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• Current status: published in Solar Energy, volume 183, pages 805–811, 2019.

• Contributions: Lifeng Li conceived the idea, performed the optical design and
modelling, and wrote the original manuscript. Bo Wang conducted the thermal
modelling of the cooling system of the compound parabolic concentrator (CPC).
Johannes Pottas designed the CPC cooling channel layout and was in charge of
the fabrication of the CPC. Wojciech Lipiński conceived the idea, contributed to
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ceived the idea, contributed to the optical design and analysis, and supervised
the project. All authors reviewed and edited the manuscript.

• Declaration signed by a senior author:

Publication 6 is presented as Chapter 8 in this thesis.

• Title: Optical Analysis of a Solar Thermochemical System with a Rotating Tower
Reflector and a Receiver–Reactor Array.

• Authors: Lifeng Li, Song Yang, Bo Wang, John Pye, and Wojciech Lipiński.
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Abstract

Emerging high-temperature solar thermal and thermochemical systems aim to oper-
ate efficiently at temperatures above 1000◦C, necessitating solar concentration ratios
typically above 1000 suns. In research and development applications, the required
high concentration ratios can be obtained by dedicated on-sun and indoor facilities
of solar furnaces and high-flux solar simulators (HFSSs), respectively. For large-scale
solar thermal and thermochemical plants, the requirement of high concentration ra-
tios imposes great challenges on optical concentrators. Point-focusing optical con-
centrators, including parabolic dishes and heliostat fields in central receiver systems
(CRSs), provide higher concentration ratios in the range of 500–10,000 suns than the
concentration ratios of 2–100 suns provided by line-focusing optical concentrators
such as parabolic troughs and linear Fresnel mirrors. Parabolic dish systems are ca-
pable of producing the required high concentration ratios above 1000 suns, however,
their relatively small power output from each module limits the system economics.
CRSs present higher power output but restricted concentration ratios up to 1000 suns
to achieve reasonable optical efficiencies. Hence, optical concentrating systems that
simultaneously provide high concentration ratios and high power output need to be
explored.

In this work, design, modelling, and optimisation of primary and secondary solar
concentrators are performed for the advancement and realisation of economically-
feasible high-temperature concentrating solar technologies. This work focuses on
two-stage solar optical concentrating systems designed for high-temperature ap-
plications. Two types of systems are investigated: (i) experimental-scale HFSS-
based systems and (ii) commercial-scale CRSs. For maximising the design freedom,
two-dimensional analytical ray-tracing and three-dimensional collision-based Monte-
Carlo ray-tracing programs are developed in-house for simulating optical systems
involved in this work.

For the HFSS-based experimental system, reflective optics in the shape of flat,
ellipsoidal, hyperboloidal, and paraboloidal, and concentrating optics of the com-
pound parabolic concentrator (CPC) are found to be capable of modifying the char-
acteristics of the HFSS radiative output beam such as concentration ratio, ray distri-
bution, and axis direction. The modification of the HFSS output beam characteristics
enables the application of HFSSs to meet specific requirements of experimental test-
ing of materials and device prototypes, and so on.

For commercial-scale CRSs, the optical, energetic, and economic performance of
two types of system configurations are investigated and optimised, including a sys-
tem with a single-aperture receiver and a polar field, and a system with a multi-
aperture receiver and multiple sub-fields. For the study of polar-field CRSs, optical
design and optimisation are performed for the receiver temperature ranging from
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Abstract xii

600 K to 1800 K to obtain optimal system energetic and economic performance, re-
spectively. The working temperature thresholds at which the energetic and economic
performance benefit from the addition of a CPC are identified as 900 K and 1200 K,
respectively. In the study of multi-aperture CRSs, it is found that the increase of
the number of apertures from one to four increases the maximum net receiver power
from 116 MW to 332 MW. The use of more than four apertures results in a limited fur-
ther gain of net receiver power but significantly decreased overall optical efficiency
and solar-to-thermal efficiency. Furthermore, a novel solar beam-down system with
a rotating tower-reflector and a receiver–reactor array is proposed and optically in-
vestigated, specifically for high-temperature solar thermochemical applications. This
optical study predicts the required gain of the thermal-to-chemical efficiency from
the receiver–reactor array by synchronising heat recuperation, reduction reaction,
and oxidation reaction.
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Chapter 1

Introduction

Solar energy plays a crucial role in the transformation of the world energy system to
a more renewable and environmentally-friendly one due to its vast quantity, proven
technology performance, and environmental safety. Solar energy technologies have
the potential to eliminate the reliance of the global economy on fossil fuels [1]. Con-
centraing solar thermal systems are distinct by making use of the full solar spectrum
available on the Earth, and by being compatible with a broad range of technical ap-
plications including those requiring continuous or dispatchable thermal energy input
[2]. Solar irradiation onto the earth’s surface exhibits dramatic variations in both time
and geographical scales. The incompatibility of the intermittence of solar irradiation
and the sensitivity of electricity demand necessitates energy storage. Concentrated
solar technologies stand out among other sustainable technologies due to the inher-
ent suitability for energy storage and capability of allowing for efficient conversion of
thermal energy to energy in electrical or chemical form. Concentrating solar thermal
technologies can be employed for power generation [3] and solar thermochemical
processing [4–6].

Solar thermochemical processes include (i) H2O or CO2 splitting via thermolysis
and reduction–oxidation (redox) cycles of metal oxides, (ii) decarbonisation/upgrade
of carbonaceous feedstocks via cracking, reforming, and gasification, and (iii) pro-
duction of chemical commodities such as lime, ammonia, and metals via calcination
and ablation [6]. Among them, the most-widely investigated is the solar thermo-
chemical process based on the redox cycles of metal oxides, comprising two steps:
(1) a solar-driven, high-temperature endothermic reduction step, and (2) a non-solar,
low-temperature exothermic oxidation step [4, 6–9]. The reduction reaction of metal
oxides typically requires a temperature ranging from 800 K to 1800 K [10], and is
driven by the concentrated solar radiation. Energy storage, production of H2 and/or
CO, and CO2 capture are accomplished during the oxidation step.

Thus, the advantages of high-temperature receivers/receiver–reactors include (i)
enabling solar thermochemical processes and (ii) offering a high thermal-to-electric
conversion efficiency for solar thermal power applications. However, high-temperature
receivers/receiver–reactors also bring in high receiver emission losses that can only
be mitigated by an increased concentration ratio1 at the receiver aperture, imposing

1Definitions of metrics employed to characterise the performance of solar optical systems including
concentration ratio, optical efficiency, receiver absorption and thermal efficiencies can be found in [11],
[12], and Section 2.4.
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Chapter 1. Introduction 2

great challenges on the design and manufacturing of optical concentrating systems
[13]. Substantial costs of about 30–50% of the total plant costs are associated with
optical concentrators. Optical approaches, particularly system-level design, have the
great potential to assist in solving the challenges imposed by high-temperature ther-
mal and thermochemical applications. Hence, optical concentrating systems are of
paramount significance for the realisation of economically-feasible solar thermal or
thermochemical technologies.

1.1 Optical concentrators

Optical concentrators applied in the field of solar energy can be classified as primary
and secondary optics. Primary optics concentrate/reflect the quasi-collimated solar
radiation into convergent radiative beams which can be further concentrated/redi-
rected by secondary optics. Specifically, the optics of solar CRSs can be found in the
literature review performed at the beginning of this doctoral work and prior to any
optical design, as published in [11].

Primary optics

Solar irradiation onto the earth’s surface varies continuously, exhibiting variations
at all time scales, from minutes to decades. The generally accepted annual mean
value of the solar radiation impinging on the outer layer of the earth’s atmosphere
appears to be Gsol = 1366 W m−2 [14]. If example radiative fluxes of 500, 1000, and
1366 W m−2, respectively, are absorbed by a blackbody, the equilibrium temperatures
of the blackbody are given by

σT4 = Gsol (1.1)

and calculated to be 306, 364, and 394 K, where σ is the Stefan–Boltzmann constant
equal to 5.67× 10−8 W m−2 K−4. These temperatures give low ideal thermodynamic
conversion efficiencies of only 4.2%, 19.5%, and 25.6%, respectively, if being used for
electric power generation with a cold sink of ambient temperature of 20◦C. Hence,
to overcome the inherent technical challenge of solar radiation as an energy source,
namely that it is dilute, optical concentrators are used to obtain radiative fluxes rang-
ing from a few kW m−2 to several MW m−2 [8, 11].

The direct sunlight arriving at the earth’s surface is incoherent, quasi-collimated
with a cone half-angle θsun of 4.65 mrad as a result of the finite size of the sun,
i.e. the sun shape [15–17], and the distance between the sun and the earth. The
incident sun rays are redirected into a convergent beam by primary optics towards a
common position that can be a surface, a line (line-focusing system), or a point (point-
focusing system). Primary optics concentrating the quasi-collimated solar beams to
convergent beams are typically in the shape of continuous or discrete paraboloidal
surfaces. Typical primary optics encompass parabolic dishes [18], parabolic
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Figure 1.1: Optical configurations encountered in concentrating solar applications [8, 19].



Chapter 1. Introduction 4

troughes [20], heliostat fields [11], and linear Fresnel mirrors [21]. The correspond-
ing concentrating solar power (CSP) systems with each optical concentrator differ
in receiver configuration, concentration ratio, nominal receiver power, range of re-
ceiver working temperature along with others [3, 11, 22]. Typical solar concentrating
systems are schematically depicted in Figure 1.1.

The theoretical maximum concentration ratios are given by the second law of
thermodynamics and are limited by θsun, namely the inverse of the sine of θsun

(Cmax,line-focus = 215) and the inverse of the square of the sine of θsun (Cmax,point-focus =
46, 248) for line-focusing and point-focusing solar concentrators, respectively [3]. Var-
ious design-specific geometrical constraints limit the achievable concentration to be-
low this thermodynamic limit, such as slope error of optical surface and tracking
error [23, 24]. Commonly used primary concentrators are reflective optics, since
large-scale refractive lenses bear the drawbacks of large weight, high costs, and po-
tential overheating due to the absorption of radiation.

Radiative beams encountered in concentrating solar applications feature quasi-
collimated (natural solar irradiation) and line- and point-converging (concentrated
radiation) geometries. Reflective optics adopted in solar applications for the pur-
pose of redirecting or concentrating include planar, ellipsoidal, hyperboloidal, and
paraboloidal mirrors. A planar reflector/concentrator redirects collimated or con-
vergent radiative beams without changing the beam characteristics of rim angle
and radiative distribution. Paraboloidal concentrators, such as parabolic dishes and
parabolic troughs, enable the conversion between the collimated and convergent ra-
diative beams. Linear Fresnel mirrors and heliostat fields can be represented as
discretised parabolic troughs and dishes, respectively. Ellipsoidal and hyperboloidal
reflectors/concentrators render the redirection of convergent radiative beams and the
modification of beam rim angles and radiative distributions [25]. Aplanatic concen-
trators are designed for minimising spherical and comatic aberrations [26–28].

Heliostats are applied in CRSs that approximate elements of paraboloids of rev-
olution with different focal lengths and with time-dependent orientation to follow
the actual position of the sun in two dimensions, and focus solar radiation on a
common focal area of a receiver (see Figure 1.1). The receiver can be positioned
on top of a tower or at ground level, where the relevant CRSs are distinguished as
‘tower-receiver’ and ‘tower-reflector’ (beam-down) systems, respectively. CRSs have
received considerable attention due to their potential of achieving higher receiver
power and concentration ratios and consequently lower levelised costs of electricity.
Advancement of heliostat fields towards efficient and cost-effective collection and fo-
cusing of sunlight are pivotal to the advancement of CRSs for electricity generation
and chemical processing at large scales. Therefore, CRSs are considered in this work
for the realisation of large-scale optical systems for the high-temperature concentrat-
ing thermal applications.
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Secondary optics

Receivers employed for high-temperature applications typically feature a cavity re-
ceiver, which is due to the large radiative emission loss from a large aperture area of
an external receiver [11]. Absorption efficiency of cavity receivers can be further im-
proved by applying secondary optical concentrators including a conical concentrator
[29], a trumpet concentrator [30, 31], a tailored edge-ray concentrator (TERC) [32],
a compound elliptic concentrator (CEC) [33, 34], a non-regular polygonal concentra-
tor [35], and the most widely discussed compound parabolic concentrators (CPCs)
[33, 36]. Kribus et al. investigated performance limits of CRSs with four types of
secondary optical concentrators [37].

(a) (b)

Figure 1.2: Examples of CPCs: (a) a 2D CPC working in tandem with a luminescent solar concentrator
(reprinted from [38], with permission from ISES) and (b) a 3D CPC working in tandem with a solar
thermochemical reactor for syngas production (reprinted from [39], with permission from AAAS).

It was demonstrated in the literature that the use of a CPC in an optical concen-
trating system brings in the benefits of increasing concentration ratios, allowing for
utilisation of spillage radiation, and spreading the angular distribution of the trans-
mitted radiation [33, 39–41]. The spreading of radiation allows for more uniform
irradiation inside a receiver cavity, in particular for eliminating hot spots. Besides
improving receiver absorption efficiency, the capture of spillage radiation helps pro-
tect the outer walls of receivers from overheating, thus lowering the requirements of
using protective shields. Disadvantages of the use of secondary optics include addi-
tional optical losses due to surface absorption and backward reflection, difficulty to
manufacture, and possibly required active cooling due to the operation under highly
concentrated radiation and the radiative emission from the high-temperature solar
receiver. Figure 1.2 shows examples of 2D and 3D CPCs in solar applications.

In this work, we discuss the application of a CPC in both the small-scale experi-
mental system (Chapter 3) and the large-scale CRSs for the CPC’s potential benefits
in improving system optical, energetic, and economic performance (Chapters 6 and
7).
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High-flux solar simulators

To enable experimental studies of materials and device prototypes, high-flux radia-
tion is provided by on-sun concentrators such as solar furnaces [42–48], solar towers
[49–56], parabolic dishes [57], or indoor facilities of high-flux solar simulators (HF-
SSs) [8, 30, 58–79]. HFSSs provide a controlled, steady, and reproducible high-flux
irradiation, independent of the availability of direct sunlight.

A 45 kWe multi-source HFSS has been constructed at the Australian National
University (ANU) and used for experimental studies [66, 70, 80, 81]. The design and
construction of the first-generation HFSSs are focused on the achievement of high
radiative fluxes over a small target area. During the implementation of HFSSs for ex-
perimental testing, problems and limitations of the HFSS-based experimental setup
are uncovered, such as that (1) multi-source HFSSs output radiation with high peak
fluxes and angular flux non-uniformities due to the finite number of lamps, resulting
in hot spots on target surfaces; and (2) the majority of HFSSs output radiative beams
with a fixed axis, typically in a horizontal configuration. The horizontal-axis beam
configuration limits the use of HFSSs for applications requiring beams of different
axis directions, e.g. beam-up or beam-down reactors. Solutions of solving these
problems are rarely discussed in the literature, except that Jin et al. used an opti-
cal integrator and a lens to obtain collimated light [76], and Song et al. used optical
fiber bundles to achieve flexible radiative output [77]. Hence, in this work, secondary
concentrating and reflective optics are investigated to tackle these problems and lim-
itations, as in Chapters 3 and 4, respectively. Suggestions on the further design of
the second-generation HFSSs are also put forward in this work.

1.2 Context

This doctoral work tackles tasks under the R&D project High temperature solar thermal
energy storage via manganese-oxide based redox cycling, sponsored by the Australian
Renewable Energy Agency (ARENA). The objective of the overall project is to develop
novel high-temperature thermochemical energy storage technologies for dispatchable
and efficient concentrating solar power generation via thermodynamic power cycles
[4, 5, 8–10, 82, 83]. The proposed approach is based on the reduction and oxidation
reactions of the manganese oxide (see Figure 1.3) [84–86]:

• solar-driven, endothermic reduction: Mn2O3 → 2MnO + 1/2O2

• non-solar, exothermic oxidation: 2MnO + 1/2O2 → Mn2O3

The thermal reduction of Mn2O3 to MnO theoretically requires temperatures
above 1560◦C [90]. The iron–manganese binary oxide systems have been recently
suggested to improve the performance of pure iron and manganese oxides [91], and
thus the iron–manganese oxide with a molar ratio of Fe/Mn 2:1 (Fe67) is consid-
ered as the thermochemical energy storage material in this work [85]. The required
temperature for the reduction of Fe67 particles is reduced to 1200◦C based on the
thermodynamic and kinetic study of Fe67 particles [85].
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Figure 1.3: Solar thermochemical energy storage system based on manganese-oxide redox cycling pro-
posed in 2014 [87]. Fe/Mn binary metal oxide of Fe/Mn molar ratio of 2:1 (Fe67) which was demon-
strated to be able to improve the performance of pure Fe and Mn metal oxides is taken in this project
[85, 86, 88, 89].

The project consists of four tasks: (1) active material development, (2) solar reactor
development [88, 89], (3) optical field design, and (4) techno-economic analyses. In
particular, this work undertakes the task (3) and provides inputs to tasks (2) and (4).
Note that this work is unrestricted to the project tasks. Optical systems are studied
for the generic high-temperature concentrating solar applications.

1.3 Objectives

Despite a large number of studies of optical solar concentrating systems, existing
studies primarily focus on processes requiring temperatures up to 900 K. The chal-
lenges of high-temperature thermochemical processing up to 1800 K imposed on op-
tical concentrating systems were rarely discussed in the literature, which is the focus
of this work.

The optical design involved in this work is performed via numerical modelling.
The Monte-Carlo ray-tracing (MCRT) technique, the most robust simulation tech-
nique for optical and radiative transfer modelling of a CRS, is applied in the devel-
opment of programs for simulating the HFSSs, CRSs, and secondary optics [14, 92].
In particular, the tasks of this work comprise:

(1) understanding the underlying physics of solar energy, geometrical optics, non-
imaging optics, radiative transfer, and modelling methodology pertinent to HF-
SSs, CRSs, and secondary optics,
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(2) developing simulation programs for modelling CRSs with a CPC, allowing for
predicting optical and energetic characteristics including optical efficiencies,
radiative power, concentration ratios, and spatial and directional flux distribu-
tions of radiation on specified target surfaces,

(3) providing support to the team working on material development, design and
experiments of reactors and system-level techno-economic analyses, and

(4) exploring the large-scale CRSs, particularly for high-temperature concentrating
solar applications, and investigating their economic feasibility.

1.4 Overview

In this thesis, Chapter 2 presents the review of background information on solar
CRSs, primary and secondary optics, HFSSs, and modelling methodology.

Chapters 3 and 4 describe the optical design and analyses of secondary optics for
solving problems and limitations of the HFSS-based experimental system. The de-
sign and manufacturing of a 3D CPC to couple with HFSSs are described in Chapter
3. In Chapter 4, optical analysis of secondary, beam-redirecting optics for varying
axis directions of beams from HFSSs is presented.

Chapters 5 to 7 present studies pertinent to commercial-scale CRSs. A review
on the state of the art in optical design, modelling, and characterisation of CRSs
is presented in Chapter 5. Chapter 6 contains an optical design, optimisation, and
economic study of solar polar-field CRSs for receivers operating in the temperature
range of 600–1800 K. The application of a 3D CPC is evaluated in terms of its benefits
in improving system energetic and economic performance. In Chapter 7, the design
of a multi-aperture receiver coupled to multiple sub-fields for increasing power out-
put is explored. In Chapter 8, a novel solar beam-down system with a rotating tower
reflector and a receiver–reactor array is proposed and optically investigated.

Finally, conclusions from the present work and suggestions for further work are
discussed in Chapter 9.



Chapter 2

Background

This chapter introduces the fundamentals of radiative transfer and modelling method-
ology, and presents literature reviews of HFSSs, solar CRSs including the ‘tower-
receiver’ and ‘tower-reflector’ optical systems, and the secondary optics of CPCs.

2.1 Radiative transfer

Macroscopic radiative transfer in solar concentrating systems is based on geometrical
(ray) optics and classical radiative transfer equations (RTE) [14]. A model CRS used
to elucidate the pertinent optics and radiative transfer concepts is depicted in Figure
2.1.

Figure 2.1: Simplified radiative transfer model of a solar CRS [11].

The spectral intensity and flux of solar radiation coming from direction ŝ and
arriving on an arbitrary surface element dA with a normal n̂ and at position r̂ are

9
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given by

Iλ,solar(~r, λ, ŝ, t) =
dQsolar(~r, λ, ŝ, t)
|n̂ · ŝ|dAdλdΩdt

=
dQ̇solar(~r, λ, ŝ, t)
|n̂ · ŝ|dAdλdΩ

(2.1)

q̇λ,solar(~r, λ, t) =
∫ 2π

Ω=0
Iλ,solar(~r, λ, ŝ, t)|n̂ · ŝ|dΩ (2.2)

where dQsolar(~r, λ, ŝ, t) and dQ̇solar(~r, λ, ŝ, t) are, respectively, the solar radiative en-
ergy and radiative power intercepted by dA within the wavelength interval dλ around
the wavelength λ, and dΩ is an infinitesimal solid angle (an infinitesimal area on a
unit sphere), i.e. dΩ = sinθdθdψ [14]. Detailed spectral optical models of solar
concentrators typically use the air mass 1.5 spectral distribution (AM 1.5) as the ref-
erence spectrum, further modified according to local atmospheric conditions [93, 94].
Simplified spectral optical models typically employ the spectral distribution of a
blackbody at an effective temperature of the sun of approximately 5780 K [14]. The
directional distribution of the incident solar irradiation results from the sun–earth
geometry, with the solid and half-cone angles of the solar disk equal to 6.79× 10−5 sr
and 4.65 mrad (0.27◦), respectively, and the effect of the sunshape, i.e. solar radia-
tion distribution observed from the earth within the solar disk and the circumsolar
aureole. The ratio of the amount of energy contained in the circumsolar aureole to
the total amount of direct energy coming from the sun is defined as the circumso-
lar ratio. It is an important parameter that directly influences the flux distribution
and solar image size at the focal plane. Examples of sunshape models employed in
optical analyses of CRSs are the pillbox, Kuiper, Biggs and Vittitoe [15], Rabl and
Bendt [16], and Buie [17] distributions. Buie sunshape model greatly approximates
the actual measured solar radiation distribution with affordable computational effort
and thus is adopted in this work.

Solar radiation incident on a reflector surface element dA with a local normal
n̂ of a solar concentrator is partially reflected into a direction ŝr. In geometrical
optics, the most fundamental property describing the reflection process under the
local thermodynamic equilibrium condition is the spectral bi-directional reflection
function ρ

′′
λ(~r, λ, ŝi, ŝr), defined as [95, 96]

ρ
′′
λ(~r, λ, ŝi, ŝr) =

dIλ(~r, λ, ŝi, ŝr)

Iλ(~r, λ, ŝi)|n̂ · ŝi|dΩi
(2.3)

In the limiting cases of optically smooth and diffuse surfaces,

ρ
′′
λ(~r, λ, ŝi, ŝr) =

{
∞, for θr = θi, ψr = ψi + π

0, for all other ŝr
optically smooth (2.4)

ρ
′′
λ(~r, λ) = ρ

′∩
λ (~r, λ)/π diffuse (2.5)

where the unit direction vector ŝ is expressed in terms of the polar angle θ (measured
from the surface normal n̂) and the azimuth angle ψ (measured between an arbitrary
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axis on the surface and the projection of ŝ on that surface). The reflecting surfaces
of involved optical concentrators in this work are assumed to be optically smooth
(specular) and their reflectance is wavelength- and direction-independent.

Minimum spectral attenuation and angular spread of the reflected intensity Iλ(~r, λ, ŝr)
are the desired reflection characteristics of a reflecting surface to maximise the total
radiative power intercepted by the receiver aperture of an area Arec,

Q̇rec(~r) =
∫ ∞

λ=0

∫
Arec

∫ 2π

Ω=0
Iλ,rec(~r, λ, ŝ)|n̂ · ŝ|dΩdAdλ. (2.6)

Note that the optical concentrator of a CRS may consist of more than one reflector
between the reference location of the incident solar radiation and the receiver.

