.2.

2.2 Blackbody radiation assumptions

We use a simplified cavity receiver model that assumes the cavity receiver is an isothermal,
perfectly-insulated blackbody, similar to Li et al. [10]. This model assumes that the temperature
in the cavity is independent of the heat flux profile incident on the aperture and only depends
on the total solar power that enters the cavity receiver through the aperture. Reflective,
conductive, and convective losses are assumed to be zero. Steinfeld and Schubnell [14]
considered such an ideal windowed cavity. Their work shows that if the absorptance and
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emittance for the receiver are assumed to be one, then the receiver acts as a blackbody and
radiation losses are a function of the cavity temperature. An idealized receiver with blackbody
radiation has long been used as a simplifying assumption for concentrating solar to give an
upper or best-case estimate of cavity receiver performance [15], [16]. Blackbody radiation
losses are described by the Stefan-Boltzmann equation so that the receiver efficiency is
defined in equation (1):

Treceiver = 1- O-Trf}eceiver(CR'Fluxfef)_t (1)

where nrceiver is the receiver efficiency, or the amount of solar energy collected by the receiver
compared to the amount of solar energy entering the receiver aperture, o is the Stefan-
Boltzman constant, Tyeceiver IS the isothermal temperature inside the receiver in degrees
Kelvin, CR is the (unitless) solar concentration ratio, and Flux.s is the reference flux, assumed
to be 1,000 W/m?.

The idealized blackbody cavity receiver model was implemented in SolarPILOT by
using a square flat plate receiver to represent the cavity receiver aperture. Radiation losses
per unit receiver (aperture) area were calculated for the design point CR and calculated at off-
design fluxes using the equation (2):

Qactual = Qesign (C—R)_l (2)

CRdesign

in which Q denotes radiation losses from the receiver. SolarPILOT only allows receiver design
losses to be expressed as a 3rd order polynomial, so we approximated (CR/CRuesign)' Using a
polynomial expansion.

Figure 1 displays the receiver efficiency as a function of the CR for the three
temperatures we use for our case studies, and shows that the flux loss in high-temperature
SIPH applications is signficant compared to temperatures currently used for electricity
generation; this motivates the study we conduct to obtain the results described in Section 3.
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Figure 1. Summary of a black-body receiver's thermal efficiency as operating temperature and
concentration ration vary.

2.3 Design search parameters

Our study explores the tradeoff between thermal and optical losses at high-temperature SIPH
applications by selecting a specific temperature and then varying the design CR of the receiver
to target a specific efficiency, receiver. Then, for each temperature and design CR pairing, we
calculate the (fixed) receiver aperture area, then perform a parameter search to determine a
design with near-optimal system efficiency.
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We simplify the problem by assuming square receiver apertures and heliostat surfaces
and then fixing the ratio of the heliostat height to the receiver height to 0.7 (see Section 2.4).
This limits the search space to two dimensions, the tower height and the elevation orientation
angle of the receiver aperture, allowing us to search efficiently for a high-quality design. We
obtain near-optimal solutions using a grid search that starts with increments of 25 meters in
tower height and 10 degrees in elevation angle, then increase resolution and perform a new
search around the best-found solution, repeating the procedure until we obtain 1-meter and 1-
degree increments for tower heigh and elevation angle, respectively.

2.4 Impact of heliostat size on efficiency

To illustrate the limited impact of heliostat size on the system efficiency and best-found
design chosen, we perform a parametric analysis of heliostat size and design CR, the results
of which are shown in Figure 2, in which the design CR and best-found system efficiency are
shown on the horizontal and vertical axes, respectively. The results show that there is a slight
reduction in system efficiency as heliostat size increases, with very limited impact when the
heliostat area is smaller than that of the receiver aperture. Moreover, the best-found system’s
tower height and elevation angle remain consistent as heliostat size changes, indicating that
heliostat size has limited impact on both the best design and its system efficiency. To that end,
we select a heliostat size with 70 percent of the width and height of the receiver aperture to
keep the heliostat size in line with the lower limits of existing designs and increase
computational efficiency as compared to smaller sizes. Maintaining this ratio simplifies the
analysis as intercept efficiency does not change with solar field size for a given CR.
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Figure 2. Impact of varying heliostat-to-receiver height ratio for the 20-MW 1,200 °C case.

