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Techno-economic Analysis of Concentrating Solar Thermal for Supplying High-
Temperature Industrial Process Heat

High-temperature heat is critical in industries such as minerals processing (e.g. alumina, iron),
production of cement and lime, and chemical production, where energy at temperatures upward of
900°C is needed to sustain chemical reactions (Lovegrove et al, 2019). These processes have
traditionally relied on fossil fuels due to their high energy content and availability, significantly
contributing to carbon emissions. Given the global push towards sustainability, there is growing
interest in replacing traditional energy sources with renewable options like solar thermal energy.
Despite this interest, commercial-scale deployment of concentrating solar thermal (CST) systems
for high-temperature industrial applications remains limited, and the competition from alternative
options (PV/wind + electric heating) is strong. To assess the merits of CST regarding supply of
high-temperature industrial process heat, techno-economic analysis (TEA) is essential. This study
focuses on three representative temperatures—900°C, 1200°C, and 1550°C—used in critical
industrial processes such as calcination, solar fuel production, and clinker production. The study
aims to optimise the design of CST systems, including heliostat fields, receivers, and towers, to
efficiently meet the heat requirements of these processes. The TEA will provide insights into the
potential of CST systems to reduce carbon emissions and operational costs in energy-intensive
industries.

Methodology

The configuration of the system is shown in Figure 1. It consists of a heliostat field, a single tower,
and a receiver. The system captures radiation from the sun, which is then reflected towards the
central receiver. A cavity receiver is assumed for the high-temperature application and is modelled
as an idealised blackbody for its aperture, disregarding convection losses and focusing primarily on
thermal radiation losses. Real-time wind speed is monitored to control heliostat operation, with the
heliostats being stowed when wind speeds exceed 15 m/s.
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Figure 1. CST system model

The location of the case study is in the Pilbara, WA, Australia (24.17°S, 119.44°E). The solar input
is modelled using a pillbox sun shape with an angular width of 4.65 mrad and a DNI of 1000 W/m?2
at the design point. An extinction factor of 1x107® accounts for atmospheric attenuation. The
heliostats, which are paraboloid in shape with a single square facet, utilise an azimuth-elevation
tracking mechanism and are aimed at the centre of the receiver located at (0, 0, tower height). A
mirror reflectivity of 0.95 and an equivalent slope error of 2 mrad are specified. The aperture of the
cavity receiver is simulated as a flat square billboard with an absorptivity and emissivity of 1,
indicative of perfect absorption and emission of radiation without reflection.

The system is optimised to achieve the lowest levelised cost of heat (LCOH) from the receiver using
a single-objective genetic algorithm. The key variables include heliostat field layout, tower height,
receiver size, and tilt angle. The tower and receiver cost models are sourced from SAM (NREL
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2021), while the heliostat cost is assumed to be 130 USD/mz2 (Zhu 2023). A range of system scales
is explored to gain insights into the optimal modular size of the CST system design.

Results and Discussion

Figure 2 (left) shows the optimal LCOH at different system scales for the three temperature
applications, as well as the corresponding tower, receiver and heliostat dimensions (centre and
right). The dots on these latter two plots indicate the values that correspond to the minimum
LCOH. Generally, the higher the temperature, the higher the LCOH due to the stronger trade-off
between thermal radiative losses and optical spillage losses. A 120 MW system size is optimal for
the 1550°C case, achieving the lowest LCOH of 41.3 USD/MWh. For lower temperature cases, a
320 MW system scale is optimal for both the 900°C and 1200°C cases, with LCOH of 23.9 and
29.4 USD/MWh, respectively. Assuming the cost of a PV panel is 1000 USD/kW and the capacity
factor in the Pilbara is 26%, using the same annuity factor (0.08) as the CST system, the levelised
cost of energy from the PV system is 35.1 USD/MWh. This comparison highlights the
competitiveness of CST systems for supplying heat up to 1200°C.
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Figure 2. Optimal LCOH at different system scales for three temperature applications (left).
Centre and right figures show the corresponding tower height, receiver height and heliostat
height, with the dots indicating the values corresponding to lowest LCOH.