The atmospheric transfer of radiation, and thus the spatial variation of radiative
intensity between the reference location of incidence, reflectors, and a receiver are
modelled using the quasi-steady form of the RTE,

dIλ(~r, λ, ŝ)
ds

+ βλ Iλ(~r, λ, ŝ) = κλ Iλ,b(~r, λ) +
σs,λ

4π

∫ 4π

Ωi=0
Iλ(~r, λ, ŝi)Φλ(~r, λ, ŝi, ŝ)dΩi

(2.7)
where κλ and σs,λ are the spectral absorption and scattering coefficients, respectively,
βλ = κλ + σs,λ, λ is the extinction coefficient, and Φλ(~r, λ, ŝi, ŝ) is the scattering phase
function of radiation from the direction ŝi into ŝ. Atmospheric radiative properties
are determined by employing models that account for the actual composition of the
gas, liquid, and solid phases [97, 98]. The quasi-steady form of RTE is employed
as justified by the small characteristic radiation propagation times at length-scales
associated with the overall dimensions of solar thermal systems.

2.2 Compound parabolic concentrators

CPC was first proposed by Hinterberg and Winston in mid-1960s as an efficient way
to collect C̆erenkov radiation [99], and thereafter applied to solar energy systems
[100–107]. The basic geometry of a 2D CPC is composed of two parabolic sections
with foci at the end points of the exit aperture (Figure 2.2). The reflecting surface of
a 3D CPC is formed by rotating the cross-section of a 2D CPC about the CPC axis.

An annular CPC (ACPC) was proposed by Lipiński and Steinfeld for the utilisa-
tion of low-grade spillage radiation outside the hot spot [108]. Except from conven-
tional axis-symmetric secondary optical concentrators, secondary optical concentra-
tors with non-regular cross-sections were proposed and evaluated in tandem with
heliostat fields with a wider range of possible contours [35, 104].

The geometry of a 3D CPC is determined by the acceptance angle θCPC and the
entry aperture radius rin. The radius of the exit aperture rout and the full (untrun-
cated) length LCPC can be calculated as functions of θCPC and rin,

rout = rinsinθCPC, (2.8)
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LCPC =
rin + rout

tanθCPC
= rin

1 + sinθCPC

tanθCPC
. (2.9)

Figure 2.2: Cross-section of a three-dimensional compound parabolic concentrator (CPC) [109].

The interception efficiency ηint,CPC is defined as the ratio of the radiative power
entering the CPC entry aperture to the total radiative power from a source incident on
the CPC entry aperture plane. Optical losses in a CPC result from surface absorption
and backward reflection [33]. The transmission efficiency ηopt,CPC of a CPC is defined
as the ratio of transmitted radiative power to that entering a CPC. A CPC increases
the theoretical concentration ratio by a factor of 1/sinθCPC or 1/sin2θCPC for a 2D or
3D CPC, respectively. Thus, the concentration ratio of a practical 3D CPC is

CCPC =
ηopt,CPC

sin2θCPC
. (2.10)

The overall concentration ratio Cout taken at the exit aperture of the CPC is then,

Cout = CinCCPC. (2.11)

Cin is the concentration ratio at the CPC entry aperture and is defined as:

Cin =
Q̇in

πr2
inG0

, (2.12)

where Q̇in is the radiative power entering the CPC entry aperture and G0 is the
reference unconcentrated solar radiation used for the definition of flux (energetic)
solar concentration ratio, typically taken as 1000 W m−2 [11].

The ideal CPC is difficult and expensive to manufacture due to the relatively
complex shape and the difficulty of polishing the reflective surface enclosed in a
cavity. Hence, a large variety of modified CPCs have been developed for purposes
such as easier manufacturing, more convenient packing, and larger acceptance angles
[104, 110–112].
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2.3 High-flux solar simulators

HFSSs have been widely designed and used for experimental uses in the applica-
tions of solar thermal, thermochemical, photoeletrochemical, and photovoltaic. A
summary of existing HFSSs facilities was given by Bader et al. [113] and Gallo et al.
[114]. Typically, HFSSs consist of a number of identical radiation modules. In each
module, the light source of a xenon, argon, or metal halide arc lamp is used and
is positioned at the focus of an elliptical specular reflector, either a point-focusing
truncated ellipsoid of revolution or a line-focusing truncated elliptical trough. The
reflectors are oriented to have a common secondary focus where a high radiative flux
is achieved. The emission spectrum of a xenon arc lamp resembles that of blackbody
radiation at 6000 K and hence approximates the terrestrial solar spectrum.

HFSSs differ in the type, number, power, size, and emission characteristics of
the light source, the geometry and quality of the reflectors, as well as the relative
alignment of the light source and reflector. The radiative power output of the existing
HFSSs ranges approximately from 1 to 280 kW with the average radiative flux on the
specified focal plane ranging approximately from 0.25 to 10 MW m−2[113]. The HFSS
constructed at the ANU consisting of 18 radiation modules is shown in Figure 2.3 as
an example.

Figure 2.3: Photograph of the multi-source high-flux solar simulator (HFSS) at the Australian National
University (ANU) [66].

2.4 Solar central receiver systems

A basic concentrating collector system consists of a solar concentrator and a solar re-
ceiver. The concentrated solar radiation is absorbed by a receiver where the solar en-
ergy is converted into thermal energy, driving thermal or thermochemical processes.
The receiver performance is characterised by the receiver absorption efficiency, de-
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fined as the ratio of radiative power absorbed by the receiver to the concentrated
radiative power intercepted by the receiver aperture. The solar receiver design is
inherently coupled to the optical concentrator design. Cavity and volumetric re-
ceivers exhibit higher apparent absorptance than external receivers, and are suitable
for high-temperature solar applications [19, 115]. Solar CRSs are introduced and
discussed in this section.

Solar CRSs can be classified as ‘tower-receiver’ and ‘tower-reflector’ (beam-down)
systems according to the position of the module of the receiver and the optional sec-
ondary optical concentrator such as a CPC in the optical system. In a ‘tower-receiver’
system, heliostats reflect radiation directly towards the receiver on a central tower
(see Figure 2.4). In a ‘tower-reflector’ system, heliostats reflect radiation towards a
secondary reflector positioned on the top of a tower, which in turn reflects radiation
towards the receiver located at ground level [101–103, 116–119] (see Figure 2.5).

Solar CRSs are designed by matching thermal requirements of thermal or thermo-
chemical processes such as temperature, power level, transient variations, to thermal
characteristics of a receiver. Receiver selection/design is inherently coupled to the se-
lection/design of an optical concentrator. A broad variety of receiver designs specific
to solar CRSs have been conceptualised, designed, and demonstrated as summarised
in [120–124]. Romero et al. [125], Garcia et al. [126], Ávila-Marín [121], Behar et
al. [127], Reddy et al. [128], Ho and Iverson [122], Coventry et al. [123] and Ho
[124] conducted review studies of central receiver systems, components, projects,
and technologies. Plant-level CRSs are included in review studies of global CSP
plants by Pavlovíc et al. [129] and Zhang et al. [130].

Figure 2.4: Model solar ‘tower-receiver’ system comprising a heliostat field, a receiver on top of a tower,
a thermal storage system, and a power block [11]. The optional CPC is not included in this figure.



15 Chapter 2. Background
CPCsHeliostat field

Tower 

reflector

(a)

Primary focus

Heliostat field

CPC, θCPC, rin

Tower

Hyperboloidal 

tower reflector, er

h1

γh1

αr

ϕt

αCPC

x (South)

z 

Secondary focus
z1

x1

lr

d1

y (East)

d2

(b)

Fig. 1: Figure 1Figure 2.5: Model solar ‘tower-reflector’ optical system comprising a heliostat field, a hyperboloidal
tower reflector, a tower, and a ground-level receiver coupled with a CPC [131].

This work focuses on the optics of heliostats and heliostat fields as motivated by
a need to understand the potential to adapt and improve state-of-the-art designs to
meet the needs of emerging applications of CRS technologies.

‘Tower-receiver’ systems

In this section, heliostats, heliostat fields, and solar receivers will be introduced se-
quentially. An individual heliostat is composed of a reflector (one or more mirror
facets), a supporting structure including foundations, and an actuation system. He-
liostats can be classified in various ways. For example, by the material of the reflector
surface, heliostats are classified as glass, metal, and membrane types. The size and
specular reflectance of mirror facets, the alignment of mirror facets, the alignment of
the tracking system, and the structural rigidity (particularly under operational wind
loads) must be optimised for the best optical performance of an individual heliostat.
Review studies of the state of the art in heliostat design and cost reduction are given
by Coventry and Pye [132], Pfahl [133], and Dowling et al. [134].

Based on the heliostat field boundary, polar and surround fields are distinguished.
In a surround field, the east and west heliostats can collect solar radiation at a lower
solar azimuth angle. For a given power level, the height of the central tower with a
surround field is smaller as compared to that for a polar field, thus reducing thermal
losses from the tower and piping, the amount of construction materials, and conse-
quently the cost. Additionally, the distance between the most remote heliostats of
a surround field and the receiver is smaller compared to that for a polar field, re-
ducing optical losses from atmospheric attenuation within the system. However, a
larger aperture area is required for the receiver coupled to a surround field. Alterna-
tively, the heliostats in a polar field configuration (north/south field configuration for
plants located in the northern/southern hemisphere, respectively) are all arranged
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at one side of the tower and operate with lower cosine losses. The polar field ap-
proach may generally be used when a cavity receiver is needed for high-temperature
applications as discussed in this work. There are four traditional types of heliostat
layout patterns: (a) radial cornfield, (b) radially-staggered field, (c) N–S cornfield,
and (d) N–S staggered field [135]. The radially-staggered pattern is used in a major-
ity of developments due to its proven superior performance over the other patterns
from the above list. Recently, the biomimetic and Campo layout patterns based on
the radially-staggered pattern are developed by Noone et al. and Collado and Gual-
lar, respectively [136, 137]. They were found to render higher optical efficiency and
ground coverage than the radially-staggered pattern. Other layout patterns were
reported in the literature including layouts generated by graphical method [138],
DELSOL code [139], HFLD code [140], and so on. Comparative studies of different
field layouts were included in the literature [141, 142].

Solar receivers can be classified as external receivers and cavity receivers, which
are coupled to surround and polar heliostat fields, respectively. Due to the large sur-
face area required for heat transfer, at high temperatures, external receivers exhibit
high radiative and convective losses, limiting their applications for high-temperature
processes. For a cavity receiver, high-flux irradiation enters the receiver cavity through
an open or windowed aperture, and is absorbed at internal surfaces or/and in a vol-
ume of a radiatively participating medium inside the cavity. Cavity receivers are
preferred for high-temperature applications due to their high absorption efficiency.

‘Tower-reflector’ systems

The solar ‘tower-reflector’ optical system makes use of the Cassegrain optical con-
figuration [143]. The optics of the ‘tower-reflector’ system have been studied in the
literature [101–103, 116–119, 144]. ‘Tower-reflector’ systems have been successfully
constructed and tested including demonstration-level systems [55, 56, 145] and a
50 MWe commercial system [146]. The ‘tower-reflector’ optical system comprises
three main components: a heliostat field, a tower reflector (TR) placed on the top
of a tower, and a receiver on the ground (see Figure 2.5). The tower reflector ap-
proximates a hyperboloidal reflector if being placed below the heliostat field focal
point, or an ellipsoidal reflector if being placed above the heliostat field focal point.
The receiver is typically coupled to secondary optical concentrators such as CPCs
for increasing the concentration ratio at the expense of active cooling and additional
optical losses [102, 109].

For the ‘tower-receiver’ system, a secondary reflector on top of a tower limits the
shape and size of the heliostat field to its view angle. In particular, if higher concen-
tration ratios are required, the view angle has to be smaller, resulting in a smaller
size of the field. The beam-down optical concept has the advantage of facilitating the
use of surround heliostat fields and the view angle of the ground-level secondary re-
flector is linked to the tower reflector instead of the heliostat field. It also offers great
advantages for high-temperature solar thermochemical applications. The redirected
convergent beam at ground level enables simpler and cheaper installation and oper-
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ation of the high-temperature receiver and auxiliary equipment. Besides, the beam-
down optical concept enables novel designs of the solar receiver [39, 65, 145, 147–154].
However, disadvantages of the beam-down system include the decreased optical ef-
ficiency due to non-ideal reflectance of the additional tower reflector and CPC, the
increased beam spread, the large size of the tower reflector, and the requirement to
rigidly mount the tower reflector near the primary focus.

Performance metrics

The basic optical performance metrics of a CRS are optical efficiencies, radiative
power, and concentration ratio. The overall optical efficiency of a CRS is defined
as the ratio of the radiative energy intercepted by the receiver with an aperture area
Arec to the maximum possible energy that can be intercepted by the total concentrator
(heliostat field) area for a given time period. The overall optical efficiency accounts
for cosine, shading, blocking, spillage, heliostat surface absorption, and atmospheric
attentuation losses [11, 155]:

ηoptical =

∫
∆t Q̇recdt

GAhelNhel∆t
= ηcosineηshadingηblockingηspillageηabsorptionηattenuation (2.13)

where Q̇rec is the concentrated radiative power intercepted at the receiver aperture,
W, G is the real-time direct normal irradiance (DNI) reaching the ground, W m−2,
Ahel is the surface area of each heliostat, m2, ∆t is the accounted time period, and
Nhel is the total number of installed heliostats. A representative schematic showing
each of these optical losses is given in Figure 2.6.

Figure 2.6: Optical losses in a solar ‘tower-receiver’ system that are pertinent to the definition of the
optical efficiency [11].

The upper overall theoretical efficiency limit of a CRS, a vector for coupled re-
ceiver and heliostat field optimisation, is the product of the overall optical efficiency
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ηoptical and the ideal thermodynamic conversion efficiency ηideal. The ideal thermo-
dynamic conversion efficiency is defined as the ratio of the work rate produced by
a Carnot engine operating between a hot reservoir at the receiver cavity tempera-
ture Trec and a cold reservoir at ambient temperature Tamb assumed as 293 K, to
the concentrated radiative power intercepted at the receiver aperture. Assuming the
receiver is an isothermal, perfectly-insulated blackbody with no conductive and con-
vective heat losses, the instantaneous receiver absorption efficiency ηrec is calculated
as

ηrec = 1− εσT4
rec

G0Crec
(2.14)

where ε is the receiver cavity apparent emissivity assumed to be unity, Trec is the
receiver cavity temperature, and Crec is the concentration ratio at the receiver aper-
ture. Hence, the ideal thermodynamic conversion efficiency ηideal is calculated as the
product of the blackbody receiver absorption efficiency and Carnot efficiency

ηideal = ηrecηCarnot =

(
1− σT4

rec
G0Crec

)(
1− Tamb

Trec

)
. (2.15)
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Figure 2.7: Blackbody receiver absorption efficiency ηrec, Carnot efficiency ηCarnot and ideal thermal-to-
electricity conversion efficiency ηideal as a function of the receiver cavity temperature Trec for selected
values of concentration ratio at the receiver aperture Crec [11].

Figure 2.7 depicts the blackbody receiver absorption efficiency, Carnot efficiency,
and ideal thermodynamic conversion efficiency as a function of the receiver cavity
temperature for selected values of the concentration ratio at the receiver aperture in
the range of 100 to 10,000. According to Figure 2.7, a higher concentration ratio leads
to an increased ideal thermodynamic conversion efficiency, imposing challenges on
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the optical system to provide high concentration ratios to the receiver with satisfac-
tory optical efficiency.

2.5 Methodology

Modelling tools for solar CRSs can be found in review studies by Garcia et al. [126],
Ho [156], and Bode and Gauché [157]. The tools differ in methods for radiative flux
computations, types of optical losses accounted for, types of optical and radiative
output characteristics, availability of user-defined field layout and receiver configu-
rations, size limits of heliostat field and/or CRSs, annual performance and optimi-
sation capabilities, and computational cost and efficiency. Despite a large number of
available optical modelling tools, we develop in-house simulation programs for all
involved optical modelling in this doctoral work, for the following two reasons: (1)
None of the existing modelling tools fulfills all the design requirements involved in
this work such as simulations of CPCs, ‘tower-reflector’ systems, and secondary re-
flectors of new geometries. A program that renders the greatest degree of design free-
dom is desired; (2) The in-house development of simulation programs necessitates a
solid understanding of the underlying physics of solar concentrating systems. Hence,
we develop optical simulation programs guided by the MCRT technique [14, 158].

Monte-Carlo ray-tracing technique

The MCRT technique is implemented throughout this work for the evaluation of
the optical and energetic characteristics of investigated systems including the HFSS-
based experimental system, commercial-scale CRSs, and beam-down (‘tower-reflector’)
optical systems. The MCRT technique is the most robust simulation technique for
optical and radiative transfer modelling of solar CRSs [14, 92, 159]. As statistical
methods, they can incorporate spatial, angular, spectral, and temporal variations of
radiative intensity, arbitrary spectral, and directional properties of opaque and trans-
mitting surfaces as well as participating media. The MCRT methods come in multiple
variants, from simple methods such as the basic collision-based method to advanced
methods implementing various strategies towards increased computational efficiency
and accuracy such as the energy partitioning and pathlength methods.

Methods are developed to accelerate the computation. Ray paths are tracked from
the point of emission to the (last) target surface along the ray path. Rays carrying the
same amount of radiative power are generated uniformly from assumed planes per-
pendicular to the normal of heliostats. Thus the computational efficiency is increased
by avoiding simulating rays hitting the ground. Moreover, the number of generated
rays for each heliostat is proportional to the cosine efficiency of the heliostat.

The details of modelling CRSs are presented in the following text.
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Sun position

The sun’s position relative to an observer on the ground, r̂sol, is described by two
angles: the solar altitude αsol and azimuth angle γsol [22]:

r̂sol = −cosαsolcosγsol î + cosαsolsinγsol ĵ− sinαsolk̂ (2.16)

The solar altitude and azimuth angle of the sun
{

αsol, γsol
}

are functions of solar
declination δsol, hour angle ωsol, and latitude φsol.

αsol = sin−1(cosφsolcosδsolcosωsol + sinφsolsinδsol) (2.17)

γsol = sgn(ωsol)
∣∣∣cos−1

(sinαsolsinφsol − sinδsol

cosαsolcosφsol

)∣∣∣ (2.18)

δsol and ωsol are functions of day number nday, the specified hour phour, and minute
pminute, for simulations, respectively [22].

B = (nday − 1)
360
365

(2.19)

δsol = (180/π)(0.006918− 0.399912cosB + 0.070257sinB− 0.006758cos2B

+0.000907sin2B− 0.002697cos3B + 0.00148sin3B)
(2.20)

ωsol = (π/180)× 15× (phour + pminute/60− 12) (2.21)

Alternatively, the solar declination angle δsol can be obtained from ecliptic longi-
tude λsol [160].

δsol = 23.44◦sinλsol (2.22)

Equations (2.19) and (2.20) are employed in this work.

Clear-sky irradiance

The model of Ineichen [161] is employed to describe the clear-sky irradiance in a
generic manner, independent of local weather conditions. It reads

G = Gsol,0exp(−τ/sinpDNI αsol) (2.23)

where Gsol,0 is extra-terrestrial irradiance, W m−2, τ is total atmospheric optical
depth, and pDNI is a fitting parameter obtained from radiative transport model cal-
culations at two different solar elevation angles. In a general case, the following
values of parameters are recommended for direction irradiance calculation and used
in this work: Gsol,0 = 1617 W m−2, τ = 0.606, pDNI = 0.491 [161]. The solar irradiance
predicted by this model can be applied to any specific plant location.
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Atmospheric attenuation

Atmospheric attenuation accounts for radiation losses that occur through the atmo-
sphere when rays travel in the atmosphere. The atmospheric attenuation efficiency
ηattenuation is calculated as a function of the distance rays travel dslant [162]:

ηattenuation =

{
0.99321− 0.0001176dslant + 1.97× 10−8d2

slant dslant ≤ 1000 m

exp(−0.0001106dslant) dslant > 1000 m
(2.24)

These losses are approximated assuming a visibility distance of about 40 km.

Optical surface imperfections

The ideal surface normal vector on a reflective optical surface, n̂ideal, is obtained by

n̂ideal =

[
∂E
∂x1

,
∂E
∂y1

,
∂E
∂z1

]
√(

∂E
∂x1

)2

+

(
∂E
∂y1

)2

+

(
∂E
∂z1

)2
(2.25)

where E is the surface equation of the optical reflector expressed in its local coordi-
nates system.

Azimuth–elevation tracking with zero tracking error is assumed. The imperfec-
tions of optical reflective surfaces were numerically modelled using different ap-
proaches [163]. In all models, it is assumed that the length scale of the surface error
is much larger than the wavelength of the reflected radiation, and that surface er-
rors are uniformly distributed over the reflector surface. In this work, the surface
error is simulated by modifying the analytically calculated surface normal vector.
The modification is described with the azimuthal angle φerr assumed to be uniformly
distributed between 0 and 2π, and the polar angle θerr assumed to have a Rayleigh
probability density function with mode σerr [66].

θerr = sin−1
√
−2σ2

errlog(1− Rθ) (2.26)

φerr = 2πRφ (2.27)

Rθ and Rφ are numerically generated random numbers between 0 and 1. The mode
of the Rayleigh distribution is assumed for each optical reflector ranging between 1
and 3 mrad. The corresponding coordinates of the modified heliostat normal vector
n̂err are

n̂err = sinθerrcosφerr î + sinθerrsinφerr ĵ + cosθerrk̂ (2.28)

where î, ĵ, and k̂ are the unit vectors along the local coordinates axes created with k̂
equal to the ideal normal vector n̂ideal. Hence, specular reflection on a surface with
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local unit surface normal vector n̂err is described by the law of reflection

ŝr = ŝi − 2(ŝi · n̂err)n̂err (2.29)

Annual simulations

The sun position can be also described in terms of ecliptic longitude λsol and hour
angle ωsol [160] so that sun positions are mapped on a rectangular domain discre-
tised by using a 2D grid with equidistant steps [164]. The annual heliostat field
performance is evaluated using the method as in [164] and by employing bicubic
spline interpolation [165] of results for discrete sun positions. Grigoriev et al. (2016)
proved that by applying the spring–autumn, east–west, and day–night symmetry,
sufficiently good accuracy was obtained with only 32 sampling points for a year, as
shown in Fig. 2.8. The instantaneous performance of all the 32 sampling points is
obtained from the MCRT simulation. For obtaining the annual efficiencies, bicubic
spline interpolation is used [165]. The interpolation error is calculated and found
with a maximum value of 6% at sun position near winter sunrise and below 1% for
other sun positions. Hence, this interpolation method provides sufficient accuracy
for this work.

SAMPLING OF SUN PATH 

The apparent motion of the sun is caused by the orbital and axial rotation of Earth. The corresponding rotation 
angles can be described in terms of the ecliptic longitude λ  and hour angle ω  of the sun. This choice of variables 
simplifies the parameterisation of the annual sun path, because all possible positions of the sun are mapped on a 
rectangular domain. 

The domain can be discretised by using a two-dimensional grid of N  by M  points with the equidistant steps 
2 / N∆λ = π  and 2 / M∆ω = π . The coordinates of the nodal points will be denoted by integer indices n  and m  as 

n nλ = ∆λ  and m mω = ∆ω . Any function which depends on the position of the sun can be represented as ( , )f λ ω , 
and the notation ( , )nm n mf f= λ ω  will be used to describe its values at the sampling points. In what follows, the 
location of Alice Springs (Australia) with the latitude 23.8ϕ = − °  will be used as an example. The sampling mesh 
with 10N =  and 24M =  is shown in Fig. 1. 

 

FIGURE 1. The sun path for the latitude of Alice Springs. The independent points on the sampling grid are marked by dots. 