3. Results

This section summarizes the results of our study. We show design details for all three of our
baseline cases, which use 20-MW: receivers for the three temperatures we selected. We then
show the impact of the design CR on efficiency as we vary temperature, power rating, and
optical error via parametric analysis.

Table 1 and Figure 3 show key characteristics and solar field layouts for the three
baseline case studies that we adopt, respectively. The results show that as the temperature
increases, both system efficiency and the receiver aperture decrease, indicating that the CR
increases. Additionally, solar field size increases with temperature as more nominal thermal
power is delivered to the receiver from the solar field to offset the flux loss at higher
temperatures.
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Table 1. Summary of best-found designs for case studies of 20-MW; SIPH power towers.

900 °C 1,200°C | 1,550 °C
Design CR (suns) 1,037 1,471 2,193
Receiver Size (m?) 21.50 16.61 12.76
Heliostat Size (m?) 10.22 7.89 6.07
Total Heliostat Area (m?) 29,794 34,531 44,713
Tower Height (m) 121 113 110
Receiver Elevation Angle -41 -42 -41
Solar Field Optical Efficiency (%) 81% 76% 67%
Total System Efficiency (including receiver) 73% 63% 48%
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Figure 3. Solar field layouts associated with the maximume-efficiency designs for the three baseline
case studies we adopt.

Figure 4 summarizes the optical and thermal efficiency for each source of loss for the
20-MW;, 1,200 °C case study. This case, as well as the other two which we do not show here,
exhibit consistently limited optical losses due to cosine and attenuation, as well as very limited
blocking and shading (not shown) due to the radial stagger layout implemented by SolarPILOT.
Rather, the two main contributors to efficiency losses are the blackbody radiation and image
intercept losses, as higher CRs reduce the latter at the expense of increasing the former.
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Figure 4. Summary of optical and thermal efficiencies for the baseline 20-MW 1,200 °C case.
To understand the impact of the plant size on the best-found efficiency and CR, we

conducted a parametric analysis which is summarized in Figure 5; each curve denotes a
unique pairing of temperature and receiver thermal power rating. While there is a clear
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degradation in system efficiency as the size of the plant increases, the optimal CR remains
consistent at each temperature for each receiver power rating. In addition to the results in
Figure 5, the receiver elevation angle of the best-found design is consistent, though tower
height increases with the power rating. The optimal design CR at the highest temperature is
within the range of existing receiver technologies, as sodium receivers have reach flux
concentrations of 2.5 MW/m? in previous tests [17].
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Figure 5. Summary of best-found system efficiency as temperature, design CR, and plant size vary.

Figure 6 illustrates the impact of potential optical improvements on the best-found
design CR and its related system efficiency for the three case studies. The results show that
both the best-found system efficiency and the related optimal CR increase for each
temperature as the optical error is improved; this can serve as motivation for ongoing efforts
to increase optical precision in heliostat designs.
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Figure 6. Comparison of system efficiency as a function of temperature and optical error.

4. Conclusions

This investigation presents a collection of case studies targeted to SIPH applications that
explore the trade-off between image intercept and radiation losses for CST tower designs at
temperatures greater than 900 °C. We fixed the heliostat-to-receiver height ratio to 0.7 so that
maximum system efficiency could be found by varying only the tower height and receiver
elevation angle. Maintaining this ratio simplifies the analysis as intercept efficiency, one of two
major sources of efficiency losses in this system, does not change with solar field size for a
given CR.

Preliminary results show that increasing CRs to enhance thermal efficiency at the
receiver for high-temperature processes come at the cost of optical efficiency losses, even
under optimistic assumptions on the minimum allowable receiver target area and heliostat size.
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As operating temperature increases, the best obtainable system efficiency decreases, and the
required CR to obtain that efficiency level increases. Increasing plant size has limited impact
on the best-found design CR. Improvements to optical error increase the optimal CR and the
related efficiency, with the upside being strongest at higher temperatures.

Future work will investigate levelized costs using varied cost functions for the tower and
receiver, as well as the impact of additional sources of loss at the receiver, such as reflection
and advection. The work will explore the optimum size for SIPH heliostat fields as a function
of operating temperature.
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