For a CST system of the same scale, higher temperatures result in taller optimal tower heights,
and smaller heliostat and receiver sizes, as shown in Fig. 2. The influence of three design
parameters on the LCOH was assessed by individually varying these parameters around the
optimal values. The results for a 20 MWy, CST system are shown in Fig. 3.

e Tower Height: At each temperature level, the LCOH initially decreases sharply with an
increase in tower height, reaching a minimum point, beyond which it either gradually
increases or stabilises. The optimal tower heights, indicated by red crosses, correspond to
the lowest LCOH for each temperature. This trend reflects a balance between the
increased cost and improved optical efficiency associated with taller towers.

o Receiver Size: Across all temperatures, increasing the receiver size initially leads to a
decrease in LCOH, up to a certain point, after which the LCOH starts to rise sharply,
especially for higher temperature applications. A larger receiver incurs higher capital costs
and significantly increased thermal radiation losses, despite the improved optical efficiency.
The red crosses mark the optimal receiver sizes for cost-efficiency.

e Receiver Tilt Angle: The LCOH forms a slight U-shaped curve with varying tilt angles,
indicating an optimal cost at a specific angle. However, the curve for the 900°C system is
relatively flat, suggesting less sensitivity to tilt angle changes at this temperature.
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Figure 3. Impact of tower heights, receiver size and tilt angle on LCOH for a 20 MW, CST
system for three operating temperatures
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Figure 4 illustrates the optimal LCOH at various operational temperatures for a 20 MW, CST
system. For all three temperatures, the LCOH decreases with an increase in concentration ratio up
to a certain point (marked 'x"), beyond which it begins to rise. The second graph in Fig. 4 shows
the relationship between concentration ratio and system annual efficiency. Similarly, there is a
peak efficiency (also marked ‘x’) for each temperature at the optimal concentration ratio, which
increases as the temperature rises. However, the optimal system annual efficiency decreases as
the required temperature increases. A higher concentration ratio, implying a larger heliostat field
and a smaller receiver, reduces radiation losses but increases spillage losses. At lower
concentration ratios, the receiver is too large, leading to excessive thermal losses relative to the
net energy captured. The strong variation in annual optical efficiency reflects the impact of spillage
and the optimal relative sizing of the heliostat field and receiver, which also explains the main trend
in the LCOH curves. It is also worth noting that the design with the highest system annual
efficiency does not correspond to the most competitive LCOH.
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Figure 4. Relationship between the concentration ratio with the optimal LCOH and system
annual efficiency for a 20 MWy, CST system
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Conclusion

This study details the modelling and optimisation of CST systems operating at 900°C, 1200°C, and
1550°C. With the objective of minimising the LCOH while maintaining system efficiency, the
heliostat field layout, tower height, receiver size, and tilt angle were optimised. The results indicate
that both the LCOH and concentration ratio increased with rising working temperatures. A taller
tower and a smaller receiver increase the concentration ratio, but an excessively tall tower or
overly small receiver leads to higher costs and higher spillage losses. Optimising these factors
results in the lowest possible LCOH of 23.9, 29.4 and 41.3 USD/MWh for the 900°C, 1200°C, and
1550°C applications respectively, which is competitive to the levelised cost of a PV system.

It was found that there is an optimal system size for each temperature application that minimises
the LCOH. Such insights could inform the development of modular systems that can be scaled up
for commercial applications. However, achieving low costs is expected to become more
challenging as the system size increases, due to atmospheric attenuation effects. As scale
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increases, multi-aperture systems may become desirable to improve the capital utilisation of the
tower.

Cost assumptions for the receiver and tower, sourced from SAM and based on large-scale CSP
systems, might not be entirely applicable to the smaller optimal systems identified in this study,
such as those with a 1.9-2.8 m receiver and a 56—-68 m tower. Consequently, conducting a
sensitivity analysis on these cost assumptions is suggested as an area for future research.

Additionally, the study suggests that higher operating temperatures benefit from increased
concentration ratios. However, the off-axis reflection inherent in nominal paraboloid heliostats
leads to significant astigmatism losses. Future work could explore the use of heliostats with target-
aligned tracking (Zaibel et al. 1995) and actively shaped focusing heliostats, like those developed
by the University of Arizona (Angel et al. 2020), to improve off-axis reflections and enhance the
annual concentration ratio of the entire system. While these advanced heliostats may entail higher
costs, their potential for increased energy production presents an interesting avenue for examining
techno-economic trade-offs. This is one area where a ‘step change’ in performance is possible and
could help reduce the cost penalty of higher-temperature systems.
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