It is worth noting that the sun path has several symmetries. The spring–autumn symmetry can be formulated as 
( , ) ( , )f fλ ω = π−λ ω . The East–West symmetry ( , ) ( , )f fλ ω = λ −ω  is less general, but it often holds. The day–

night symmetry ( , ) ( , )f fλ ω = − −λ π−ω  can be considered as a kind of analytical continuation. It is very useful to 
treat the periods of sunrise and sunset without solving any additional equations. If all the symmetries are present, the 
actual number of sampling points is reduced from 240  to 32P =  as shown in Fig. 1. 

The matrix notation can also be applied to write the spring–autumn /2 ,nm N n mf f −= , East–West ,nm n mf f −=  and 
day–night , /2nm n M mf f− −= −  symmetries. The negative indices n  and m  can always be normalised to the ranges 
[0, 1]N −  and [0, 1]M −  by applying periodic functions mod( , )n N  and mod( , )m M . The symmetries also show that 
it is desirable to use even numbers for N  and M . 

INTERPOLATION OVER SUN PATH 

Bicubic Catmull–Rom Splines 

The rectangular mesh simplifies the interpolation and enables the use of many efficient algorithms developed in 
the computer graphics. The bicubic interpolation with Catmull–Rom splines is particularly suitable in this 
regard [11]. The interpolation is local and requires 4 nodes in each dimension. The reference node for interpolation 
at the point { , }λ ω  is determined by using the floor function as /n = λ ∆λ   and /m = ω ∆ω  . The fractional parts 

( / )u n= λ ∆λ −  and ( / )v m= ω ∆ω −  give a normalised distance from the node to the point. The interpolation in 
each dimension is described by the following formula 

020008-2

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  150.203.213.141 On: Thu, 18 Aug 2016 00:06:41

Figure 2.8: The sun path of the latitude of Alice Springs, Australia. The 32 simulated independent
points on the sampling grid are marked by dots (reprinted from [164], with permission from AIP
Publishing).

Verification of in-house developed programs

The in-house developed MCRT program for modelling the 3D CPC is verified by
computing the transmission-angle curve of a CPC with an acceptance angle θCPC of
16◦, and comparing the results with those taken from Winston et al. (2005) [33]. Ex-
cellent agreement was found as seen in Figure 2.9. The MCRT code for modelling
CRSs is verified by simulating the instantaneous performance of the PS10 heliostat
field. Figure 2.10 shows the predicted radiative flux distributions on a receiver aper-
ture using selected ray-tracing tools including Tonatiuh [84], SOLSTICE [166], Tracer
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[167], and the in-house developed program used in this work [24]. Excellent agree-
ment has been found. More details of the verification work can be found in [12, 109].
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Figure 2.9: Transmission-angle curve of a CPC with the acceptance angle of θCPC = 16◦ [109].

(a) (b) (c) (d)

Figure 2.10: Radiative flux (in the unit of W m-2) on a target plane calculated by using the ray-tracing
tool of (a) Tonatiuh [168], (b) SOLSTICE [166], (c) Tracer [167] and (d) the in-house developed program
implemented in present work [12, 24].

The performance of the overall CRS is maximised through rigorous design of
optical components and receivers by iterative optimisation of their geometry, number,
orientation, position, and materials.
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Chapter 3

Design of a compound parabolic concentrator for a
multi-source high-flux solar simulator

This chapter presents an optical study of designing a CPC for use in the ANU HFSS
[109]1. The multi-source HFSSs output radiation with angular non-uniformities due
to the finite number of radiation modules, which results in hot spots on the reac-
tor cavity surface. A solar reduction reactor was designed with a tilted aperture for
mimicking the solar receiver in a central receiver system, i.e. the reactor intercepts
only irradiation emitted from the lower lamps of the HFSSs. This configuration leads
to potentially reduced concentration ratios. Hence, a CPC with the capability of
increasing radiative flux uniformity and concentration ratio is designed and manu-
factured for assisting in the experimental testing of a solar reduction reactor driven
by the simulated high-flux radiation from the ANU HFSS.

The geometrical parameters of the 3D CPC, including the acceptance angle and
the entry aperture radius, are determined by optical simulations guided by the MCRT
technique. The CPC requires active cooling due to the operation under high-flux
irradiation through the CPC entry aperture and the exposure to thermal radiation
from the reactor cavity. A cooling system is designed using engineering heat transfer
correlations to achieve the goal of keeping the CPC surface temperature and the
cooling water pressure drop below 40◦C and 450 kPa, respectively.

Experimental testing and thermal modelling of the solar reduction reactor with
the designed CPC are reported in [88, 89]. Transient 3D heat and mass transfer
modelling of the high-temperature packed-bed solar thermochemical reactor is per-
formed. The model couples reaction kinetics and fluid flow to conductive, convective,
and radiative heat transfer. The reactor achieves a peak temperature of 1350 K. The
numerically predicted temperature profiles and oxygen generation rates are in good
agreement with the experimental data. An energy rate balance analysis shows the
instantaneous peak solar-to-chemical energy efficiency reaches 9.3% [89].

1In this study, the unit of concentration ratio was mistakenly written as kW m−2 in Fig. 7(c), whereas
concentration ratio should be dimensionless. Alternatively, the unit of one sun should be used.
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A B S T R A C T

A three-dimensional compound parabolic concentrator (CPC) is designed for high-temperature solar thermo-
chemical applications driven by radiation from a multi-source high-flux solar simulator. The basic geometrical
parameters of the CPC including the acceptance angle and the entry aperture radius are determined using optical
simulations. A cooling system for overheating protection is designed using engineering heat transfer correlations.
A prototype CPC is manufactured using additive manufacturing and single point diamond turning techniques.
The optical simulations show that the CPC increases the concentration ratio by a factor of 4.1 at an optical
efficiency of 85.4%, reduces spillage loss from 78.9% to 32.1%, and reduces the flux non-uniformity on the
target surface.

1. Introduction

Concentrating solar technologies (CST) typically make use of point-
or line-focusing imaging concentrating systems to obtain high radiative
fluxes. However, flux concentration ratios obtained using imaging op-
tics fall short of the thermodynamic limit of maximum attainable con-
centration ratio due to off-axis aberration and coma effects causing
image blurring and broadening. Furthermore, emerging high-tempera-
ture solar thermal and thermochemical systems aim to operate effi-
ciently at temperatures above 1000 °C, requiring concentration ratios
typically above 1000 suns and utilization of spillage radiation (Ho and
Iverson 2014; Bader and Lipiński, 2017; Sandoval et al., 2018). In-
creased optical requirements lead to high cost of primary concentrators
(Li et al., 2016; Levêque et al., 2017). In small-scale research and de-
velopment applications, the required high concentration ratios can be
obtained using dedicated facilities such as solar furnaces or high-flux
solar simulators (HFSSs) (Haueter et al., 1999; Petrasch et al., 2006;
Krueger et al., 2011; Bader et al., 2015; Ekman et al., 2015; Gill et al.,
2015; Levêque et al., 2016; Wieghardt et al., 2016; Wang et al., 2017).
Fig. 1 shows an example high-flux solar simulator consisting of 18 ra-
diation sources. Multi-source high-flux solar simulators output radia-
tion with angular non-uniformities due to the finite number of intense
radiative sources, which results in hot spots on receiver surfaces (Bader
et al., 2015).

Since optical imaging is not required in concentrating solar energy
systems, nonimaging secondary concentrators can be employed to

increase the concentration ratio without substantially increasing the
cost of a primary concentrator. The compound parabolic concentrator
(CPC) was first proposed by Hinterberg and Winston in mid 1960s as an
efficient way to collect Čerenkov radiation (Hinterberger and Winston,
1966), and thereafter applied to solar energy systems (Gleckman et al.,
1989; Yogev et al., 1998; Cooper et al., 2013; Madala and Boehm,
2017). The basic geometry of a two-dimensional (2D) CPC is composed
of two parabolic sections with foci at the end points of the exit aperture
(Fig. 2). The reflecting surface of a three-dimensional (3D) CPC is
formed by rotating the cross-section of a 2D CPC about the CPC axis.
The use of a CPC ideally increases the concentration ratio by a factor of
1/sinθi and 1/sin2θi for a 2D and a 3D CPC, respectively, where θi is the
acceptance angle. This allows for utilization of spillage radiation di-
rectly around the hot spot, and spreads the angular distribution of the
transmitted radiation (Winston et al., 2005).

In this study, we design a 3D CPC for high-temperature solar ther-
mochemical applications driven by radiation from a multi-source high-
flux solar simulator. Fig. 3 shows the laboratory setup with selected
lamps of the HFSS providing conical radiation, a CPC and a model solar
thermochemical reactor with a tilted aperture. The configuration of
solar reduction reactor with a tilted aperture is selected to mimic the
large-scale solar central receiver (SCR) system with a cavity re-
ceiver–reactor irradiated from a heliostat field. Specifically, the selected
model reactor realizes the first step (1a) of a two-step manganese oxide
based redox cycle given by

solar, endothermic reduction: Mn2O3→ 2 MnO+0.5 O2, (1a)
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non-solar, exothermic oxidation: 2 MnO+0.5 O2→Mn2O3. (1b)

Assuming the reactor is a perfectly-insulated and isothermal
blackbody receiver, thermal efficiency of the reactor can be calculated
as (Fletcher and Moen, 1977),

= T
GC

1 ,th
rec
4

rec (2)

where σ is the Stefan–Boltzmann constant, σ=5.67× 10-8Wm−2 K−4,
Trec is the receiver cavity temperature, G is the direct normal irradiance
equal to 1000Wm−2, and Crec is the concentration ratio at the receiver
aperture. For operation of the reduction reactor at 1800 K and 80%
thermal efficiency, a concentration ratio of at least 3000 suns is re-
quired.

2. Methodology

2.1. Optical design

Optical design based on geometric optics is applied to determine the
geometrical parameters of the 3D CPC including the acceptance angle θi
and the entry aperture radius rin. The radius of the exit aperture rout and
the full (untruncated) length LCPC can be calculated as functions of θi
and rin (Winston et al., 2005),

Nomenclature

A area, m2

C concentration ratio, kW m−2

cp specific heat at constant pressure, J kg−1 K−1

d diameter, m
f focal length, m
fD Darcy friction factor
g acceleration of gravity, m s−2

G direct normal solar irradiance, Wm−2

h heat transfer coefficient, Wm−2 K−1

H irradiation, Wm−2

k thermal conductivity, Wm−1 K−1

L length, m
m mass flow rate, kg s−1

n number
n surface normal vector
Nu Nusselt number
Pr Prandtl number
ΔP pressure drop, Pa
q power or heat rate, W
r radius, m
Re Reynolds number
T temperature, K
u average velocity, m s−1

Greek

α absorptivity
β bent angle, °
δ thickness, m
ε roughness, mm

η efficiency
θi acceptance angle, °
ξ bend loss coefficient
Φ rim angle, °
ρ density, kgm−3

ρCPC CPC surface reflectivity
µ dynamic viscosity, Pa s
σ Stefan–Boltzmann constant, Wm−2 K−4

Subscripts

b bent
c cooling channel
f final
in inlet
out outlet
opt optical
rad radiation
rec receiver
s straight
t total
th thermal
w water

Abbreviations

CPC compound parabolic concentrator
CSP concentrating solar power
CST concentrating solar technologies
HFSS high-flux solar simulator
MCRT Monte Carlo ray-tracing
SCR solar central receiver

Fig. 1. Photograph of a multi-source high-flux solar simulator (HFSS) at the
Australian National University (Bader et al., 2015). Included is the lamp
numbering notation for the analyses presented in this study. Fig. 2. Cross-section of a compound parabolic concentrator (CPC).
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The interception efficiency ηint is defined as the ratio of the radiative
power entering the CPC entry aperture to the total radiative power from
a source incident on the CPC entry aperture plane. Optical losses in a
CPC result from surface absorption and backward reflection (Winston
et al., 2005). The optical efficiency of a CPC ηopt, is defined as the ratio
of transmitted radiative power to that entering a CPC. Thus, the con-
centration ratio of a CPC is

=C
sin

.CPC
opt
2

i (5)

The overall concentration ratio Cf taken at the exit aperture of the CPC
is then,

=C C C .f 0 CPC (6)

C0 is the concentration ratio at the CPC entry aperture and is defined as:

=C
q
r G

,0
in

in
2 (7)

where qin is the radiative power entering the CPC entry aperture.
The optical design is guided by Monte Carlo ray-tracing (MCRT)

simulations, which allows for convenient evaluation of the CPC optical
performance metrics, including interception efficiency ηint, CPC optical
efficiency ηopt, actual concentration ratio Cf and radiative power qrec at
CPC exit aperture, as functions of the design parameters, including CPC
acceptance angle θi and CPC entry aperture radius rin. The MCRT
methodology for simulating CPCs was previously described in (Lipiński
and Steinfeld, 2006), and is applied in the present study. Two types of
irradiation on the CPC entry aperture are considered in this study: (i) a
conical beam of convergent rays launched uniformly from a spherical
cap surface, and (ii) a multi-cone beam from a multi-source high-flux
solar simulator. Irradiation (i) is studied to elucidate basic geometrical
beam characteristics as a reference case. Irradiation (ii) is studied to
obtain the actual beam characteristics of practical relevance to high-
flux solar simulation systems.

2.2. Thermal design

The CPC requires active cooling due to operation under high-flux
irradiation at the entry aperture and exposure to thermal radiation from
the reactor cavity through the exit aperture. The CPC surface tem-
perature and cooling water pressure drop are required to be below 40 °C
and 450 kPa, respectively.

In the following analysis, we assume steady state, no volumetric
heat sources/sinks, all but the internal, irradiated CPC surface adia-
batic, and one-dimensional conduction in the CPC wall. By applying the
energy conservation, the enthalpy gain rate of the cooling water equals
to the absorbed heat rate at the CPC reflective surface,

= = =q mc T T H A m u r( ) d , ,p Aout in c
2

CPC (8)

where q is the heat rate absorbed at the CPC surface, m is the mass flow
rate of cooling water, cp is the specific heat of water, Tin and Tout are the
inlet and outlet temperature of cooling water, respectively, α is the
absorptivity of the CPC surface, which is assumed to be direction-in-
dependent, H is the total-hemispherical irradiation, ACPC is the area of
the CPC internal reflective surface, ρ is density of water, u is the average
velocity of cooling water, and rc is the radius of the cooling channel.
MCRT method is used to calculate the net heat rate absorbed by CPC
reflective surface as well as the peak radiative flux.

The heat rate through the CPC wall to the cooling water is calcu-
lated as

= = =q hA T T k A T T h k
d

( ) , Nu
c c w CPC c

CPC c

c

w d

c (9)

where h the heat transfer coefficient, Ac and δc is the cooling channel
surface area and wall thickness, kCPC and kw is the thermal conductivity
of the CPC material and the cooling water, respectively, and Tc, Tw, and
TCPC are the temperatures of cooling channel surface, cooling water,
and CPC irradiated surface, respectively. Nusselt number is calculated
from the Gnielinski correlation (valid for 3000 < Red < 500,000,
0.5 < Pr < 2000) for turbulent flow in tubes,
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Consequently, the temperature of the irradiatied CPC surface is

= + +T T q
A h k

1 .CPC w
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c

CPC (11)

The pressure drop of water in the CPC cooling channel arises from
two contributions: pressure drop in the straight channels
(Darcy–Weisbach equation) and pressure drop in the bends,
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where ΔPt, ΔPs and ΔPb are the total pressure drop and pressure drop for
straight channel and bends, fD is the Darcy friction factor, L is the
channel length, dc is the channel diameter, u is the average velocity of
cooling water, g is the acceleration of gravity, nb is the number of bends,
rb is the bend radius, β is the bending angle in degree, and ξ is bend loss
coefficient taken from Idelchik (Idelchik, 1986).

3. Results and discussion

3.1. Optical design

The MCRT code is verified by computing the transmission-angle
curve of a CPC with an acceptance angle θi = 16°, and comparing the
results with those taken from Winston et al. (2005). Excellent agree-
ment is found as seen in Fig. 4.

The performance of a 3D CPC irradiated by a conical beam (i)
launched uniformly from a spherical cap surface with a rim angle of
17.5° is investigated first. Fig. 5 shows paths of rays co-planar with a 3D
CPC axial cross-section plane for the CPC acceptance angle of (a) 10°,
(b) 25°, and (c) 40°, respectively. In each case, the exit aperture size is
set equal to 0.016m. The center point of the CPC entry aperture is
collocated with the focal point of the irradiation beam. Due to the
symmetry, only rays emitted from half of the radiation source and in-
cident on half of the CPC are shown in Fig. 5. Fig. 6 shows the 2D

Fig. 3. Laboratory setup with a HFSS, a CPC, and a reactor with a tilted aper-
ture.
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projections of radiative flux distributions on a hemispherical target of
radius 0.1m. Based on the results shown in Figs. 5 and 6, we conclude
that: (i) a finite fraction of incident rays pass through the CPC without
interacting with the surface of the CPC, while the remaining fraction is
reflected by the CPC surface; (ii) the ratio of the number of reflected
rays to the number of all incident rays increases with decreasing θi,
indicating that a smaller θi benefits redistributing the incident radia-
tion; and (iii) for θi exceeding a threshold value, no rays are reflected by

the surface of the CPC.
Next, the two geometrical parameters, the acceptance angle θi and

the entry aperture radius rin, of a 3D CPC are to be determined for the
HFSS-based laboratory setup. The CPC surface reflectivity and slope
error are assumed to be 0.88 and 0.5 mrad, respectively. The position of
the CPC relative to the HFSS is fixed, with the center point of the CPC
entry aperture coincident with the HFSS focal point, and the center
point (geometrical average of coordinates of central arc points) of
lamps #1, #3, #4, #5 (see Fig. 1) on the CPC axis. Five HFSS lamps are
used for providing the radiation, including three lamps from the inner
row and two lamps from the outer row (lamps #1–#5 in Fig. 1).

Optical simulations were performed for the acceptance angle θi
varying from 20° to 32° in 2° increments, and the entry aperture radius
rin varying from 0.02m to 0.05m in 0.005m increments. Fig. 7 shows
the simulation results of intercept efficiency ηint, CPC optical efficiency
ηopt, concentration ratio Cf, and radiative power qrec for each combi-
nation of θi and rin. As seen in Fig. 6a, ηint is dependent on rin only. A
smaller CPC entry aperture leads to larger spillage loss. Fig. 7b shows
that ηopt is mainly affected by θi. For fixed sources, the backward re-
flection becomes less pronounced for increasing θi. As observed in
Fig. 7c and 7d, increasing rin or θi leads to increasing radiative power
qrec at the expense of a decreased concentration ratio Cf. With in-
creasing θi, ηopt will increase but the theoretical concentration ratio
(=1/sin2θi) provided from an ideal 3D CPC without optical losses will
decrease. Hence, a peak Cf is observed in Fig. 7c for each fixed rin.

To obtain higher concentration ratio, smaller θi and smaller rin are
desired. However, ηopt and qrec decrease with smaller θi, and ηint and
qrec decrease with smaller rin. Therefore, the case of θi = 27° and
rin= 0.035m is eventually selected for the laboratory setup, as it pro-
vides the maximum ηint, ηopt and qrec among all of the cases that satisfy
the minimum concentration ratio requirement of 3000 suns.

Projections of radiative flux distribution on a hemispherical target
of radius 0.1 m placed at the CPC exit is presented in Fig. 8a for the case
when lamps #1–#5 are used. The peak flux observed at the center of
the target results predominantly from irradiation by lamp #2 for which
the majority of radiation is transmitted through the CPC without in-
teracting with the CPC reflecting surface. The peak flux is largely re-
duced as observed by comparing to the distribution obtained without
any CPC applied (Fig. 8b), and consequently the flux uniformity is
significantly improved. Quantitative results of rrec, ηint, ηopt, Cf, and qrec
with the designed CPC, for turning on different numbers of the HFSS
lamps, are shown in Table 1. For comparison, results of rrec, ηint, Cf, and
qrec for cases without CPCs, when turning on different numbers of HFSS
lamps, are included in Table 1. Two cases of different selected receiver
aperture radius rrec are simulated. In case #1, receiver aperture radius
rrec is designed to meet the required concentration ratio of 3000 suns. In
case #2, receiver aperture radius rrec is fixed to be equal to the entry
aperture radius rin of the designed CPC. It is found that the application
of CPCs greatly increases the interception efficiency and obtained
power into the target receiver with the concentration ratio requirement
of minimum 3000 suns satisfied.

3.2. Thermal design

The parameters of the final cooling system are listed in Table 2.
From the thermal simulation, the CPC surface temperature and the
pressure drop of the water in the cooling channel were found to be 38 °C
and 130 kPa, respectively, meeting the design requirements.

3.3. Final specification and manufacturing

The final design of the CPC including the cooling channel layout is
shown in Fig. 9. The cooling water system is a one-inlet and one-outlet
serpentine return channel, arranged in the concentrator wall with non-
uniform spacing. This arrangement allows for effective capture of ex-
cessive heat at the highest-flux region in the lower part of the

Fig. 4. Transmission-angle curve of a CPC with the acceptance angle of
θi = 16°.
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Fig. 5. Paths of rays co-planar with a 3D CPC axial cross-section plane for the
CPC acceptance angle of (a) 10°, (b) 25°, and (c) 40°, respectively, and a conical
irradiation beam from a spherical cap surface of 17.5° rim angle.
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concentrator, predicted numerically. The CPC wall thickness was
minimized to reduce the exposure of the surface area to radiation from
the cavity, and to reduce the displaced volume of reactor insulation.

In addition to the CPC component, a concentric water-cooled ra-
diation shield was developed. A vertical cross-section of the CPC and
radiation shield as integrated with the solar reactor, are shown in
Fig. 10.

The CPC was 3D printed in aluminum alloy using direct metal laser
sintering. The surface features were machined using a conventional
CNC lathe with tungsten carbide and monocrystalline diamond tools for
the non-reflective and reflective surfaces, respectively. The alloy was
selected for its high thermal conductivity and high specular reflectance

when diamond-turned. The final CPC and radiation shield are shown
installed in the reactor housing in Fig. 11.

4. Summary and conclusions

A 3D compound parabolic concentrator (CPC) has been designed for
a laboratory-scale high-temperature solar reduction reactor irradiated
by a multi-source high-flux solar simulator. The CPC geometrical
parameters including acceptance angle and entry aperture radius were
determined through an optical design guided by optical Monte Carlo
ray-tracing simulations. Thermal management strategy of the CPC was
developed using simple analytical relations based on the Gnielinski

(a) (b) (c)
Fig. 6. 2D projections of radiative flux distribution on a hemispherical target with a 0.1m radius located directly behind the CPC exit aperture for the CPC acceptance
angle of (a) 10°, (b) 25°, and (c) 40°, respectively, and a conical irradiation beam from a spherical cap surface of 17.5° rim angle.

Fig. 7. Simulation results of CPC performance metrics including (a) interception efficiency ηint, (b) CPC optical efficiency ηopt, obtained (c) concentration ratio Cf and
(d) radiative power qrec as functions of the CPC acceptance angles θi and the CPC entry aperture radius rin, when lamp #1–#5 are turned on.
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correlation and the Darcy–Weisbach equation for heat transfer of tur-
bulent flow and pressure drop of cooling water, respectively.

The optical simulations demonstrated that the proposed CPC design
can significantly reduce flux non-uniformity and radiative peak flux on
target surfaces as compared to the case without any CPCs applied. The
CPC increases the concentration ratio by a factor of 4.1 at an optical

(a) (b)
Fig. 8. 2D projection of radiative flux distribution on a hemispherical target with radius of 0.1m (a) at the CPC exit aperture, with CPC of θi = 27° and rin = 0.035m,
and (b) without any CPC applied. Lamps #1–#5 are in use.

Table 1
Receiver aperture radius rrec, interception efficiency ηint, CPC optical efficiency ηCPC, concentration ratio Cf, and power qrec for different combinations of HFSS lamps
in use with and without a CPC.

With/without CPCs HFSS lamps in use rrec (m) ηint ηopt Cf (suns) qrec (kW)

With CPC #1, #2, #3, #4, #5 0.016 67.9% 85.4% 3001 2.38
#1, #2, #3, #4, #5, #6 0.016 66.3% 78.5% 3211 2.55
#1, #2, #3, #4, #5, #6, #7 0.016 66.0% 73.6% 3503 2.78

Without CPC (Case #1) #1, #2, #3, #4, #5 0.009 21.1% – 3000 0.85
#1, #2, #3, #4, #5, #6 0.011 27.1% – 3000 1.32
#1, #2, #3, #4, #5, #6, #7 0.012 31.8% – 3000 1.80

Without CPC (Case #2) #1, #2, #3, #4, #5 0.035 67.9% – 725 2.79
#1, #2, #3, #4, #5, #6 0.035 66.3% – 844 3.25
#1, #2, #3, #4, #5, #6, #7 0.035 66.0% – 982 3.78

Table 2
Parameters used in the thermal model.

Parameters Symbol Value Unit

Pre-calculated
Incident radiative power from HFSS absorbed

by CPC
qCPC 491.57 W

Emitted power from cavity absorbed by CPC qcav 391.56 W

Thermophysical property
Thermal conductivity of CPC wall kCPC 205 W m−1 K−1

CPC reflective surface reflectance ρCPC 0.88 –
Specific heat of water cp 4200 J kg−1 K−1

Density of water ρ 1000 kg m−3

Dynamic viscosity of water µ 0.001 Pa s
Thermal conductivity of water kw 0.58 W m−1 K−1

Geometry
Cooling channel diameter dc 0.003 m
Cooling channel length Lc 3.21 m
Amount of 90° bend nb90 18 —
Amount of 180° bend nb180 8 —
Bend center radius rb 0.00225 m
Cooling channel roughness εc 0.03 mm
Thickness of conduction layer from CPC

surface to cooling channel
0.00135 m

Operation
Inlet water temperature Tin 20 °C
Outlet water temperature Tout 30 °C

Fig. 9. CPC cooling channel layout.

Fig. 10. Vertical cross-section view of the reactor with the CPC integrated.
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efficiency of 85.4%, and reduces the spillage loss from 78.9% to 32.1%.
Moreover, the CPC increases the degree of flexibility for utilization of
different combinations of lamps of a multi-source high-flux solar si-
mulator.
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Chapter 4

Reflective optics for redirecting convergent
radiative beams in concentrating solar applications

This chapter presents an optical study of redirecting optics for use in the ANU HFSS
[25]. Reflective optics are investigated for realising the redirection of convergent
radiative beams. This study origins from solving the limitation of the HFSS-based
experimental system that the majority of HFSSs output radiative beams with a fixed
axis direction, typically horizontal, which limits the use of HFSSs for applications re-
quiring beams of various axis directions. Convergent radiative beams are common in
large-scale concentrating solar systems, such as the concentrated beams by parabolic
dishes and heliostat fields. Beam-redirecting reflectors were used in parabolic dish
systems for purposes such as realisation of upward-facing receivers [169], realisation
of moving focal point [170], and improvement of optical performance [171–173]. In
CRSs, the redirection enables more convenient and cheaper installation, and opera-
tion of the high-temperature solar receivers and the instrumentation connections at
ground level. However, selected optical characteristics, including redirected-beam
rim angle and relative position between sources and reflected images, were not ex-
haustively covered in the literature.

Hence, the flat, ellipsoidal, hyperboloidal, and paraboloidal reflectors are op-
tically explored in this study for realising the redirection of convergent radiative
beams. 2D analytical ray-tracing simulations are conducted for an ideal optical sys-
tem without optical imperfections. System optical performance is evaluated in terms
of output beam optical characteristics of rim angle, ray distribution, and relative po-
sition to the input beam. MCRT simulations are performed for a practical optical
system with realistic solar simulators as the radiation source and the four beam-
redirecting reflectors. The optical and radiative characteristics of resulting radiative
power, spatial and directional flux distribution, optical efficiencies on specified flat
and hemispherical targets, and clearance between simulator, reflector, and target are
predicted.
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A B S T R A C T

We investigate optical characteristics of flat, ellipsoidal, hyperboloidal, and paraboloidal reflectors for re-
directing convergent radiative beams common in concentrating solar applications. Optical simulations are
performed with selected types of radiative sources including a generic uniformly-emitting spherical cap and a
specific realization of a multi-source high-flux solar simulator. Two-dimensional ray-tracing simulations are
conducted for an ideal optical system without optical imperfections consisting of a spherical cap source, a beam-
redirecting reflector, and a target tailored to capture all radiation. System optical performance is evaluated in
terms of output beam optical characteristics of rim angle, ray distribution and relative position to the input
beam. Three-dimensional Monte-Carlo ray-tracing simulations are performed for a practical optical system with
a realistic solar simulator as radiation source and the four beam-redirecting reflectors. We predict optical
characteristics of resulting radiative power, spatial and directional flux distribution, optical efficiencies on
specified flat and hemispherical targets, and clearance between simulator, reflector and target. From the model
system with a solar simulator and exemplary parameters, it is concluded that the investigated four types of
reflectors enable redirection of the horizontal-axis beam from the solar simulator to non-horizontal axis targets.
The flat reflector enables the highest system optical efficiency of 97% at the expense of the smallest clearance
between the source, the reflector and the reflected image. Curved reflectors render a larger degree of freedom to
design the characteristics of the output beam. Thus, curved reflectors are suitable for applications that require
large clearance between system components and/or high radiative flux output on cavity surface, but at the
expense of lower system optical efficiency.

1. Introduction

Redirection of solar radiative beams is typically realized in con-
centrating solar thermal (CST) technologies, in which solar beams from
primary concentrators such as solar dishes, heliostats, linear Fresnel
reflectors, or parabolic troughs are used to irradiate receivers en-
countered in a multitude of configurations. In particular, solar reactors
for thermochemical processing are designed in configurations and with
aperture orientations that rely on directionally diverse concentrated
solar irradiation conditions (Bader and Lipiński, 2017; Levêque et al.,
2017; Wang et al., 2018; Carrillo et al., 2019). In a solar central receiver
system (CRS), redirecting the focused beam on the central tower en-
ables more convenient and cheaper installation and operation of the
high-temperature receiver–reactor and the instrumentation connections
at ground level (Li et al., 2016). This can be achieved by employing flat,

ellipsoidal or hyperboloidal beam-redirecting reflectors (Yogev et al.,
1998; Segal and Epstein, 1999; Segal and Epstein, 2000). Beam-re-
directing reflector is also used in solar dish systems for purposes such as
realization of upward-facing receivers (Feuermann and Gordon, 1999),
realization of moving focal point (Dähler et al., 2018), and optical
performance improvement (Zhang et al., 2014; Wang et al., 2017; Yang
et al., 2018). Previous studies mainly focused on evaluating perfor-
mance of beam-directing reflectors in terms of radiative power and
concentration ratio metrics for prescribed targets. However, selected
optical characteristics including redirected-beam rim angle and relative
position between sources and reflected images are not exhaustively
covered in literature.

In laboratory-scale experiments, concentrated solar radiation can be
emulated with artificial light sources such as the high-flux solar simu-
lators (HFSSs) (Kuhn and Hunt, 1991; Hirsch et al., 2003; Petrasch
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et al., 2007; Codd et al., 2010; Krueger et al., 2011; Krueger et al., 2013;
Sarwar et al., 2014; Bader et al., 2015; Boubault et al., 2015; Dong
et al., 2015; Ekman et al., 2015; Gill et al., 2015; Levêque et al., 2016;
Wieghardt et al., 2016; Xu et al., 2016; Levêque et al., 2017; Wang
et al., 2017; Jin et al., 2019). These devices are designed to enable
experimental studies of materials and device prototypes under weather-
independent, controlled high-flux irradiation conditions. A typical
geometry of an HFSS radiative output is configured with a horizontal
beam axis, which limits the use of HFSSs for applications requiring non-
horizontal axis beams. Non-horizontal axis HFSS beams can be in

principle obtained by (i) designing a solar simulator with a tunable tilt
angle, (ii) working with only selected, non-horizontal axis radiative
sources of a multi-source HFSS, and (iii) using secondary, beam-re-
directing optics. Approach (i) presents inherent technical challenges
including precise tilt control of an overall HFSS structure and possible
out-of-specification operation of arc lamps. Approach (ii) limits power
level and direction of radiative output, and possibly requires non-
imaging optics such as a compound parabolic concentrator (CPC) for
meeting the concentration ratio requirement (Li et al., 2019). Approach
(iii) of using secondary, beam-redirecting optics in HFSSs is not

Nomenclature

a ellipse or hyperbola semi-major axis, m
b ellipse or hyperbola semi-minor axis, m
c linear eccentricity, m
e eccentricity
d distance, m
f focal length, m
p semi-focal chord, m
L length, m

Greek

α reflector tilt angle, °
β axis rotation angle, °
Φ rim angle, °

Subscripts

abs absorption
cap capture

e ellipsoidal
f flat
h hyperboloidal
inc incident
m reflector
p paraboloidal
spill spillage
sys system
t target

Abbreviations

CPC compound parabolic concentrator
CRS central receiver system
CST concentrating solar thermal
HFSS high-flux solar simulator
MCRT Monte Carlo ray tracing
2D two-dimensional
3D three-dimensional

(a) (b)

(d)
(c)

Fig. 1. Optical configurations of a generic uniformly-emitting spherical cap source coupled with (a) flat, (b) ellipsoidal, (c) hyperboloidal, and (d) paraboloidal
reflectors.
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discussed in literature except the study by Jin et al. (2019) involving a
diffraction lens system for collimating high-flux solar simulator output.

In this study, we investigate the application of beam-redirecting
reflectors for convergent beams in solar systems. Two types of radiation
sources are investigated including a generic uniformly-emitting sphe-
rical cap source, where rays are uniformly launched and directed to-
wards the sphere center and a specific realization of a multi-source
high-flux solar simulator. Four types of reflectors are investigated: flat,
ellipsoidal, hyperboloidal and paraboloidal. First, we perform two-di-
mensional (2D) ray-tracing simulations to parametrically study the ef-
fects of input beam rim angle, beam-redirecting reflector geometrical
parameters and relative position between the source and the reflector,
for the optical system with the uniformly-emitting spherical cap source.
Optical performance is evaluated in terms of output beam rim angle,
ray distribution, and relative position to input beam. Second, three-
dimensional (3D) Monte-Carlo ray-tracing (MCRT) simulations are
conducted for investigating the practical application of the four types of
reflectors for a multi-source high-flux solar simulator (HFSS) con-
structed at the Australian National University (ANU) (Bader et al.,
2015). Evaluated system optical characteristics include radiative
power, spatial and directional flux distribution, system optical effi-
ciency (throughput) and rendered clearances between the source, the
reflector and the reflected image.

2. Optical model

2.1. Model system I: Uniformly-emitting spherical cap source

The ideal optical system consisting of the uniformly-emitting
spherical cap source, the beam-redirecting reflector and the target tai-
lored to capture all the radiation contains no optical imperfection. The
uniformly-emitting spherical cap source is a simplified model for con-
vergent beams in concentrating solar applications such as the con-
centrated radiation from a solar simulator, a solar dish, or a heliostat
field. For the geometrical symmetry, two-dimensional ray tracing is
sufficient to qualitatively assess the optical performance of the beam-
redirecting reflector and the overall system.

Fig. 1 depicts the optical system configurations involving the four
types of reflectors and shows the system geometrical parameters. The
input beam is characterized by the rim angle Φ1 and focal length f1. The
output beam is characterized by the rim angle Φ2 for a convergent
output beam (Fig. 1a–c), and a beam width Lt for a collimated output
beam (Fig. 1d). For the system with a convergent output beam, the
distance between the output beam focal point and the hemispherical
target is dt (Fig. 1a–c). The ellipsoidal, hyperboloidal, and paraboloidal
reflectors are generated from revolving the elliptic, hyperbolic and
parabolic curves around their major, real and central axes, respectively.
One element of a two-sheeted hyperboloid of revolution is used as the
beam-redirecting reflector. Table 1 summarizes two-dimensional curve
equations, three-dimensional surface equations and geometrical para-
meters for the investigated reflectors. For ellipsoidal and hyperboloidal
reflectors, major and minor axis lengths, 2a and 2b, respectively, can be
calculated as functions of the geometrical design parameters of eccen-
tricity e and linear eccentricity c.

= < <a c e e/ , (0 1)e e e e (1)

=b c e1/ 1e e e
2 (2)

= >a c e e/ , ( 1)h h h h (3)

=b c e1 1/h h h
2 (4)

Ellipsoidal and hyperboloidal reflectors reflect all incoming light
rays directed at one of the reflector’s two foci towards its other focus.
Hence, with flat, ellipsoidal and hyperboloidal reflectors, the output
beam remains focused without any decrease in its concentration ratio.

Table 1
Shape equations and design parameters for the investigated types of reflectors.
The equations are written in co-ordinates shown in Fig. 1.

Reflector Line/curve
equation

3D surface equation Geometrical
parameters

Flat y= 0 (5) y= 0 df

Ellipsoidal + = 1x
a

y
b

2

e2
2

e2
(6) + + = 1x

a
y
b

z
b

2

e2
2

e2
2

e2
(7) ce, ee

Hyperboloidal = 1x
a

y
b

2

h
2

2

h
2

(8) + = 1x
a

y
b

z
b

2

h
2

2

h
2

2

h
2

(9) ch, eh

Paraboloidal =y p x22
p (10) = +p x y z2 p

2 2 (11) pp

Table 2
Baseline parameter set for parametric studies of model system I.

Reflector Input beam rim
angle Φ1

Reflector tilt
angle α

Reflector geometrical
parameters

Flat 30° αf = 50° df = 1 m
Ellipsoidal 30° αe = 90° ce = 1.6 m, ee = 0.8
Hyperboloidal 30° αh = 90° ch = 3 m, eh = 1.5
Paraboloidal 30° αp = 50° pp = 1 m

Fig. 2. Power flow including defined optical efficiencies in an optical system
with a radiative source, a beam-redirecting reflector, and a target.

Fig. 3. Example of ray paths for an optical system with a spherical cap source
and a flat reflector, generated for the baseline parameter set. Solid thickened
line: reflector; dashed line: source; dotted line: target.

Fig. 4. Axis rotation angle ß as a function of the reflector tilt angle αf for an
example input beam with rim angle Φ1 = 30°.
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In contrast, the paraboloidal reflector reflects the incoming focused
radiation by collimating it parallel to the paraboloid axis. According to
the edge-ray principle, only truncated ellipsoidal, hyperboloidal or
paraboloidal surfaces are needed to provide the beam-redirecting re-
flector function.

The optical performance of the optical system with the generic
source of a spherical cap is measured by the output beam rim angle Φ2,
ray distribution, angle between input and output axes, β, (referred to as
axis rotation angle in the following text for brevity), and the distance
between focal points of input and output beams for cases of using flat,
ellipsoidal and hyperboloidal reflectors. The free parameters are:

• input beam rim angle Φ1;
• angle between input beam axis and reflector axis, α, (referred to as

reflector tilt angle in the following text for brevity);
• flat reflector: distance from input beam focal point to flat reflector

surface, df

ellipsoidal reflector: eccentricity ee and linear eccentricity ce

hyperboloidal reflector: eccentricity eh and linear eccentricity ch

paraboloidal reflector: semi-focal chord pp

Final clearance between the input and output beams is determined
from rim angles of input and output beams, axis rotation angle and the
relative position of output beam focal point to input beam focal point.
Rays are traced while varying design parameters for each beam-re-
directing reflector. This allows for calculating output beam rim angle
Φ2 and axis rotation angle ß as functions of the design parameters. In
the parametric studies, one parameter is varied at a time while other
parameters are taken on the baseline values listed in Table 2.

2.1.1. Flat reflector
The investigated free parameters of an optical system involving the

flat reflector include the input beam rim angle Φ1, the distance between
input beam focal point and flat reflector surface df, and the flat reflector
tilt angle αf. The latter two parameters are analytically determined to be

in the range of (0, f1sin(αf − Φ1)) and (Φ1, 180° − Φ1), respectively,
which allows the flat reflector to capture all rays of the input beam and
eliminates the intersection of the flat reflector with the source. Axis
rotation angle, ß, is calculated to be equal to 180° − 2αf (for
0 ≤ αf ≤ 90°) and 2αf − 180° (for 90° ≤ αf ≤ 180°). The distance be-
tween focal points of input and output beams is equal to 2df. When the
flat reflector tilt angle is in the range of [90° − Φ1, 90° + Φ1], the
output beam overlaps with the input beam, which would bring addi-
tional shading loss for most concentrating solar applications where the
receiver/reactor aperture center is placed at the output beam focal
point.

2.1.2. Ellipsoidal reflector
Mathematical solutions of radiative intensity after reflection by

curved reflectors for a point-focusing radiation source can be found in
Oliker et al., 1993. Unlike flat or spherical surfaces that have constant
curvatures throughout the entire surface, the three investigated curved
reflectors have different curvatures at different locations on their sur-
faces. The defined parameter of reflector tilt angle determines which
part of the surface is to be used as the reflector. The input beam rim
angle determines the surface size needed to provide the reflector
function. In general, the output beam rim angle is positively propor-
tional to the input beam rim angle. A smaller output beam rim angle is
acquired from using a part of the reflector surface with a larger cur-
vature.

The investigated free parameters of an optical system involving the
ellipsoidal reflector include input beam rim angle Φ1, ellipsoid tilt angle
αe, and ellipsoid eccentricity ee. Input and output beams overlap if el-
lipsoidal reflector tilt angle is in the range of [180° − Φ1, 180° + Φ1].
The distance between focal points of input and output beams is equal to
2aeee. Hence, the required distance between focal points of input and
output beams can be satisfied from choosing the ellipsoid major axis
length 2ae, which is discovered to have no impact on the output beam
characteristics of rim angle, ray distribution and axis rotation angle.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Fig. 5. Change of ray paths with (a–c): input beam rim angle Φ1 of (a) 10°, (b) 50°, (c) 88°; (d–f): ellipsoid tilt angle αe of (d) 0°, (e) 90°, (f) 180°; (g–i): ellipsoid
eccentricity ee of (g) 0.1, (h) 0.5, (i) 0.8, for the baseline parameter set of Table 2.
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2.1.3. Hyperboloidal reflector
The investigated free parameters of an optical system involving the

hyperboloidal reflector include the input beam rim angle Φ1, the hy-
perboloid tilt angle αh, and the hyperboloid eccentricity eh. Comparable
to the ellipsoidal reflector case, input and output beams overlap if the
hyperboloid tilt angle is in the range of [180° − Φ1, 180° + Φ1]. The
distance between the focal points of input and output beams is equal to
2aheh. The required clearance between the two focal points can be met
by choosing reflector major axis length 2ah that does not affect the
output beam rim angle, ray distribution or axis rotation angle.

Since the hyperboloidal surface is not closed, the incident input
beam may be separated by the hyperboloidal reflector and rays will be
incident on both sides of the hyperboloidal surface. The rays that are
incident on the backside of the hyperboloidal reflector surface will miss
the second focus and therefore contribute to optical losses.

2.1.4. Paraboloidal reflector
The investigated free parameters of an optical system involving the

paraboloidal reflector include the input beam rim angle Φ1, paraboloid
tilt angle αp, and paraboloid semi-focal chord pp.

For the focused output beams reflected from flat, ellipsoidal, and

hyperboloidal reflectors, radiative intensity on a hemispherical target
surface decreases dramatically with an increasing distance to the output
beam focal point. The size of the reflected image increases with the
optical length that the rays have traveled. In contrast, for the collimated
beam reflected from a paraboloidal reflector, radiative intensity on the
target surface does not depend on the distance to the reflector, if at-
mospheric attenuation is neglected. It allows for placing the target
device at different relative positions to the reflector without decreasing
the radiative flux.

2.2. Model system II: High-flux solar simulator as radiation source

For the optical system with the ANU HFSS as the radiation source,
optical imperfections are included in the analysis. Beam-redirecting
reflectors are investigated for accomplishing the task of redirecting the
horizontal-axis beam from the simulator (Φ1 = 45°, f1 = 1.933 m) onto
non-horizontal axis targets. Three-dimensional Monte-Carlo ray-tracing
simulations are performed to obtain both qualitative and quantitative
optical performances. We follow the MCRT methodology previously
used to study optical performance of compound parabolic concentrators
and outlined in Lipiński and Steinfeld (2006) and Li et al., 2019. Beam-

Free parameters Output beam rim angle 2 Axis rotation angle ß

Input beam rim angle 
1 
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Fig. 6. Effects of input beam rim angle Φ1, ellipsoid tilt angle αe, and ellipsoid eccentricity ee, on output beam rim angle Φ2 and axis rotation angle ß, for the baseline
parameter set of Table 2.
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redirecting reflector surfaces are modeled using an assumed reflectance
of unity and Gaussian surface normal error distribution with an as-
sumed standard deviation of 0.85 mrad. Output radiative distributions
are predicted on a flat target that is horizontally placed and passes
through the output beam focal point and a hemispherical target with its
center at the output beam focal point, respectively.

Optical losses occur in the optical system with optical imperfections.
Fig. 2 depicts the optical system power flow as well as defined optical
efficiencies including reflector optical efficiency ηm, target optical ef-
ficiency ηt, and system optical efficiency ηsys. Reflector optical effi-
ciency accounts for optical losses of the radiative power absorbed by
the reflector surface Qm,abs and the spilled radiative power that is not
captured by the reflector Qm,spill. Target optical efficiency accounts for
the spilled radiative power outside the target Qt,spill. Qt,cap represents the
total radiative power captured by the target.

= + + +Q Q Q Q Qm,inc m,abs m,spill t,cap t,spill (12)

=
+Q Q

Q
1m

m,abs m,spill

m,inc (13)

=
+

Q
Q Qt

t,cap

t,cap t,spill (14)

=sys m t (15)

3. Results and discussions

3.1. Model system I: Uniformly-emitting spherical cap source

In this section, we explore the effects of input beam rim angle Φ1,
reflector tilt angle α, and reflector geometrical parameters on the
output beam characteristics of the rim angle Φ2, ray distribution, the
axis rotation angle β, and the distance between focal points of the input
and output beams.

3.1.1. Flat reflector
Fig. 3 shows the ray paths in the optical system involving a flat

reflector with the baseline parameters listed in Table 2. The reflection
on the flat reflector does not change the beam characteristics of the rim
angle and ray distribution. However, the clearance between the input
and output beams is small and it decreases with a larger input beam rim
angle or a larger reflector tilt angle αf (for 0 ≤ αf ≤ 90°), as can be seen
in Fig. 4. The axis rotation angles β are equal for the systems with flat
reflector tilt angles of αf and 180° − αf due to system geometrical
symmetry. Output beam characteristics of rim angle, ray distribution
and axis rotation angle are independent of input beam focal length.

3.1.2. Ellipsoidal reflector
Fig. 5 and Fig. 6 show that the reflection on an ellipsoidal reflected

leads to output beams with nonuniformly-distributed rays. Input beams
with larger rim angles lead to larger output beam rim angles and
smaller axis rotation angles. Fig. 5(d–f) and Fig. 6(c,d) depict effects of

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Fig. 7. Change of ray paths with (a–c): input beam rim angle Φ1 of (a) 10°, (b) 20°, (c) 30°; (d–f): hyperboloid tilt angle αh of (d) 90°, (e) 135°, (f) 180°; (g–i):
hyperboloid eccentricity eh of (g) 1.1, (h) 1.3, (i) 1.5, for the baseline parameter set of Table 2.
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the ellipsoid tilt angle. Same results are observed for optical systems
with ellipsoids of tilt angles 180° − αe and αe due to geometrical sym-
metry of the system. A minimum output beam rim angle is observed
when ellipsoid tilt angle is equal to 180° (Fig. 5f) since the part of the
ellipsoidal surface near the vertex on the major axis with largest cur-
vatures is used. A typical solar beam down system where the ellipsoidal
reflector is coaxial with the reflected beam from a heliostat field has the
same optical configuration as Fig. 5(f). Output beams have an in-
creasing rim angle as the ellipsoid tilt angle moves away from 180° and
the output beam rim angle peaks for reflector tilt angle αf equal to 30°
(=Φ1) or 330° (=360° − Φ1) (Fig. 6c). Output beams with rim angles
larger than 90° are not suitable for most concentrating solar applica-
tions. Larger ellipsoid eccentricities lead to output beams with smaller
rim angles due to the increase of surface curvature with larger eccen-
tricity.

Ellipsoidal reflectors are common in high-flux solar simulators
(Krueger et al., 2011; Bader et al., 2015; Levêque et al., 2017). As-
suming the radiation arc lamp to be a point source, the considered
system becomes equivalent to that shown in Fig. 5(d) with an input
beam rim angle of 180°.

3.1.3. Hyperboloidal reflector
Based on Fig. 7 and Fig. 8, it is found that, comparable to the el-

lipsoidal reflector, reflection on a hyperboloidal surface leads to output
beams with nonuniformly-distributed rays. Output beam rim angles and
axis rotation angles increase with larger input beam rim angles. Hy-
perboloidal surface curvatures decrease as eccentricity increases, which
results in larger output beam rim angles. For a defined source, output
beams with smaller rim angles can be obtained by selecting smaller
hyperboloid eccentricities and placing the hyperboloidal reflector with
a tilt angle close to 180°. For αh = 180°, the hyperboloidal surface near
the vertex with the largest curvature is used as the reflector. A typical
solar beam down system with a hyperboloidal reflector is equivalent to
the optical configuration in Fig. 7(f). A larger axis rotation angle for
larger system component clearance can be achieved via selecting hy-
perboloids with a smaller tilt angle or a larger eccentricity. Compared
to the ellipsoidal reflector, the hyperboloidal reflector renders a larger
range of axis rotation angles, where output beams can be located at
either side of the hyperbola real axis as input beam, i.e. ßh > 90° is
possible.

Free parameters Output beam rim angle 2 Axis rotation angle ß

Input beam rim 
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Fig. 8. Effects of input beam rim angle Φ1, hyperboloid tilt angle αh, and hyperboloid eccentricity eh, on output beam rim angle Φ2 and axis rotation angle ß, for the
baseline parameter set of Table 2.
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3.1.4. Paraboloidal reflector
According to Fig. 9 and Fig. 10, the output beam width increases

with paraboloid semi-focal chord. A minimum output beam width is
observed for a paraboloid tilt angle of 180° when the part of the
paraboloidal surface near the vertex with the largest curvatures is used
as the reflector, e.g. in a solar dish system (Fig. 9f). A desired beam
width can be achieved by designing the paraboloid tilt angle and semi-
focal chord as shown in Fig. 10(b, c). The collimated output beam

results in a larger spot on the target aperture and a higher spillage loss
than focused output beams.

High radiative flux can be achieved by using a part of the curved
reflector surface with the largest curvature for a better concentrating
effect, however, at the expense of a severely reduced clearance between
the input and output beams (Fig. 5f, Fig. 7f, Fig. 9f).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Fig. 9. Change of ray paths with (a–c): input beam rim angle Φ1 of (a) 10°, (b) 30°, (c) 50°; (d–f): paraboloid tilt angle αp of (d) 60°, (e) 90°, (f) 180°; (g–i): paraboloid
semi-focal chord pp of (g) 1, (h) 2, (i) 3, for the baseline parameter set of Table 2.

(a) (b) (c)
Fig. 10. Effects of input beam rim angle Φ1, paraboloid tilt angle αp, and paraboloid semi-focal chord pp, on output beam width Lt, for the baseline parameter set of
Table 2.
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3.2. Model system II: High-flux solar simulator as radiation source

To illustrate a practical application of the findings presented in
Section 3.1, the discussed four types of the beam-redirecting reflector
are investigated in an optical system with a solar simulator as a ra-
diation source. Different from the model system I, which includes no
optical imperfections, optical errors of the solar simulator primary re-
flectors and redirecting reflectors are included in the model system II.
Besides, the radiation arc lamps have a finite size and are not an ideal
point radiation source. As a result, a fraction of the emitted radiation
from the solar simulator lamps misses the focal point F1 of the input
beam. For curved reflectors, the distance between the focal point F1 of
the input beam and the reflector vertex closest to F1 is too small, re-
sulting in a large number of rays missing the truncated reflector surface.
Therefore, the distance between one focus and the closest reflector
vertex, calculated as ae − ce (=ce(1/ee − 1)), ch − ah (=ch(1–1/eh)),
and pp/2 for ellipsoidal, hyperboloidal, and paraboloidal reflectors,
respectively, influences the reflector optical efficiency for any actual
radiation sources with optical imperfections. When the linear eccen-
tricity c is fixed, reflector optical efficiency increases with a decreasing
eccentricity of an ellipsoidal reflector, increases with an increasing
eccentricity of a hyperboloidal reflector, and increases with an in-
creasing semi-focal chord length of a paraboloidal reflector.

The tilt angles of the reflectors relative to the central axis of the
input beam from the solar simulator are taken as following: the flat
reflector is tilted at an angle αf = 45°, giving an output beam with a
vertical axis; the ellipsoid and hyperboloid reflectors are tilted at an
angle αe = αh = 65°; the paraboloidal reflector has a vertical axis
(αp = 90°), giving an output beam with a vertical axis. Fig. 11 shows
the MCRT results of radiative flux distributions on a hemispherical
target with exemplary, non-optimized parameter values. Fig. 12 shows
the path of rays in an optical system with an input beam of a same rim
angle 45° as the solar simulator and a smaller focal length of 0.5 m that
does not affect ray directionality. It is concluded that:

(1) For the flat reflector, with a reflector tilt angle αf = 45°, the output
beam will have a vertical axis, i.e. the axis rotation angle is ß = 90°.
The other design parameter, the distance between the input beam
focal point and the flat reflector, df, determines the clearance be-
tween system components. The distance between the reflected
image and the reflector increases as the flat reflector is placed closer
to the solar simulator, i.e. df increases. However, the output beam
focal point F2 gets closer to the upper edge of the input beam as df

increases. For a receiver placed with its aperture center at the
output beam focal point F2, a fraction of rays emitted from the
upper part of the solar simulator are more likely to be blocked by
the receiver external surface, and the fraction of blocked rays in-
creases with increasing df. Besides, a fraction of rays emitted from
the bottom part of the solar simulator may miss the flat reflector
(Fig. 12a) and the fraction of lost rays increases with increasing df.

(2) The reflection on ellipsoidal and hyperboloidal reflectors changes
the ray distribution substantially. Higher peak fluxes are observed
on the hemispherical target for the curved reflectors than for the
flat reflector. For both ellipsoidal and hyperboloidal reflectors, a
higher reflector optical efficiency can be obtained by choosing a
larger linear eccentricity c, also resulting in a larger distance be-
tween the focal points of the input and output beams. However, the
increasing linear eccentricity increases the size of the reflected
image, resulting in a decreased target optical efficiency. Hence, an
optimal linear eccentricity can be identified that offers the max-
imum system optical efficiency. The reflector optical efficiency is
also influenced by the eccentricity e of the ellipsoid and hyperbo-
loid. A smaller ellipsoid eccentricity gives a higher reflector optical
efficiency, but leads to a decreased clearance between system
components, as indicated in Fig. 6(f). For a hyperboloidal reflector,
both the reflector optical efficiency and the clearance between
system components increase with a larger eccentricity as indicated
in Fig. 8(f). However, the ratio of rays that intersect the backside of
the hyperboloidal surface increases with a larger eccentricity.

Fig. 11. Radiative flux distribution on a hemispherical target in the optical systems involving (a) a flat reflector (horizontal displacement, df, of 0.035 m from F1), (b)
an ellipsoidal reflector (ee = 0.6, αe = 65°, ce = 0.33 m), (c) a hyperboloidal reflector (eh = 1.05, αh = 65°, ch = 0.44 m), and (d) a paraboloidal reflector
(pp = 0.1 m), working in tandem with the ANU high-flux solar simulator.
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(a) (b)

(c) (d)

Fig. 12. Paths of rays for the optical system consisting of an input beam of rim angle 45° and focal length 0.5 m emitted from a spherical cap, a hemispherical target of
radius 0.5 m, and (a) a flat reflector (df = 0.035 m), (b) an ellipsoidal reflector (ee = 0.6, αe = 65°, ce = 0.33 m), (c) a hyperboloidal reflector (eh = 1.04, αh = 65°,
ch = 0.11 m), and (d) a paraboloidal reflector (pp = 0.1 m).

(a () b)

Fig. 13. Local radiative flux (dotted curves),
mean radiative flux (dashed curves), and cu-
mulative radiative power (solid curves) as
functions of the radial coordinate measured
from the center of the target plane, for the flat
(red), ellipsoidal (blue), hyperboloidal (black)
and paraboloidal (magenta) reflectors. (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Table 3
Total captured radiative power, peak flux and system optical efficiency for the four types of reflectors.

Optical characteristics Unit Flat reflector Ellipsoidal reflector Hyperboloidal reflector Paraboloidal reflector

Captured power kW 14.43 13.39 3.59 7.87
Peak flux MW m−2 21.31 16.66 9.07 0.45
System optical efficiency – 0.97 0.9 0.24 0.53
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Hence, an optimal hyperboloid eccentricity can be identified that
offers the maximum reflector optical efficiency.

(3) The highest peak flux on the hemispherical target surface is ob-
served in the optical system involving a paraboloidal reflector, an
effect which can be predicted based on the discussion of Section
2.1.4. A larger semi-focal chord results in reduced target optical
efficiency due to increased reflected image size and increased re-
flector efficiency as stated in Section 2.2. Hence, an optimal value
of paraboloid semi-focal chord can be identified that gives the
maximum system optical efficiency.

The radial distribution of the radiative flux and the cumulative
power on the flat target of radius 0.1 m are reported in Fig. 13 and
Table 3, for the four types of beam-redirecting reflectors. For the sys-
tems with the flat, ellipsoidal, and hyperboloidal reflectors, the flat
target plane is positioned horizontally with its center at the focal point
of the output beam. For the system with the paraboloidal reflector, the
flat target plane is positioned horizontally with a vertical distance of
0.4 m to the HFSS focal point. For the paraboloidal reflector, the re-
sulting radiative flux on the target plane is relatively low and more
uniformly distributed. The simulated total emitted radiative power
from the solar simulator is 14.9 kW. The highest radiative peak flux,
captured power and system optical efficiency are obtained with the flat
reflector, followed by the ellipsoidal, paraboloidal, and hyperboloidal
reflectors. System optical efficiency is lower for the systems with the
curved reflectors instead of the the flat reflector. With optimization, an
ellipsoidal reflector can allow for a system optical efficiency close to
that of the flat reflector. System optical efficiency for using the hy-
perboloidal reflector can be improved by designing the output beam
focal point F2 placed at the side closer to the solar simulator (i.e.
αh > 90°). However, it potentially reduces distances between the
system components. Table 4 summarizes concluded features of these
four types of reflectors.

4. Summary and conclusions

Optical characteristics of beam-redirecting optical systems invol-
ving flat, ellipsoidal, hyperboloidal and paraboloidal reflectors have
been investigated for concentrating solar systems with convergent ra-
diative beams. Two selected types of radiation sources have been dis-
cussed: a generic uniformly-emitting spherical cap source and a high-
flux solar simulator. Two-dimensional ray-tracing simulations have
been performed for an ideal optical system without optical imperfection
that consists of the generic spherical cap source, the investigated re-
flectors and the target tailored to capture all the radiation. Three-di-
mensional Monte-Carlo ray-tracing simulations have been performed

for a realistic multi-source high-flux solar simulator working in tandem
with the four types of beam-redirecting reflectors. Evaluated char-
acteristics include radiative power, spatial and directional flux dis-
tribution, system optical efficiency (throughput) and resulting distances
between the source, the reflector and the reflected image.

The four types of the investigated beam-redirecting reflectors re-
direct a horizontal-axis beam from a solar simulator onto non-hor-
izontal axis targets. The flat reflector retains the characteristics of the
rim angle and ray distribution of the input beam and enables the
highest system optical efficiency at the expense of the smallest clear-
ance between the source, the reflector and the reflected image.
Distances between the system components increase with a decreasing
rim angle of the input beam. The investigated curved reflectors render a
larger degree of freedom to design the characteristics of the output
beam. Thus, the curved reflectors are suitable for applications that re-
quire large clearance between system components and/or high peak
flux on a cavity surface, but at the expense of lower optical efficiency of
the system.
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Chapter 5

Optics of solar central receiver systems: A review

Solar CRSs coupled with secondary concentrators are capable of simultaneously pro-
viding high concentration ratios and high power levels, and thus are considered for
the high-temperature concentrating solar applications. This chapter presents a com-
prehensive review of optics of solar CRSs. It preceeds the optical design studies
presented in the next chapters. The following aspects are reviewed: (1) system con-
figurations, (2) theoretical background including radiative transfer and performance
metrics, (3) system classification, (4) optics of heliostats including heliostat classi-
fication, astigmatism, canting and focusing, tracking, and wind load, (5) optics of
heliostat fields including field classification, layout generation, and optimisation, (6)
optical modelling methodology and tools, and (7) on-sun demonstration-level and
commercial-scale CRSs.
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1. Introduction

Solar central receiver (SCR) systems are considered to be a promising technology for solar 
radiation collection and conversion into high-temperature thermal energy for electricity 
production and chemical processing. The pioneering experimental study of an SCR system 
was reported in 1957 by the Soviet researchers Baum et al. [1]. An optical system consisting 
of 1,293 mirrors was investigated to produce steam at 400°C. Another early use of an SCR 
system for steam generation was reported in 1968 by Francia [2], followed by numerous 
studies around the world. In an SCR system, individual mirrors, called heliostats, approximate 
elements of paraboloids of revolution with different focal lengths and with time-dependent 
orientation to follow the actual position of the sun in two-dimensions, and focus solar 
radiation on a common focal area of a receiver positioned on a central tower. Radiation 
absorbed by the receiver is converted into high-temperature thermal energy and transferred 
further to a heat transfer medium or used directly in chemical reactions. The heat transfer 
medium carries thermal energy to other sub-systems such as power blocks or chemical 
reactors, with a possible intermediate heat storage sub-system that allows for matching solar 
and demand transients. Figure 1 shows the basic components of an SCR system for power 
generation. The SCR system technology has attracted much attention due to its inherent 
suitability for energy storage, and the potential to achieve low overall levelized cost of energy 
through a combination of high optical and thermal performance, and high working 
temperature (up to 1000°C in state-of-the-art designs) that allows for efficient conversion of 
thermal energy to electrical or chemical form. Romero et al. [4] and Behar et al. [5] provided 
broad review studies on SCR systems, projects, and technologies. Full-scale SCR systems are 
included in the review study of global concentrating solar power (CSP) plants by Pavlovíc et 
al. [6] and Zhang et al. [7]. 

#259119 Received 8 Feb 2016; revised 25 Apr 2016; accepted 25 Apr 2016; published 19 May 2016 
© 2016 OSA 11 Jul 2016 | Vol. 24, No. 14 | DOI:10.1364/OE.24.00A985 | OPTICS EXPRESS A989

Chapter 5. Review of CRS optics 52



High capital cost of SCR systems still limits its commercial deployment. Improvements in 
optical and mechanical performance of the optical sub-system are crucial for capital cost 
reduction as the heliostat field typically represents 30–50% of the capital cost of the system 
and the required size of the heliostat field for a given nominal power level of a solar plant is 
reduced with an increased optical efficiency [8]. Similarly, increasing thermal performance of 
the receiver decreases the required size of the heliostat field and the associated capital cost. 

 

Fig. 1. Schematic of a SCR system consisting of a heliostat field, a central tower receiver, 
thermal energy storage system, and a power block [3]. 

The present article reviews pertinent studies related to optical modeling, design, 
optimization and demonstration of SCR systems. It focuses on optics of heliostats and 
heliostat fields as motivated by a need to understand the potential to adapt and improve state-
of-the-art designs to meet the needs of emerging applications of the SCR technology [9,10]. 
Advancement of heliostat fields towards efficient and cost-effective collection and focusing of 
sunlight is pivotal to the advancement of SCR systems for electricity generation and chemical 
processing at large scale. A review of receiver optics and heat transfer is beyond the scope of 
this study. For a broader study in the field of concentrating solar power technologies, the 
reader is referred to [11]. 

2. Theoretical background 

2.1 Radiative transfer 

Macroscopic radiative transfer models of solar concentrating systems use the laws of 
geometrical (ray) optics and the classical radiative transfer theory based on the radiative 
transfer equation (RTE) [12]. A model SCR system used to elucidate the pertinent optics and 
radiative transfer concepts is depicted in Fig. 2. 
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Fig. 2. Simplified radiative transfer model of an SCR system. 

The spectral intensity and flux of solar radiation incident from direction ŝ  on an arbitrary 
surface element dA with a normal n̂  and at position r
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where ( )solar
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 and ( )solard , ,, ˆ tQ λr s

  are, respectively, the solar radiative energy and 

radiative power intercepted by dA within the wavelength interval dλ around the wavelength λ. 
In this work, the radiative transfer nomenclature is adopted from [12] unless stated otherwise. 
In the following text, the time notation t of radiative properties and transfer quantities is 
omitted for brevity. Detailed spectral optical models of solar concentrators typically use the 
air mass 1.5 spectral distribution (AM 1.5) as the reference spectrum, further modified 
according to local atmospheric conditions [13,14]. Simplified spectral optical models 
typically employ the spectral distribution of a blackbody at an effective temperature of the sun 
of approximately 5780 K [12]. The directional distribution of the incident solar irradiation 
results from the sun–earth geometry, with the solid and half-cone angles of the solar disk 
equal to 6.79 × 10−5 sr and 4.65 mrad (0.27°), respectively, and the effect of a sunshape, i.e. 
solar radiation distribution observed from the earth within the solar disk and the circumsolar 
aureole. The ratio of the amount of energy contained in the circumsolar aureole to the total 
amount of direct energy arriving from the sun is defined as the circumsolar ratio (CSR). It is 
an important parameter that directly influences the flux distribution and solar image size at the 
focal plane. Examples of sunshape models used in optical analyses of SCR systems are the 
pillbox, Kuiper [15], Biggs and Vittitoe [16], Rabl and Bendt [17], and Buie [18] 
distributions. 

Solar radiation incident on a reflector surface element dA with a local normal n̂  of a solar 
concentrator is partially reflected into a direction rŝ . In geometrical optics, the most 

fundamental property describing the reflection process under the local thermodynamic 
equilibrium condition is the spectral bi-directional reflection function ( )''

i rˆ ˆ, , ,λρ λr s s


, defined 

as [19,20] 
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In the limiting cases of optically smooth and diffuse surfaces, 
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where the unit direction vector ŝ  is expressed in terms of the polar angle θ (measured from 
the surface normal n̂ ) and the azimuth angle ψ (measured between an arbitrary axis on the 
surface and the projection of ŝ  on that surface). Minimum spectral attenuation and angular 
spread of the reflected intensity r

ˆ( , , )Iλ λr s


 are the desired reflection characteristics of a 

reflecting surface to maximize the total radiative power intercepted by the receiver aperture of 
an area Arec, 
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Note that the optical concentrator of an SCR system may consist of more than one reflector 
between the reference location of the incident solar radiation and the receiver. 

The atmospheric transfer of radiation, and thus the spatial variation of radiative intensity 
between the reference location of incidence, reflectors and a receiver is modeled using the 
quasi-steady form of the radiative transfer equation, 
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where κλ and σs,λ are the spectral absorption and scattering coefficients, respectively, βλ = κλ + 
σs,λ is the extinction coefficient, and ( )iˆ ˆ, , ,λ λΦ r s s


 is the scattering phase function of 

radiation from the direction iŝ into ŝ . The radiative properties are determined by employing 

atmospheric models that account for the actual composition of the gas, liquid and solid phases 
[21,22]. The quasi-steady form of RTE is employed as justified by the small characteristic 
radiation propagation times at length-scales associated with the overall dimensions of solar 
thermal systems. 

2.2 Performance metrics 

The performance metrics of concentrating solar thermal systems can be categorized as optical 
and thermodynamic. The basic optical performance metrics are the optical efficiency and the 
solar concentration ratio. The basic thermodynamic performance metrics are the absorption 
efficiency, the ideal thermodynamic conversion efficiency, and the receiver thermal 
efficiency. 

2.2.1 Optical efficiency 

The overall optical efficiency is defined as the ratio of the radiative energy intercepted by the 
receiver with an aperture area Arec to the maximum possible energy that can be intercepted by 
the total concentrator (heliostat field) area for a given time period. The maximum possible 
radiative power that can be collected by the heliostat field is calculated as radiative power 
collected when solar rays are incident normally on an area equal to the total installed mirror 
area Amirror of the heliostat field [23]. It should be noted that this efficiency is not based on the 
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land area covered by the entire field, nor the heliostat field aperture area which takes into 
account the cosine effect (see below) and the open or opaque spaces among mirrors [24]. 

 
rec

optical
mirror

d
t

Q t

GA t
η Δ=

Δ

 
  (7) 

where G is the direct normal irradiance (DNI). The nomenclature for the irradiance G is 
adopted from [25]. For simulation or reference purposes, G is often taken equal to 1 kW m−2 
[25]. Hence, optical efficiency is a measure of how well the mirror surface performs in 
transferring radiation to the receiver, compared with an absolute upper bound based on the 
DNI and the total mirror area. This representation is useful, as heliostat field costs scale 
essentially linearly with total mirror area. 

The overall optical efficiency accounts for cosine, shading, blocking, spillage, reflection, 
and atmospheric attenuation losses: 

 optical cosine shading reflection blocking spillage atmosphereη η η η η η η=   (8) 

The cosine effect refers to the fact that the amount of radiative power intercepted by the 
heliostat is proportional to the cosine of the angle between the heliostat surface normal and 
the direction of incident solar rays. The shading loss occurs when part of a heliostat surface is 
in shadow of a preceding heliostat, the tower or the receiver. The reflection loss results from 
the less-than-unity reflectivity of the heliostat surface. Some of the solar rays reflected from 
heliostats may hit the back surface of another heliostat instead of reaching the receiver, 
resulting in the blocking loss. The spillage loss occurs when solar rays reflected from the 
heliostat field miss the target. Spillage results from small receiver aperture size, heliostat 
surface error and heliostat misalignment. Atmospheric scattering and absorption result in the 
atmospheric attenuation loss, which increases with the distance between the heliostat and the 
receiver aperture and the water vapor or aerosol content in the atmosphere. A representative 
schematic showing each of these optical losses is shown in Fig. 3. A representative value for 
the annual overall optical efficiency of the PS10 solar power plant is approximately 67.5%, 
which is broken down as 84.4%, 96.6%, 88.0%, 99.1%, 99.4%, and 95.5% for cosine, 
shading, reflection, blocking, spillage, and atmospheric attenuation efficiencies [26]. This 
optical assessment was performed with winDELSOL (see Section 5.3). 

 

Fig. 3. Optical losses in an SCR system that are pertinent to the definition of the optical 
efficiency [3]. 
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2.2.2 Concentration ratio 

The commonly used definition of concentration ratio is the area (geometric) concentration 
ratio. It is defined as the ratio of the concentrator aperture area Aconc to the receiver aperture 
area Arec [25], 
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The instaneous, area-average flux (energetic) concentration ratio is defined as the ratio of the 
area-average radiative flux incident at the receiver aperture to that on the concentrator 
aperture, which is normally referred to as the direct normal irradiance G, 

 rec

re
f

c

Q

A
C

G
=


  (10) 

Due to the dramatic variation of the radiative flux over the receiver aperture, the local flux 
(energetic) concentration ratio can be defined as the ratio of the local radiative flux at any 
point of the receiver aperture to that on the concentrator aperture. 

The time- and area-average flux concentration ratio over a time period Δt is obtained as: 
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Higher temperatures at the receiver can be attained from higher concentration ratios that 
imply less radiation loss from a smaller receiver. However, there is a fundamental 
thermodynamic limit of achievable concentration. The ideal or maximum concentration ratio 
that a two-dimensional (linear concentrators) and three-dimensional (point-focus 
concentrators) concentrating system can achieve are 
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where θc is the acceptance half angle that is half of the angular range over which radiation is 
accepted without moving all or part of the receivers. The ideal concentration ratio cannot be 
infinitely large due to the actual angular size of the sun (half-cone angle 4.65mrad) giving the 
thermodynamic limit concentration for point-focus concentrators 46,250 and for linear 
concentrators 215 [23,25,27]. A multitude of practical issues further limit the concentration 
ratios of engineered systems. The solar flux concentration ratio typically varies between 30 
and 100 for trough systems, 1000–10,000 for dish systems, and 500–5,000 for tower systems 
[9]. The concentration can be increased with the help of secondary concentrators (see Section 
3). For SCR systems with two-axis tracking, the typical range of area concentration ratio and 
indicative temperature are 100–1500 and 150–2000°C, respectively [28]. 

2.2.3 Absorption, ideal thermodynamic conversion, and receiver thermal efficiencies 

The absorption efficiency of a solar receiver is defined as the ratio of radiative power 
absorbed by a perfectly insulated and isothermal receiver at tempereature TH to the 
concentrated radiative power intercepted by the receiver aperture, 
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where σ is the Stefan–Boltzmann constant equal to 5.67 × 10−8 W m−2 K−4; α, ε and C are the 
total apparent absorptivity and emissivity at the receiver aperture, and the area-average flux 
concentration ratio, respectively. The receiver thermal efficiency is a generalization of the 
absorption efficiency definition (Eq. (14)) introduced above. The receiver thermal efficiency 
accounts for losses due to forced and natural convection, conduction through receiver walls, 
and thermal re-radiation through the aperture. It is defined as the ratio of the net heat rate 
gained in the receiver to the concentrated radiative power intercepted at the receiver aperture. 

 

Fig. 4. Blackbody absorption, Carnot and ideal thermodynamic conversion efficiencies as 
functions of the receiver temperature for selected values of the solar concentration ratio [29]. 
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The ideal thermodynamic conversion efficiency is defined as the ratio of work rate 
produced by a Carnot engine operating between a perfectly insulated and isothermal 
blackbody receiver and a cold reservoir at TH and TL, respectively, to the concentrated 
radiative power intercepted at the receiver aperture. It provides the upper theoretical limit of 
conversion of concentrated solar radiation into work, and is equal to the product of the 
blackbody-receiver absorption and Carnot efficiencies, 
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Figure 4 shows the blackbody absorption, Carnot, and ideal thermodynamic system 
efficiencies as functions of receiver temperature for selected values of the concentration ratio 
C in the range 100–10,000. 

The upper overall theoretical efficiency limit of an SCR system is the product of the 
optical efficiency and the ideal thermodynamic conversion efficiency. It is a vector for 
coupled receiver and heliostat field optimization. The optical performance is maximized 
through rigorous design of individual heliostats, heliostat fields, and receivers by iterative 
optimization of their geometry, orientation, position and materials. 
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3. Classification of solar central receiver systems 

 

Fig. 5. Examples of SCR system configurations: (a) a single tower receiver with a single 
asymmetric aperture and a polar heliostat field (reprinted from [30], Copyright (2007), with 
permission from SolarPACES) b) a single tower receiver with a circumferential aperture and a 
surround field (reprinted from [4], Copyright (2002), with permission from the American 
Society of Mechanical Engineers) c) a single tower receiver with multiple apertures and 
multiple polar fields located concentrically around the receiver (left: reprinted from [31], 
Copyright (2006), with permission from Elsevier; right: reprinted from [32], Copyright (1999), 
with permission from Elsevier) d) multiple tower receivers immersed in a surround field 
constructed as a superposition of multiple fields (reprinted from [33], Copyright (2003), with 
permission from Elsevier), and (e) tower-reflector system (reprinted from [34], Copyright 
(1998), with permission from Elsevier). 

Solar central receiver systems can be classified according to the geometrical configuration of 
secondary concentrator at the aperture of a receiver such as a compound parabolic 
concentrator (CPC). In the basic classification, tower-receiver and tower-reflector (beam-
down) systems are distinguished. In a tower-receiver system, heliostats reflect radiation 
directly towards the receiver on a central tower. Figures 5(a)–5(d) shows the basic 
configurations of tower-receiver systems: (a) a single receiver with a single asymmetrically-
located aperture and a polar heliostat field b) a single receiver with a circumferential aperture 
and a surround field c) a single receiver with multiple apertures/partitions and multiple polar 
fields located concentrically around the receiver, and (d) multiple receivers of any type 
located within a surround field constructed as a superposition of multiple fields or field 
segments. A multi-aperture cavity receiver system with each aperture equipped with a 
separate secondary concentrator and matched to a separate heliostat field was developed by 
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Schmitz et al. and is shown in Fig. 5(c) left [31]. A “butterfly” field with six concentrators to 
match the multi-aperture receiver design was developed by Segal and Epstein and is shown in 
Fig. 5(c) right [32]. A multi-tower system (Fig. 5(d)) was developed by Schramek and Mills 
for the purpose of maximizing the ground area usage [33]. 

A tower-reflector system (Fig. 5(e) makes use of the Cassegrain optical configuration 
[35]. Heliostats reflect radiation towards a secondary reflector located on a tower, which in 
turn reflects radiation towards the receiver located on the ground level. The tower reflector 
approximates a hyperboloidal reflector if placed below the heliostat field focal point, or an 
ellipsoidal reflector if placed above the heliostat field focal point. A CPC is coupled with the 
receiver for increasing the concentration ratio at the expense of active cooling and additional 
optical losses [32]. Despite allowing for ground-level location of the receiver and related 
equipment as in the existing demonstration systems, no large-scale beam-down system has 
been built yet. Disadvantages of beam-down SCR systems include the decreased optical 
efficiency due to non-ideal mirror reflectivity, the increased beam spread, the large size of the 
secondary mirror, and the requirement to rigidly mount the secondary mirror near the primary 
focus [36]. 

 

Fig. 6. Basic receiver types: (a) external receiver and (b) cavity receiver. Reprinted from [38], 
Copyright (2014), with permission from Elsevier. 

Solar central receiver systems are designed by matching thermal requirements of thermal 
or thermochemical processes such as temperature, power level, transient variations, to thermal 
characteristics of a receiver. Receiver selection/design is inherently coupled to the 
selection/design of an optical concentrator. A broad variety of receiver designs specific to 
SCR systems have been conceptualized, designed and demonstrated as summarized by Ávila-
Marín [37] and Ho and Iverson [38]. In this study, we omit a detailed discussion of receiver 
optics, and thus limit the classification to the basic receiver types, an external receiver and a 
cavity receiver, as schematically shown in Fig. 6. For an external receiver (Fig. 6(a)), 
radiation absorption, radiative and convective heat losses to the surrounding, and heat transfer 
to a working fluid or chemical reaction occur at the same surface. Due to the large surface 
area required for heat transfer, at high temperatures external receivers exhibit high radiative 
and convective losses. Radiative losses can be minimized by employing high-temperature 
selective coatings. Thus, the current use of external receivers is limited to applications with 
operating temperatures below approximately 1000 K. An external receiver can have a 
circumferential aperture to match a surround field as shown in Fig. 5(b), enabling very wide 
acceptance angles. Practical advantages are that it is conceptually simple, has light supporting 
structures, allows simpler maintenance, and reduces atmospheric attenuation losses by 
reducing the mean distance to heliostats. 

For a cavity receiver (Fig. 6(b)), high-flux irradiation enters the receiver cavity through an 
open or windowed aperture, and is absorbed at internal surfaces or/and in a volume of a 
radiatively participating medium inside the cavity. Numerous cavity configurations and 
radiative absorption scenarios have been proposed, from direct irradiation of active heat 
transfer media or chemical reactions to indirect heating by heat transfer through absorbing 
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solid elements of the cavity, from stationary designs to designs with moving internal parts and 
variable aperture sizes. Cavity receivers are preferred for high-temperature applications due to 
their high absorption efficiency. Because of the high-flux requirement, cavity receivers are 
best matched with polar (segment) heliostat fields of high optical efficiency. Multi-cavity 
receiver designs requiring moderate-flux concentration, such as at the Khi Solar One power 
plant [39,40] may have a hybrid polar-surround type heliostat layout (similar to Fig. 5(c) 
right). 

Radiative performance of cavity receivers in SCR systems can be further improved by 
applying secondary concentrators such as CPCs as in an example study by Segal and Epstein 
[41]. The use of a CPC increases the concentration ratio (ideally by a factor 1/sin2θ, where θ 
is the half-acceptance angle of a CPC), allows for utilization of spillage radiation directly 
around the hot spot, and spreads the angular distribution of the exiting radiation [42]. The 
latter allows for more uniform irradiation inside a receiver cavity, in particular for eliminating 
hot spots. Kribus et al. investigated performance limits of tower systems with four secondary 
concentrator options [43]: tower-top CPC, tailored edge-ray concentrator (TERC) 
approximated by a cone, and a Cassegrain system with ground-level CPC or compound 
elliptic concentrator (CEC). An annular compound parabolic concentrator (ACPC) was 
proposed by Lipiński and Steinfeld for utilization of low-grade spillage radiation outside the 
hot spot [44]. Except from conventional axi-symmetric secondary concentrators, secondary 
concentrators with non-regular cross sections were proposed and evaluated in tandem with 
heliostat fields with wider range of possible contours [45]. Beside improving overall optical 
system performance, the capture of spillage radiation helps protect outer walls of receivers 
from overheating, thus lowering the requirements for using protective shields and active 
cooling. 

4. Optics of heliostats

An individual heliostat is composed of a reflector (one or more mirror facets), a supporting 
structure including foundations, and an actuation system. The specular reflectivity of the 
mirror facets, the alignment of the mirror facets, the alignment of the tracking system, and the 
structural rigidity (particularly under operational wind loads) must be optimized for best 
optical performance of an individual heliostat. 

4.1 Classification 

Heliostats can be classified in various ways, for example, by reflector type or by tracking 
arrangement. An extensive evaluation and classification of heliostat designs according to 
mirror type was conducted at Sandia National Laboratories in the 1980s [3]: glass-metal 
heliostats (Figs. 7(a) and 7(c)) utilize multiple individually curved glass mirror facets, 
supported by a rigid steel structure; stressed–membrane heliostats are based on two 
membranes (one reflective) with curvature provided by active control of the pressure between 
the membranes (Fig. 7(b)). Most recent heliostat designs include the Stellio heliostat 
developed by SBP Sonne [49], the proposed ASTRI sandwich-panel heliostat [50], and the 
suspension heliostat such as that proposed by Solaflect [48]. 
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Fig. 7. Heliostat design examples: (a) flat glass–metal heliostat (1.14 m2 eSolar heliostat) 
(reprinted from [46], Copyright (2011), with permission from Elsevier) b) stressed–membrane 
heliostat (150 m2 metal membrane heliostat, PSA) (reprinted from [47], Copyright (1996), 
with permission from Schlaich Bergermann und Partner (SBP)), and (c) focusing glass–metal 
heliostat (16 m2 Solaflect’s suspension heliostat) (reprinted from [48], Copyright (2013), with 
permission from Solaflect Energy). 

A heliostat with a flat mirror produces a degraded focal spot at the receiver aperture, 
especially for large mirrors [51]. Thus, focusing (curved) heliostats have been developed that 
display optical performance nearly independent of their size. However, it is noted that 
astigmatic aberration (see Section 4.2.1) becomes worse for larger heliostats, which imposes 
optical constraints on large heliostats. The question of optimal heliostat size is debated by 
many authors [52,53] and is both an optical and cost related trade-off. The reflecting surface 
is divided into pre-aligned flat or curved and canted mirror facets. For any type of heliostats, 
decreasing their size is beneficial for ensuring a high optical quality of the reflecting surface, 
and minimizing shading and blocking losses in the field. A review of the state of the art in 
heliostat design and cost reduction is given by Coventry and Pye [53] and Pfahl [54]. 

4.2 Optical studies 

The relevant optical losses associated with individual heliostats are due to imperfect reflection 
(reflectivity value less than unity, angular spread), cosine effect, and spillage. The reflectivity 
of the mirror depends on the surface material and its manufacturing precision. The non-
normal orientation of a heliostat with respect to the directions of solar irradiation and towards 
the receiver results in the cosine loss. The spillage loss results from radiation incident at an 
area outside the prescribed receiver aperture. In seeking to achieve higher-temperature SCR 
systems, higher concentration ratios are required without increasing optical losses. This 
imposes challenging constraints on SCR system components. 

4.2.1 Astigmatism 

A key factor limiting the concentration ratio for a focusing collector system is the astigmatism 
effect, or off-axis aberration, from non-normal incidence. For tangential and sagittal rays, the 
focal lengths are shorter or longer than the nominal focal length, respectively, which results in 
degradation of the focal spot [55,56]. The astigmatism effect increases with increased slant 
range and increased cosine value of the angle between the heliostat surface normal and the 
incident rays [56]. The method used to correct the astigmatism effect in telescopes adapted to 
heliostats requires 2 m × n motors for a heliostat composed of m × n facets, which is 
impractical. A non-imaging focusing heliostat which manoeuvres the facets in a group manner 
so that the required number of motors can be reduced to m + n-2 or even 2 has been studied 
by Chen et al. [57,58] and Chong [59,60]. 

4.2.2 Aiming 

The concentrated flux distribution at the receiver aperture requires controlling according to 
receiver geometry, lifetime and the specific requirements of thermal or thermal-chemical 
processes. Therefore, dynamic adjustment of flux distribution at the receiver aperture, i.e. 
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aiming strategy, is indispensable for the optical sub-system design and optimization. A review 
study of aiming strategies for central receivers was performed by Grobler and Gauché [61]. 
Salomé et al. presented an open-loop approach to control the flux density distribution by 
selecting the best aiming point for each heliostat [62]. 

4.2.3 Canting and focusing 

Mirrors or their individual facets of focusing heliostats are canted to focus solar irradiation on 
the receiver aperture. The canting concepts mainly include typical on- and off-axis canting, 
and newly proposed stretched-parabolic and target-aligned canting. Buck and Teufel 
presented a study to compare and optimize the canting methods [63]. In on-axis canting, 
heliostat elements are aligned while the sun and target vectors are perpendicular to the 
heliostat plane. In off-axis canting, the alignment is performed when the sun vector is oblique 
to the heliostat plane. Jones assessed the two approaches and concluded that on-axis canting 
consistently results in high optical performance while off-axis canting can lead to superior 
upper theoretical limit in optical performance with the actual performance strongly dependent 
on day and seasonal time [64]. Review studies of canting and focusing methods are published 
by Yellowhair and Ho [65] and Ren et al. [66]. Optical and mechanical canting methods were 
summarized, including the gauge blocks, inclinometers, photogrammetry, fringe reflection, 
imaging with theoretical image overlays, laser beam projections, camera look-back, and target 
reflection. New heliostat facet canting method was investigated for example by Yellowhair et 
al. by using a target in reflection [67]. Segal and Epstein investigated canting and focusing of 
facets of the hyperboloidal tower reflector at the Weizmann Institute of Science (WIS) by 
grouping facets to reduce the canting time [68]. 

4.2.4 Tracking 

Tracking systems control movement of heliostats to align them according to the actual 
position of the sun. Accurate heliostat tracking is crucial to minimize the cosine loss and 
spillage loss on the receiver aperture. The tracking accuracy is characterized by the value of a 
tracking error. A good tracking system has a tracking error as low as 0.2 mrad (0.01°) as 
developed by Brown and Stone [69]. Based on the signal operation mode, closed-loop or 
open-loop tracking systems are distinguished, with the commercial systems opting for the 
latter with periodic closed-loop ‘alignment correction’ applied. Sun tracking systems were 
reviewed by Lee et al. [70] and Mousazadeh et al. [71]. The principle of spinning-elevation 
tracking or target-aligned tracking method was first discussed by Ries and Schubnell [72] and 
Zaibel et al. [73]. Performance of the two tracking methods, the azimuth-elevation method 
and the spinning-elevation method was compared by Chen et al. [74] and Chong and Tan 
[75]. The spinning-elevation method was found to offer a smaller image spread, as well as 
spatially and temporally more uniform radiative flux distributions, which in turn results in 
reduced spillage loss. An automated open-loop eight-dimensional tracking error 
characterization and correction method was presented by Khalsa et al. [76]. The method was 
demonstrated to lead to highly-reduced heliostat elevation and azimuth pointing errors using 
the National Solar Thermal Test Facilities (NSTTF) at Sandia National Laboratories [77]. In 
the study by Flesch et al., an auxiliary mirror attached to every heliostat in a field was used to 
create a small reflection image on a target, which in turn was used to automatically adjust the 
heliostat orientation [78]. 

4.2.5 Wind load 

Wind loads generate mirror instabilities degrading the optical quality of the image on the 
receiver aperture. Most studies have focused on mechanical analyses of wind load on 
heliostats [79,80], a subject beyond the scope of the present review. Addressing the issue of 
wind loads effects on optical performance of heliostats is crucial for optical performance 
improvement and cost reduction of heliostats [53]. Strachan and Houser experimentally 
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investigated wind load effects on optical performance of Advanced Thermal Systems (ATS) 
and Solar Power Engineering Company (SPECO) heliostats [81]. 

5. Optics of heliostat fields 

The optical design and optimization of a heliostat field are the culminating tasks in a SCR 
system designed for high optical efficiency. The optical losses associated with a heliostat field 
are due to shading, blocking and atmospheric attenuation. A general design process for a 
heliostat field with prescribed heliostat and receiver types is to (i) determine the basic system 
configuration, i.e. the heliostat field type, the relative position of the heliostat field and the 
receiver ii) generate and optimize the heliostat field layout by specifying the heliostat 
locations through a tradeoff between performance and cost via a simplified optical analysis, 
and (iii) iteratively obtain a high-fidelity heliostat field layout and accurate optical 
performance predictions through detailed optical/radiative transfer models of the system 
coupled to thermal and thermochemical models of receivers and receiver-reactors, 
respectively, and incorporating annual performance and overall techno-economic analyses of 
the system. 

5.1 Classification 

Based on the heliostat field layout boundary, polar fields and surround fields are distinguished 
as shown in Figs. 5(a) and 5(b), respectively. A surround heliostat field allows for 
circumferential irradiation of a central receiver, while a polar field results in highly-
asymmetric irradiation. In a surround field, the east and west heliostats can collect solar 
radiation at lower values of the solar azimuth angle. For a given power level, the height of the 
central tower with a surround field is smaller as compared to that for a polar field, thus 
reducing thermal losses from the tower and piping, the amount of construction materials, and 
consequently the cost. Additionally, the distance between the most remote heliostats of a 
surround field and the receiver is smaller as compared to that for a polar field, reducing 
optical losses from atmospheric attenuation within the system. Alternatively, the heliostats in 
a polar field configuration (north or south field configuration for plants located in the norther 
or southern hemisphere, respectively) are all arranged on one side of the tower and operate 
with lower cosine losses. The polar field approach may generally be used when a cavity 
receiver is needed for high-temperature applications as discussed in Section 3. 

5.2 Layout generation and optimization 

Numerous studies on generation and refinement of heliostat layouts have been reported in 
literature. Basically, there are four categories of heliostat patterns: (a) radial cornfield b) 
radially-staggered field c) N–S cornfield, and (d) N–S staggered field [82]. The radially-
staggered pattern is used in a majority of developments due to its proven superior 
performance over the other patterns from the above list. However, the biomimetic pattern 
developed by Noone et al. was found to have optical efficiency and ground coverage even 
higher than the radially-staggered pattern [83]. 
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Fig. 8. Heliostat field layouts developed with different approaches: (a) dense radial staggered 
method b) Campo code c) graphical method d) DELSOL code and (e) biomimetic pattern. The 
color bar shows the annual optical efficiency values. Reprinted from [95], Copyright (2014), 
with permission from SolarPACES. 

With the basic heliostat pattern selected, a field layout is generated and optimized. 
Examples of studies on generating heliostat field layouts include the cellwise method [82], the 
graphical method [84], the Yearly Normalized Energy Surface data based method [85], the 
method based on direct determination of heliostats position in the field as proposed by 
Collado [86], the Campo code [87], and the Heliostat Field Layout Design code [88]. 

More studies have been reported on heliostat field layout optimization. The optimization 
methods differ in fidelity (e.g. types of optical losses considered, weather conditions, and 
sunshape models), optimization criteria, and computation time. Pitz-Paal et al. published a 
study on heliostat field layout optimization for maximum annual solar-to-chemical energy 
conversion efficiency [89]. A computationally efficient method for designing and optimizing 
heliostat field layout was developed by Besarati and Goswami based on a new proposed 
method for calculating shading and blocking losses [90]. Further pertinent studies were 
published by Wei et al. [91], Pisani et al. [92], Buck [8], Dunham et al. [93], and Atif and Al-
Sulaiman [94]. A comparative study of heliostat field layout characteristics designed and 
optimized with selected methods including dense radially-staggered layout, graphical method, 
Campo code, DELSOL software, and biomimetic pattern (see Fig. 8) was conducted by 
Mutuberria et al. [95]. The number of heliostats, annual optical efficiency and annual energy 
collected were used as the comparative criteria. It was found that for the three design power 
levels of 100, 120, and 150 MWth, the layout generated with the dense radially-staggered 
method had the lowest optical efficiency of 71.1%, 68.9%, 61.0%, respectiviely, while among 
the other four methods, the highest optical efficiencies were achieved by the biomimetric 
pattern, 75.2%, 74.2%, 72.9%. The layout generated by the Campo code showed performance 
close to that of the biomimetic pattern in terms of the annual optical efficiency [95]. 

5.3 Optical modeling 

Detailed optical models are used to obtain accurate predictions of spatial and temporal 
radiative flux distributions at the receiver aperture. The cone optics, hermite polynomial 
expansion/convolution and Monte Carlo ray-tracing (MCRT)/statistical methods are used in 
optical simulations. 

Monte Carlo ray-tracing methods are the most robust simulation techniques for optical and 
radiative transfer modeling of SCR systems [96]. As statistical methods, they can incorporate 
spatial, angular, spectral and temporal variations of radiative intensity, arbitrary spectral and 
directional properties of opaque and transmitting surfaces as well as participating media 
[12,97,98]. Monte Carlo ray-tracing methods come in multiple variants, from simple methods 
such as the basic collision-based method to advanced methods implementing various 
strategies towards increased computational efficiency and accuracy such as the energy 
partitioning and pathlength methods. 

Hermite polynomial expansion/convolution method was used for flux calculation in codes 
such as DELSOL/winDELSOL [99,100], HFLCAL [101], and UHC/RCELL [82]. Monte-
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Carlo ray-tracing was used for developing codes such as MIRVAL [102] and SolTRACE 
[103]. HELIOS, an early model developed in late 1970s and based on cone optics, was used to 
predict a concentrated solar flux distribution on an arbitrary target grid obtained from a 
heliostat field [55]. Modeling tools for SCR systems can be found in review studies by Garcia 
et al. [104], Ho [105], and Bode and Gauché [106]. Yellowhair et al. compared DELSOL, 
HELIOS, SolTrace, Tonatiuh for modeling complex receiver geometries [107]. 

In the present study, selected modeling tools for SCR systems are summarized in Table 1. 
The tools differ in methods for radiative flux computations, types of optical losses accounted 
for, types of optical and radiative output characteristics, availability of user-defined field 
layout and receiver configurations, size limits of heliostat field and/or SCR systems, annual 
performance and optimization capabilities, and computational cost and efficiency. 

5.4 On-sun optical characterization and demonstration 

This section reviews SCR systems at the research, demonstration and commercial scales. 
Listings of SCR research, demonstration and commercial systems are also available as 
Internet resources including crowdsourcing and include the most recent global developments 
(e.g [39,40,108,109].). A selection of systems designed for research and development 
purposes are listed in Table 2. Exemplary systems are shown in Fig. 9. Demonstration studies 
of tracking strategies were conducted by Smith and Ho at NSTTF [77], and by Flesch et al. at 
the Jülich Solar Tower of the German Aerospace Center (DLR) [78]. Examples of studies on 
investigating optical performance evaluated primarily through measurements of temperature 
and flux distribution at receiver or reactor apertures can be found in [110–114]. Other optical 
studies on heliostats include experimental analysis of heliostat surface deformation due to 
gravity in the Themis solar tower facility in France [115], wireless heliostat control system for 
self-powered heliostat fields in Jülich Solar Tower [116], on- and off-axis canting methods 
investigation in DAHAN tower plant [110], and the experimental study of the first fully 
automous heliostat field carried out with the Small Solar Power Systems (SSPS-CRS) facility 
in Spain [117]. 

Table 3 gives an overview of selected commercial SCR systems that are in operation or 
under development/construction [108]. These SCR systems are generally used to provide heat 
to steam turbine power cycles operating at up to 565°C. Consequently, these systems typically 
use external receivers, which are suitable at this temperature level. There is a larger number of 
demonstration SCR systems designed to achieve higher temperatures for the research purpose 
on optics, materials, thermochemistry, and/or thermophysics. At higher temperature levels, 
cavity receivers and/or secondary concentrators are required to reduce the re-radiation losses 
from the receiver. 

The size of commercial SCR systems varies greatly. Currently, the largest reported SCR 
system, used in the Ivanpah Solar Power Facility generating up to 377 MWe of electric power, 
has a solar field aperture area of 2.6 km2. Commercial SCR systems use a range of heliostat 
types with heliostat aperture areas ranging from ~1 m2 (eSolar heliostat) to 140 m2 (Abengoa 
Solar heliostat). 
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Table 1. Tools for solar central receiver system modeling 

 
1 Fortran (without any version specification) is written for codes without version specification by the vendor. 
2 BD: solar beam-down system; PT: solar parabolic-trough system; DS: solar dish system; PV: photovoltaics 
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Table 2. Demonstration solar central receiver systems [39,40] 
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Table 3. Commercial solar central receiver systems [39,40] 
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Fig. 9. Selected SCR demonstration systems: (a) NSTTF, USA (reprinted from [77], Copyright 
(1999), with permission from Elsevier) b) DAHAN tower plant, China (reprinted from [110], 
Copyright (2014), with permission from solar thermal group of Chinese Academy of Sciences) 
c) Daegu Solar Power Tower, South Korea (reprinted from [111], Copyright (2015), with 
permission from Elsevier) d) Jülich Solar Tower, Germany (reprinted from [133], Copyright 
(2011), with permission from the American Society of Mechanical Engineers) e) Heliostat Test 
Field, Sonora, Mexico (reprinted from [112], Copyright (2011), with permission from 
SolarPACES) f) SSPS-CRS facility, Spain (reprinted from [134], Copyright (1991), with 
permission from Springer). 

6. Summary and conclusions 

In this study, we have reviewed basic concepts associated with optics of solar central receiver 
systems. Typical system configurations were discussed along with the main components, 
heliostat, heliostat field, secondary concentrator, and receiver. A review of research studies on 
optical design, optimization and characterization of heliostats and heliostat fields was 
conducted. A large variety of optical analysis tools have been developed, and applied to 
design and optimization of demonstration and commercial facilities. A relatively small 
number of published studies report experimental results of on-sun optical characterization of 
central receiver systems. Modeling the optical performance of central receiver systems is an 
efficient and accurate approach for the design and optimization without incurring substantial 
costs associated with construction of early-stage prototype systems. The large number of 
available tools allows optical engineers to reduce the development time. However, the 
specific configurations of individual designs typically necessitate extension or development of 
new, advanced tools that allow for increased simulation accuracy and flexibility, in particular 
for problems coupling optics, thermophysics and thermochemistry in plant sub-systems. 
Optical design and optimization of SCR systems is the key to reduce their capital cost. 
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Chapter 6

Temperature-based optical design, optimisation
and economics of solar polar-field central receiver
systems with an optional compound parabolic
concentrator

This chapter presents an optical and economic study of CRSs consisting of a po-
lar heliostat field, a single-aperture receiver coupled to an optional CPC, and a
tower [12]. The polar-field CRS outputs a relatively lower radiative power com-
pared to surround-field CRSs. Optical and cost characteristics of heliostat fields
are key parameters conditioning the overall efficiency and cost, and consequently
industry-scale deployment of CRSs for power generation and chemical processing
[132–134, 174, 175]. The cost model used in this study is derived from cost models in
the System Advisory Model (SAM) of version 2011 [176], except that the cost model
of cavity receivers is derived from SAM of the previous version 2007 [177]. The
cost of cavity receivers in SAM 2007 is based on the complex and expensive tubular
molten salt receivers. However, the recent developments in solar receivers promise a
significant cost reduction [3].

Despite a large number of studies performed on the design and optimisation
of CRSs [136, 178], temperature-based optimisation of CRSs for achieving optimal
energetic and economic performance is absent in the literature. Moreover, the use
of CPCs in CRSs was included in prior pertinent studies of high-temperature ap-
plications [179, 180]. However, the justification of the addition of a CPC in CRSs
concerning the receiver temperature was rarely discussed in the literature. Hence,
the effects of receiver temperature and the addition of a CPC on the energetic and
economic performance of solar CRSs with a polar heliostat field are investigated in
this study. Optical configurations of the polar-field CRSs with an optional CPC are
optimised for their maximum annual solar-to-thermal and solar-to-exergy efficien-
cies, and the lowest levelised cost of exergy, respectively. Receivers in a wide range
of temperatures varying from 600 K to 1800 K are investigated. The working temper-
ature thresholds above which the energetic and economic performance benefit from
the addition of a CPC are identified.
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A B S T R A C T

Energetic and economic characteristics are studied for solar central receiver systems consisting of a polar he-
liostat field, a tower, a single-aperture cavity receiver, and an optional compound parabolic concentrator (CPC).
System characterization and optimization are performed with a numerical model combining an in-house de-
veloped Monte-Carlo ray-tracing optical model, a simplified receiver heat transfer model, and a cost model based
on the System Advisor Model (SAM). Based on the model, the effects of receiver temperature on the optical
configuration of cost-optimal systems are elucidated, along with the benefits of using a CPC for improved en-
ergetic and economic performance. Under the assumptions made in this study, it is found that the overall
minimum levelized cost of exergy is obtained by a non-CPC system with a receiver operated at approximately
900 K. A CPC benefits both the energetic and economic performance of systems only at elevated temperatures.
The working temperature thresholds at which the energetic and economic performance benefit from the addition
of a CPC are identified as 900 K and 1200 K, respectively. The general formulation of the model and broad range
of values of the investigated parameters provide a universal predictive capability for studying techno-economic
performance of concentrating solar thermal systems.

1. Introduction

Optical and cost characteristics of heliostat fields are key para-
meters conditioning the overall efficiency and cost, and consequently
industry-scale deployment of solar central receiver systems (CRSs) for
power generation and chemical processing (Kolb et al., 2011; Buck,
2012; Hinkley et al., 2013; Coventry and Pye, 2014; Pfahl, 2014; Bader
and Lipiński, 2017; Dowling et al., 2017). High-temperature receivers
are pursued for a potentially higher system-level efficiency from an
increase of the power-cycle efficiency (Mehos et al., 2017). CRSs with
receivers operated at temperatures above 1000 K require concentration
ratios exceeding 1000 suns to mitigate receiver emission losses, im-
posing great challenges to the design of a heliostat field (Bader and
Lipiński, 2017; Bayon et al., 2018; Behar et al., 2013; Carrillo et al.,
2019; Dunham et al., 2013; Hischier et al., 2012; Ho and Iverson, 2014;
Levêque et al., 2017; Li et al., 2016; Wang et al., 2020).

One possible avenue for meeting the high concentration ratio de-
mand is the application of secondary optical concentrators such as
compound parabolic concentrators (CPCs) (Winston et al., 2005;
Chaves, 2017). A CPC increases the theoretical maximum concentration

ratio by a factor of 1/sinθCPC or 1/sin2θCPC for a two-dimensional (2D)
or three-dimensional (3D) CPC, respectively, where θCPC is the CPC
acceptance angle. The application of a CPC implies additional optical
losses due to CPC backward reflection and surface absorption, as well as
additional costs due to CPC manufacturing and maintenance (Cooper
et al., 2013a,b; Li et al., 2019). The use of CPCs in CRSs has been in-
vestigated in prior pertinent studies. Pitz-Paal et al. (2011) optimized
design parameters of the optical system consisting of a heliostat field, a
CPC, and a receiver to maximize annual solar-to-chemical energy con-
version efficiency for two exemplary solar fuel production processes at
temperatures of 2000 K and 1400 K. Schmitz et al. (2006) compared the
concentration cost and optical efficiency of CRSs with a CPC at different
power levels, for single-aperture and multi-aperture receivers. A CPC
was applied in the high-temperature solar beam-down system for in-
creasing the concentration ratio as discussed by Yogev et al. (1998).
Segal and Epstein (2003) studied optimal working temperatures of solar
beam-down systems with heliostat fields of selected densities for max-
imizing the plant-level efficiency. However, temperature-dependent
optimization studies of CRSs for maximized energetic and economic
performance are absent in the literature, as well as the justification of
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the addition of a CPC in CRSs in relation to the receiver temperature.
In this paper, we investigate the effects of receiver temperature and

the addition of a CPC on the energetic and economic performance of
solar CRSs with a polar heliostat field. Optical modeling is performed
using in-house developed Monte-Carlo ray-tracing (MCRT) simulations.
We employ a simplified heat transfer model by assuming the cavity
receiver as an isothermal, perfectly-insulated blackbody. A cost model
for economic evaluation is constructed based on the System Advisor
Model (SAM) (Blair et al., 2018). Optical configurations of the CRSs
with an optional CPC are optimized for their maximum annual solar-to-
thermal and solar-to-exergy efficiencies and the lowest levelized cost of
exergy (LCOX), for receivers operated at temperatures varying from
600 K to 1800 K. We identify the working temperature thresholds above
which the energetic and economic performance benefit from the addi-
tion of a CPC.

2. Model system

2.1. System layout

Fig. 1 shows a model CRS consisting of a polar heliostat field, a
tower, a single-aperture cavity receiver, and an optional CPC. The

global coordinate system is constructed at the center of the tower base
with the positive x- and y-axes pointing along the South and the East
directions, respectively. For the system without a CPC, the heliostat
field boundary is determined by removing the heliostats with overall
instantaneous optical efficiency (defined in Section 3) at autumn
equinox noon (March 21st in the southern hemisphere) lower than a
threshold value ηtr. Effects of five main design parameters are studied
for systems without a CPC: tower height ht, heliostat surface area Ah,
receiver aperture radius rrec,a, receiver aperture tilt angle αrec,a, and
efficiency trimming threshold ηtr.

The two parameters determining a 3D CPC geometry are acceptance
angle θCPC and entry aperture radius rCPC,in. CPCs discussed in this study
are full CPCs without any truncations. The radius rCPC,out of the exit
aperture and the full length LCPC of a CPC can be calculated as functions
of θCPC and rCPC,in (Winston et al., 2005),

=r r sin ,CPC,out CPC,in CPC (1)

=
+

= +L
r r
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The CPC orientation is determined by the CPC axis tilt angle αCPC,
i.e., the angle between the CPC central axis and the global z-axis, as
shown in Fig. 1. For systems with a CPC, the effects of six main design

Nomenclature

A area, m2

C cost, USD
CR concentration ratio
CRF capital recovery factor
d distance, m
f factor
G irradiance, W m−2

h height, m
i interest rate, % per annum
L length, m
LCOX levelized cost of exergy, USD kWh−1

n number
Q energy, J
Q power, W
q flux, W m−2

r radius, m
T temperature, K

Greek

α tilt angle, °
αsol solar elevation angle, rad
β cost per unit area, USD m−2

κ cost fraction
σ Stefan–Boltzmann constant = 5.6704 × 10−8 W m−2

K−4

θCPC CPC acceptance angle, °
η efficiency
δ standard deviation of Gaussian distribution, mrad
τ total atmospheric optical depth
ρ energy ratio

Subscripts

a aperture
aa atmospheric attenuation
abs absorption
b blocking
cav cavity

cond conduction
conv convection
cos cosine
em emission
err error
f field
h heliostat
H high
in inlet
inc incident
int interception
L low
land land
max maximum
min minimum
out outlet
rec receiver
ref reference
rej rejection
sb shading and blocking
shade shading
spill spillage
s-t solar-to-thermal
s-x solar-to-exergy
t tower
tot total
tr trim
x exergy

Abbreviations

2D two-dimensional
3D three-dimensional
CPC compound parabolic concentrator
CR concentration ratio
CRS central receiver system
CSP concentrating solar power
CST concentrating solar technologies
DNI direct normal irradiance
MCRT Monte-Carlo ray-tracing
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parameters are studied, including tower height ht, heliostat surface area
Ah, receiver aperture radius rrec,a, CPC acceptance angle θCPC, CPC axis
tilt angle αCPC, and efficiency trimming threshold ηtr.

The determination process of the heliostat field boundary for a
system with a CPC is shown conceptually in Fig. 2. A surround heliostat
field is firstly generated with a selected heliostat field layout pattern.
Secondly, we calculate the conic section created by intersecting the CPC
acceptance cone with the horizontal plane containing heliostat centers.
The heliostats located outside the conic section are removed since rays
reflected by these heliostats are rejected by the CPC due to backward
reflection (Winston et al., 2005). The heliostat field is further trimmed
by removing heliostats with the overall instantaneous (at autumn
equinox noon) optical efficiency ηh lower than an efficiency trimming
threshold ηtr.

The conic section can be an ellipse, a parabola, or a hyperbola de-
pending on the relative position of the horizontal plane and the CPC
acceptance cone. The shape and size of the intersected conic section are
determined by the tower height ht, the CPC acceptance angle θCPC, and
the CPC axis tilt angle αCPC, as schematically presented in Figs. 3 and 4.
The range of αCPC is set as [0, π/2], i.e., ranging from CPC facing ver-
tically down (αCPC = 0) to CPC facing horizontally towards the south/
north in south/north hemispheres (αCPC = π/2). We include config-
urations with a part of the CPC acceptance cone facing towards the sky
(i.e., when αCPC + θCPC > π/2, see Fig. 3) since their potential for
better performance needs to be explored. Based on Fig. 4, in general,
the size of the conic section increases with an increasing ht, θCPC, or

αCPC. The shape of the conic section changes from an ellipse to a
parabola or a hyperbola with the increase of ht, θCPC, or αCPC.

2.2. Assumptions

The model plant location is Alice Springs, Australia (-23.8°N,
133.9°E). The plant is located on flat land. Buie sun shape model with a
circumsolar ratio of 0.02 is used (Buie et al., 2003). All heliostats have
the same geometrical and optical properties, and all heliostat centers
are located with the same vertical height to the ground. Heliostat is
single-facet, point-focusing, and square. The reflectance of the heliostat
and CPC surfaces are assumed to be specular, wavelength- and direc-
tion-independent, and equal to 0.9 and 0.95, respectively. Gaussian
surface normal error distributions with assumed standard deviations of
1.5 mrad and 0.5 mrad are applied for the heliostat and CPC surfaces,
respectively. The aiming point of all heliostats is at the center of the
target aperture. Azimuth-elevation tracking with zero tracking error is
assumed. Shading and blocking losses due to the tower, CPC, and re-
ceiver are neglected. We use the Campo field layout pattern as de-
scribed by Collado and Guallar (2012) and discussed by Mutuberria
et al. (2015). We assume the parameters defining the Campo layout
pattern, including the total number of zones, nzone = 3, the distance
from the closest and furthermost heliostats to the tower,
drow,min = 60 m and drow,max = 1500 m, and reference blocking factor
fb,ref = 0.75. The selected total zone number of 3 is commonly found in
the literature using the Campo layout pattern (Collado and Guallar,

Fig. 1. A model solar central receiver system with a heliostat field, a tower, a cavity receiver, and an optional CPC.

Fig. 2. Determination procedure of a heliostat field boundary, taking an elliptic conic section as an example (adapted from Pfahl et al., 2017).
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2012; Collado and Guallar, 2013). The reference blocking factor is a
parameter to control the radial spacing along the field of expanded
layouts (Collado and Guallar, 2012). Note that the reference blocking
factor is a different quantity as the blocking efficiency. Field density,
the ratio of the total heliostat area and the land area covered by all
heliostats, is determined by setting the distance between the centers of
two adjacent heliostats equal to the heliostat diagonal length multiplied

by an assumed factor of 1.1.
The cost of the CRS optical components are based on the System

Advisory Model (SAM) (Blair et al., 2018). The cost of land Cland is as-
sumed to be Aland land, where βland = 2.5 USD m−2. The land area Aland
is calculated as the area of a rectangle that has one edge length equal to
the distance between the two furthermost heliostats along the global x-
axis and the other edge length equal to the distance between the two
furthermost heliostats along the global y-axis. The cost of heliostat per
unit area, βh, depends on the heliostat size Ah. Different models have
been discussed in the literature for estimating βh. As shown in Fig. 5,

Fig. 3. Conic sections obtained by intersecting a CPC acceptance cone with a horizontal plane, for three specific combinations of tower height ht, CPC acceptance
angle θCPC, and CPC axis tilt angle αCPC, resulting in elliptical (left), parabolic (center), and hyperbolic (right) section layouts, respectively.

Fig. 4. Effects of (a) tower height ht, (b) CPC acceptance angle θCPC, and (c) CPC axis tilt angle αCPC, on the shape and size of conic sections, for a selected system of
ht = 90 m, θCPC = 30°, and αCPC = 30°.

Fig. 5. Cost of heliostat per unit surface area βh as a function of heliostat surface
area Ah obtained using two models: the Kolb model (black curve) (Kolb et al.,
2007; Blair et al., 2018) and the Blackmon model (blue curve) (Blackmon,
2012). For the Kolb model, cubic spline interpolation is used for obtaining costs
of heliostats with Ah ≤ 220 m2.

Fig. 6. Receiver area Arec as a function of net receiver power Qnet (in MW)
optimized using SAM (Version 2014.1.14).
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five data points of βh as a function of Ah are taken from Kolb et al.
(2007). βh is further reduced by 20% to match a relatively lower
average βh of 140 USD m−2 in SAM of version 2017.9.5 (Blair et al.,
2018). The cubic spline interpolation method is applied for obtaining βh
of heliostats with Ah ≤ 220 m2. βh of heliostats with Ah > 220 m2 are
assumed to be the same as βh of the 220 m2 heliostat. For comparison,
Fig. 5 includes another heliostat cost model by Blackmon (2012) that
distributed heliostat costs into three categories and stated that the
minimum βh occurs for heliostats with Ah in the range of 30–50 m2. In
this study, we employ the model by Kolb et al. (2007) where the rela-
tively large heliostat is more cost-effective, which agrees well with
heliostat sizes found in commercial CRSs. The total heliostat cost Ch,tot
is equal to βhnhAh. Tower cost Ct is assumed to be a function of tower
height ht as hexp(0.0113 )t t , where βt = 3,000,000 USD. The cost of a
cavity receiver Crec is calculated as =C C A( 1571)rec rec,ref rec

0.7, where
Crec,ref is the receiver reference cost and equal to 103,000,000 USD. We
assume that the receiver area Arec depends on the net receiver power
Qnet, and the dependency is obtained by optimizing CRSs with SAM of
version 2014.1.14 (the cost of cavity receiver has been removed from
SAM of versions > 2014.1.14). The data are fitted with the power
function =A Q0.3288rec net

1.304 and are shown in Fig. 6. The effect of
receiver temperature on the receiver cost is neglected. Manufacturing of
a 3D CPC has not been demonstrated yet for the scales considered in
this study. Hence, we assume the cost CCPC of a 3D CPC depends on the
CPC reflective surface area with a factor of βCPC. The CPC reflective
surface area is proportional to the area of a cylindrical surface that has a
radius equal to the CPC entry aperture radius rCPC,in and a height equal

to the CPC length LCPC. Hence, the CPC cost is calculated as
=C r L2CPC CPC CPC,in CPC, where βCPC is assumed as 3,000 USD m−2

(>10 times the cost per unit area of the most expensive heliostat cur-
rently available on the market) (Coventry and Pye, 2014). The sensi-
tivity study on the assumed CPC cost is presented in Section 4.4

2.3. Performance metrics

Fig. 7 shows the power flow, losses, and efficiencies of a CRS. The
basic optical performance metrics of a CRS include the instantaneous
(at autumn equinox noon) and annual efficiencies of a heliostat field, a
CPC, and a receiver, and the instantaneous (at autumn equinox noon)
radiative power and concentration ratio obtained at the receiver aper-
ture. Energy ratio ρloss is introduced to evaluate the system optical and
radiative losses Qloss (used in Section 4.3),

= =Q
Q

Q
q n A

,loss
loss

f,max

loss

sol h h (3)

where Qf, max is the maximum total radiative power collected when sun
rays incident normally on an area equal to the total area of installed
heliostats Ah,tot = nhAh (nh is the total number of installed heliostats)
and qsol is the real-time clear sky irradiance, W m−2. The clear-sky ir-
radiance is modeled as (Ineichen, 2008),

=q G exp( sin )f
sol 0 solDNI (4)

where G0 is extra-terrestrial irradiance, W m−2, τ is total atmospheric
optical depth, αsol is the solar elevation angle, and fDNI is a fitting
parameter obtained from radiative transport model calculations at two
different αsol. We take the following values of parameters recommended
for a general calculation of direct irradiance: G0 = 1618 W m−2,
τ = 0.606, fDNI = 0.491 (Ineichen, 2008).

The performance metrics used in this study are elucidated next.

Fig. 7. Power flow, losses and efficiencies in a
solar central receiver system.

Fig. 8. The sun path of the latitude of Alice Springs, Australia. The 32 simulated
independent points on the sampling grid are marked by dots (Grigoriev et al.,
2016) (Reproduced with permission from AIP Publishing).

Table 1
Parameters simulated in the optimization of systems without and with a CPC.

Parameters Unit Systems without a CPC Systems with a CPC

Tower height ht m 30, 50, 90, 130, 170, 210, 250 30, 50, 90, 130, 170, 210 250
Heliostat surface area Ah m2 40, 70, 100, 130, 160, 190, 220, 250 40, 70, 100, 130, 160, 190
Parameter determining target aperture radius, fa – 0.4, 0.75, 0.93, 0.97, 0.99 0.6, 0.7, 0.8, 0.9, 0.95
Efficiency trimming threshold ηtr – 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 0.2, 0.3, 0.4, 0.5, 0.6
Target aperture tilt angle αrec,a or αCPC ° 20, 30, 40, 50, 60, 70, 80 10, 30, 50, 70, 90
CPC acceptance angle θCPC ° – 25, 30, 35, 40, 45, 50, 55, 60

Table 2
Parameters for model validation (Wang et al., 2020b).

Sun Heliostat field Target

• Site: Barstow, CA, USA
(116°56′, N34°53′)

• DNI: 1000 W m−2, no
atmospheric attenuation

• Sun position: 7:30 am,
June 20th

• Buie sun shape model
with CSR = 0.02

• 522 heliostats

• 10 m × 10 m, single-
facet

• Normal slope error: 2
mrad

• Reflectance: 0.95

• Ideal focal length

• 62 m tower

• Aiming point:
(0,0,62)

Receiver aperture:

• 6 m × 8 m

• Absorptance: 0.9
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(1) Overall instantaneous optical efficiency of single heliostat or
heliostat field, ηh or ηf, is defined as the ratio of the radiative
power, Qh,a or Qf,a, intercepted by target aperture and

=Q Q q A( )h, max h, max sol h or Qf, max, respectively. Target aperture re-
fers to the receiver aperture or the CPC entry aperture, for a system
without or with a CPC, respectively. The overall optical efficiencies
of a single heliostat and a heliostat field account for cosine, shading,
absorption, blocking, atmospheric attenuation, and spillage losses
(Li et al., 2016).

=
Q

Qh
h,a

h, max
h,cos h,shade h,abs h,block h,aa h,int (5a)

=
Q

Qf
f,a

f, max
f,cos f,shade f,abs f,block f,aa f, int (5b)

(2) Instantaneous CPC transmission efficiency, ηCPC, is defined as
the ratio of the transmitted radiative power to the radiative power
entering the CPC entry aperture. CPC optical losses include the
absorbed radiation QCPC,abs by CPC reflective surface and the

Tonatiuh SOLSTICE Tracer Present study 

Fig. 9. Radiative flux distributions (in the unit of W m−2) on a target plane calculated by using selected ray-tracing tools.

Fig. 10. Instantaneous (at autumn equinox noon) optical efficiencies of each heliostat: (a) cosine efficiency ηh,cos, (b) shading efficiency ηh,shade, (c) blocking
efficiency ηh,block, (d) interception efficiency ηh,int, (e) atmospheric attenuation ηh,aa, and (f) overall optical efficiency ηh, for a baseline system of ht = 120 m,
Ah = 50 m2, rrec,a = 3 m, and αrec,a = 60°.

Fig. 11. Effects of (a) solar time and (b) tower height on the instantaneous (at autumn equinox noon) field-average optical efficiencies for the same baseline system as
in Fig. 10.
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Fig. 12. Effects of design parameters including (a) CPC acceptance angle θCPC, (b) CPC axis tilt angle αCPC, (c) tower height ht, (d) heliostat surface area Ah, (e)
receiver aperture radius rrec,a, (f) receiver tilt angle αrec,a, and (g) trimming efficiency threshold ηtr, on LCOX and performance metrics including overall annual field
optical efficiency f , annual receiver absorption efficiency rec, annual solar-to-thermal efficiency s-t, total area Ah,tot of installed heliostats, annual CPC transmission
efficiency CPC, and concentration ratio CRrec,a at receiver aperture. (a,b) are for a baseline system with a CPC: ht = 90 m, Ah = 100 m2, rrec,a = 0.6 m, ηtr = 0,
θCPC = 30°, αCPC = 30°. (c–g) are for a baseline system without a CPC: ht = 120 m, Ah = 70 m2, rrec,a = 1.5 m, αrec,a = 30°. These results are obtained for assuming
receiver temperature Trec of 1600 K.
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rejected radiation QCPC,rej due to backward reflection.

=
+Q

Q
Q Q

Q
1CPC

rec,a

CPC,a

CPC,abs CPC,rej

CPC,a (6)

(3) Instantaneous receiver absorption efficiency, ηrec, is defined and
calculated as:

=
+ +Q

Q
Q Q Q

Q
1rec

net

rec,a

rec,em rec,cond rec,conv

rec,a (7)

where Qnet is the net radiative power absorbed by the receiver at au-
tumn equinox noon andQrec,a is the total radiative power intercepted by
the receiver aperture. Assumptions are made that the receiver is a
perfectly-insulated blackbody with no reflective, conductive, or con-
vective heat losses, i.e. = =Q Q 0rec,cond rec,conv , and the receiver is iso-
thermal and operating at a nominal temperature Trec. Under the as-
sumption, the upper performance limit of the receiver can be calculated
and used for characterizing the receiver performance without detailed
knowledge of the receiver design (Fletcher and Moen, 1977; Pitz-Paal
et al., 2011),

= T
G

1
CRrec

rec
4

1 rec,a (8)

where σ is the Stefan–Boltzmann constant, 5.6704 × 10−8 W m−2 K−4,
and CRrec,a is the flux concentration ratio over the receiver aperture
area, defined as the ratio of the mean incident solar flux and the re-
ference flux of G1 = 1000 W m−2.

(4) Instantaneous solar-to-thermal efficiency, ηs-t, is defined and

calculated as

=Q
Qs-t

net

f,max
f CPC rec (9)

ηs-t measures the performance of the overall optical system comprising a
heliostat field, a CPC, and a receiver.

(5) Instantaneous solar-to-exergy efficiency, ηs-x, is defined as the
ratio of the system exergy outputQx andQf,max.Qx is equal to the net
receiver power multiplied by the Carnot efficiency.

= =Q Q Q T
T

1x net Carnot net
L

H (10a)

= =Q
Qs-x

x

f,max
s-t Carnot f CPC rec Carnot (10b)

where TH and TL are the upper and lower operating temperatures of the
(equivalent) Carnot heat engine, respectively (Romero and Steinfeld,
2012). In this study, TL is taken as the ambient temperature assumed as
293 K and TH = Trec − ΔT. The temperature drop ΔT is associated with
heat transport from the solar receiver to the hot reservoir of the
(equivalent) Carnot heat engine. ηs-x measures the upper limit of solar-
to-electricity efficiency for a solar power plant, as well as the maximum
solar-to-fuel efficiency for an ideal cyclic process for a solar thermo-
chemical plant.

The annual energetic performance is evaluated using the annual
efficiency defined as:

=
Q t

Q t

d

d
year sunrise

sunset
output

year sunrise
sunset

input (11)

where Qoutput and Qinput represent the output and input radiative power,
respectively. The annual efficiencies used in this study are calculated
using analogous expressions to Eq. (11), including overall annual field
optical efficiency f , annual CPC transmission efficiency CPC, annual
receiver absorption efficiency rec, annual solar-to-thermal efficiency

s-t, and annual solar-to-exergy efficiency s-x.
The economics of the solar central receiver optical system is char-

acterized by the levelized cost of exergy (LCOX) defined as:

=
C

Q
LCOX

CRF capital

x (12a)

= +
+

i i
i

CRF (1 )
(1 ) 1

n

n

year

year (12b)

Fig. 13. Maximum annual solar-to-thermal efficiency s-t, maximum annual
solar-to-exergy efficiency s-x, and LCOXmin predicted for systems without and
with a CPC as a function of receiver temperature Trec.

Fig. 14. LCOXmin and performance metrics including overall annual field optical efficiency f , annual receiver absorption efficiency rec, annual solar-to-thermal
efficiency s-t, annual solar-to-exergy efficiency s-x, annual CPC transmission efficiency CPC, and concentration ratio CRrec,a at the receiver aperture, for cost-optimal
systems (a) without and (b) with a CPC as a function of receiver temperature Trec.
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=Q T
T

Q t1 dx
L

H year sunrise

sunset
net

(12c)

where CRF is the capital recovery factor, i is the real interest rate as-
sumed as 5% per annum in this study, nyear is the number of annuities
received assumed as 20 years, and Ccapital is the total installation cost of
land, heliostat, tower, receiver, and optional CPC:

= + + + +

= + + +

+

C C C C C C

A n A h

Q r L

exp(0.0113 ) 103, 000, 000

(0.3288 1571) 2

capital land h,tot t rec CPC

land land h h h t t

net
1.304 0.7

CPC CPC,in CPC (13)

Operation and maintenance costs are not considered. For compar-
ison, the fraction of each component cost κ, defined as the ratio of the

Fig. 15. LCOXmin of cost-optimal systems (a) without and (b) with a CPC, as a function of temperature drop ΔT between the receiver and the hot reservoir of a Carnot
heat engine.

Fig. 16. Component cost fractions κ for cost-optimal systems (a) without and (b) with a CPC, as a function of receiver temperature Trec.

(a) without a CPC (b) with a CPC

Fig. 17. Energy ratios ρ in the cost-optimal systems (a) without and (b) with a CPC, as a function of receiver temperature Trec.
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component cost to the installation cost Ccapital, is calculated in Section
4.3 (e.g. tower cost fraction κt = Ct/Ccapital). The sensitivity study of
each component cost is conducted and presented in Section 4.4.

3. Methodology

The Monte-Carlo ray-tracing (MCRT) method is applied in optical
simulations (Modest, 2013; Li et al., 2019). In the MCRT model, rays
carrying the same amount of radiative power are generated uniformly
from assumed planes perpendicular to the normal of heliostats. Thus
the computational efficiency is increased by avoiding simulating rays
hitting the ground. The sun position relative to an observer on the
ground as a function of solar time and site latitude is simulated with the
method as described in Duffie and Beckman (1980) and Sproul (2007).
Reflections from optical surfaces are modeled by considering slope er-
rors (Bader et al., 2015). Atmospheric attenuation accounts for radia-
tion losses occurring in the atmosphere when rays travel from the he-
liostat surface to the target aperture. Atmospheric attenuation is
calculated as a function of the slant distance rays travel (Leary and
Hankins, 1979). The annual heliostat field performance is evaluated
using the method by Grigoriev et al. (2016) and by employing bicubic
spline interpolation (Press et al., 1996) of results for discrete sun po-
sitions. Grigoriev et al. (2016) proved that sufficiently good accuracy is
obtained with only 32 sampling points for a year, as shown in Fig. 8.

Simulations are carried out for all possible combinations of in-
vestigated parameters, as listed in Table 1. The selected values of the
target aperture radius employed in the simulations are re-calculated for
each heliostat field, to capture assumed fractions fa of the incident
Gaussian-distributed radiation reflected from the furthermost heliostat
(Rabl, 1985; Schmitz et al., 2006).

4. Results and discussions

4.1. Model validation

The in-house MCRT optical model is validated by simulating the
PS10 heliostat field with the listed parameters in Table 2 (Wang et al.,
2020b). Fig. 9 shows the predicted radiative flux distributions on a
target plane using ray-tracing tools, including Tonatiuh, SOLSTICE,
Tracer, and the MCRT code of the present study. Excellent agreement
has been found. The MCRT code for modeling the 3D CPC was pre-
viously validated by computing the transmission-angle curve of a CPC
with an acceptance angle of 16° and comparing the results with those
from Winston et al. (2005) (Li et al., 2019). The optical model was used
in a previous optical study of a novel solar beam-down system proposed
by Li et al. (2020).

4.2. Parametric studies

In this section, we (i) discuss the instantaneous optical efficiencies
of the heliostat field at both heliostat-level and field-level (Part 1) and
(ii) explore the effects of design parameters (defined in Section 2.1) on
the annual system optical, energetic, and economic performance char-
acterized by the metrics defined in Section 2.3 (Part 2).

4.2.1. Parametric studies: Part 1
A baseline system with a tower height ht of 120 m, a heliostat sur-

face area Ah of 50 m2, a receiver aperture tilt angle αrec,a of 60°, and a
receiver aperture radius rrec,a of 3 m is investigated. We use the heliostat
field created by removing the heliostats located outside the ellipse
created by intersecting the CPC acceptance cone (θCPC = 30°) and the
horizontal plane containing heliostat centers. The overall instantaneous
optical efficiency of each heliostat, ηh, is shown in Fig. 10. Fig. 11

Fig. 18. Point clouds of LCOX and net receiver power Qnet (at autumn equinox noon) for 10,080 configurations of non-CPC systems and 42,000 configurations of
systems with a CPC and selected values of receiver temperatures Trec of 800, 1200 and 1600 K. The dark blue points trace out the minimum-LCOX systems at selected
power scales. The configurations with LCOX > 0.4 USD kWh−1 are not shown.

L. Li, et al. Solar Energy 206 (2020) 1018–1032

1027

81 Chapter 6. Polar-field CRS



exhibits the field-average optical efficiencies of all heliostats as func-
tions of solar time and tower height, the two most influential factors.

Cosine efficiency of a heliostat is dependent on the relative position
of the sun, the heliostat, and the heliostat’s aiming point. The heliostat,
whose center point is collinear with the center of the sun and the
aiming point, has the maximum cosine efficiency. The cosine efficiency
of other heliostats decreases with the increasing distance to the helio-
stat that has the maximum cosine efficiency (Fig. 10a). Shading and
blocking efficiencies are mainly affected by the field density (Fig. 10b and
c). In general, a higher field density leads to more shading and blocking
losses. Shading and blocking losses also increase with a lower sun po-
sition (early morning and late afternoon, winter) and a lower tower,
respectively. Spillage loss is determined by the relative size of the target

aperture and the sun image, the radiative flux distribution at the target
aperture, and the angle between the incident beam axis and the normal
of the target aperture. The size of the sun image on the target aperture
increases with a larger heliostat area Ah, a larger heliostat surface slope
error δh,err, or a larger slant range dh,slant from the heliostat to the target
aperture. Hence, the spillage loss increases with a larger ht and a larger
distance from the heliostat to the tower (Figs. 10d and 11b). Atmo-
spheric attenuation loss is determined by dh,slant, thus the atmospheric
attenuation loss increases with the increase of ht and the distance from
the heliostat to the tower (Figs. 10e and 11b). In general, the overall
optical efficiency of a heliostat decreases with an increasing distance
from the heliostat to the tower (Fig. 10f).

According to Fig. 11a, field-average cosine and shading losses

Fig. 19. Heliostat field layouts of cost-optimal systems without and with a CPC for selected receiver temperatures Trec of 600, 800, 1000, 1200, 1400, 1600, and
1800 K. The colored scale indicates the overall instantaneous (at autumn equinox noon) optical efficiency ηh of each heliostat. Because of the limited simulated
parameter space, some optimal configurations are applicable across several temperature values, as indicated in (d) and (j). Note that the x and y scales of Fig. 19a are
different from those in Fig. 19b–l.
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greatly increase for a lower sun position in the early morning and the
late afternoon. The overall field-average optical efficiency, ηf, peaks at
solar noon. Based on Fig. 11b, ηf peaks at ht = 180 m, as a result of the
trade-off between the increase in spillage loss and atmospheric at-
tenuation and the decrease in cosine and blocking losses for larger
tower heights.

4.2.2. Parametric studies: Part 2
In this section, we investigate the effects of design parameters on the

annual system optical, energetic, and economic performance evaluated
by the metrics including overall annual field optical efficiency f , an-
nual CPC transmission efficiency CPC, annual receiver absorption effi-
ciency rec, annual solar-to-thermal efficiency s̄-t, concentration ratio
CRrec,a at receiver aperture, total number Ah,tot of heliostats, and LCOX.
Baseline systems are defined for systems without and with a CPC and
given in the caption of Fig. 12. The receiver temperature is assumed as
1600 K. One parameter is varied at a time while other parameters are
taken from the baseline parameter set. The results of MCRT simulations
are plotted in Fig. 12. For the parametric studies of systems with a CPC
(Fig. 12a and b), the heliostat field boundary is determined without the
trimming of low-efficiency heliostats, i.e., ηtr = 0. For the parametric
studies of systems without a CPC (Fig. 12c–g), the heliostat field
boundary is fixed as fan-shape with a cone angle of 72° and a radius of
300 m. The effects of each parameter are summarized next.

The CPC acceptance angle θCPC has multiple effects on the system
performance. The actual concentration ratio provided by a 3D CPC,
CRCPC, is equal to ηCPC multiplied by the theoretical maximum CR
boost, i.e., CRCPC = ηCPC/sin2θCPC. For a larger θCPC, the theoretical
maximum CR boost decreases, while ηCPC increases due to less back-
ward reflection (Fig. 12a). Moreover, the CPC entry aperture radius
rCPC,in decreases with a larger θCPC for a fixed CPC exit aperture radius
rrec,a, resulting in more spillage and lower f . Additionally, a larger θCPC
leads to an increased size of the heliostat field boundary (the conic
section as indicated in Fig. 4b), resulting in a larger field containing
more low-efficiency heliostats located further from the tower. All these
discussed effects result in optimal θCPC of around 36° and 52° that offer
the maximum s̄-t of around 0.126 and the minimum LCOX of around
0.39 USD kWh−1, respectively. The size of the heliostat field increases
as the CPC tilt angle αCPC increases, as indicated in Fig. 4c, leading to
the increase of Ah,tot, CRrec,a, and rec (Fig. 12b).

Referring to Fig. 12c, f and CRrec,a peak at tower height ht = 130 m,

Table 3
System configurations, field layouts, and performance of cost-optimal systems without and with a CPC for selected receiver temperatures.

Cases Parameters Symbols Unit Value

Trec K 600 800 1000 1200 1400 1600 1800

Without a CPC Design ht m 130 130 130 130 130 130 90
Ah m2 250 190 190 160 160 130 100
rrec,a m 16.7 9.9 8.1 6.3 6.3 4.7 2.8
ηtr – 0.2 0.4 0.5 0.6 0.6 0.7 0.7
αrec,a ° 50 60 60 60 60 60 70

Performance LCOXmin USD kWh−1 0.098 0.084 0.084 0.093 0.118 0.180 0.366
Ah,tot m2 355,500 189,620 153,900 117,760 117,760 77,870 35,400
CRrec,a – 220 365 454 592 592 733 910
Qnet MW 186 106 83 60 47 25 8
Field layout – Fig. 19a Fig. 19b Fig. 19c Fig. 19d Fig. 19d Fig. 19e Fig. 19f

With a CPC Design ht m 130 130 130 130 130 130 130
Ah m2 70 70 70 70 70 70 70
rrec,a m 6.9 5.6 4.7 3.6 3.6 2.8 2.3
ηtr – 0.3 0.4 0.5 0.6 0.6 0.6 0.6
αCPC ° 30 30 30 50 50 50 50
θCPC ° 60 60 60 60 60 60 60

Performance LCOXmin USD kWh−1 0.121 0.100 0.095 0.095 0.100 0.108 0.122
Ah,tot m2 149,800 134,820 117,530 100,310 100,310 100,310 100,310
CRrec,a – 550 765 961 1445 1445 2187 2940
Qnet MW 82 74 64 54 50 44 38
Field layout – Fig. 19g Fig. 19h Fig. 19i Fig. 19j Fig. 19j Fig. 19k Fig. 19l

Fig. 20. Change of LCOX as a function of change in component costs for the
example case of the cost-optimal system with a CPC and a receiver operated at
1200 K.

Fig. 21. Minimum LCOX of systems without a CPC (curve 1) and systems with a
CPC of assumed CPC costs per unit area: βCPC = 0 (curve 2), βCPC = 3,000 USD
m−2 (curve 3), and βCPC = 30,000 USD m−2 (curve 4).
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due to the decrease in the cosine and blocking losses and the increase in
the atmospheric attenuation and the spillage losses with increasing ht,
as explained in the discussion of Fig. 11b. Optimal ht are identified at
approximately 140 m and 90 m for the baseline systems that offer the
maximum s̄-t of around 0.3 and the minimum LCOX of around 0.3 USD
kWh−1, respectively. As discussed previously in this section, a larger
heliostat size Ah leads to a larger sun image at the target aperture, re-
sulting in more spillage and lower f . CRrec,a and rec are proportional to
Ah,tot which is fluctuating with the varying heliostat size (see Fig. 12d).
The fluctuation is due to the trimming of heliostats near the field
boundary. As shown in Fig. 12e, with a larger receiver aperture radius
rrec,a, f increases due to reduced spillage, while rec decreases due to
the increase of radiative emission loss. An optimal rrec,a can be identi-
fied at around 1.6 m that offers a maximized value of the product of f
multiplied by rec, namely s̄-t. An optimal receiver aperture tilt angle αrec,a
can be identified at around 31° that leads to a maximum fraction of the
incident radiation captured by the receiver aperture, resulting in the
highest f , rec, s̄-t, and the minimum LCOX (Fig. 12f). This is because
the size of the sun image on the target aperture is significantly affected
by the cosine of the angle between the incident beam axis and the
normal of the target aperture. An optimal field efficiency trimming
threshold ηtr can be identified at around 0.52 that offers the maximum

s̄-t of around 0.38 (Fig. 12g). f increases with a larger ηtr due to
trimming more of the low-efficiency heliostats. However, a larger ηtr
results in lower CRrec,a and radiative power Qrec,a entering the receiver,
thus lower rec and LCOX, respectively.

4.3. Optimization

We optimize optical configurations of CRSs for the receiver tem-
perature Trec varying from 600 K to 1800 K in 100 K increments. At
each Trec, we optimize the CRS for the maximum annual solar-to-
thermal efficiency s-t, the maximum annual solar-to-exergy efficiency

s-x, and the minimum LCOX (results are shown in Fig. 13). The para-
meter space is given in Table 1. The default temperature drop ΔT for
calculating the receiver absorption efficiency is assumed as zero unless
stated otherwise. Fig. 14 depicts the performance of the cost-optimal
systems without and with a CPC as functions of Trec. These figures ex-
hibit the core findings in this study. Under the assumptions made in this
study, based on Figs. 13 and 14, we draw to the following conclusions.

(1) For receivers with Trec < 1000 K, systems without and with a CPC
show similar optical and energetic performance. For receivers with
Trec ≥ 1000 K, s-t and s-x are higher for systems with a CPC than
those of no-CPC systems, which is consistent with the findings by
Segal and Epstein (1999) that the use of a CPC is energetically
justified when the receiver temperature is above approximately
1000 K. The maximum s-x of 0.43 and 0.45 are observed at
Trec = 900 and 1200 K, respectively, for the system without and
with a CPC.

(2) The minimum LCOX of 0.083 and 0.095 USD kWh−1 for the system
without and with a CPC are observed for Trec = 900 and 1100 K,
respectively. The addition of a CPC has a minor impact on the LCOX
of systems with Trec < 1200 K. The minimum LCOX for systems
without a CPC increases significantly when Trec exceeds 1200 K,
wherein the benefit of better economics resulting from applying a
CPC shows up. The application of a CPC mitigates the significant
increase of LCOX of systems with elevated Trec. The magnitude of
the improvement in economics by the addition of a CPC increases
with an increasing Trec.

(3) The overall optimal configuration for minimizing the cost of col-
lected exergy is found to be a non-CPC system operated at 900 K
which is the typical CRS currently on the market. The overall op-
timal configuration for maximizing s-x is found to be a system with
a CPC and operated at 1200 K. Moderate high receiver operating
temperatures of about 1000–1200 K have been targeted for the

next-generation CSP systems such as particle-based systems and
systems with sodium working fluids for enabling the achievement
of higher plant thermal efficiency of ≥ 50% by the use of a su-
percritical CO2 Brayton cycle or combined cycles (Mehos et al.,
2017).

(4) For applications at very high receiver temperatures above 1200 K, a
CPC is required for better both energetic and economic perfor-
mance. However, even with a CPC, LCOXmin increases with the
increase of Trec for Trec > 1200 K. This result suggests that the high-
temperature systems may be more suitable for higher-value appli-
cations than electricity generation, for example, thermochemical
production of solar fuels and chemical processing, whose ad-
vantages are not entirely expressed by LCOX.

The stepwise curves observed in Fig. 14 is due to simulated para-
meter spaces, as in Table 1. Some cost-optimal optical configurations
are applicable across several temperature values, as will be shown in
Fig. 19.

Figs. 15–19 show the effects of Trec on selected characteristics of the
cost-optimal systems without and with a CPC. Fig. 15 presents the effect
of the temperature drop ΔT (defined in Section 2.3) varying from 0 to
400 K in 100 K increments on LCOXmin for each Trec. It is found that as
ΔT increases, a higher Trec is desired for better economics, which is
consistent with the previous findings by McGovern and Smith (2012).
Fig. 16 shows the fraction κ of each component cost to the total in-
stallation cost Ccapital, for the cost-optimal systems at selected receiver
temperatures. An increase of the tower cost fraction κt is observed as
Trec increases, for both systems without and with a CPC. The use of a
CPC increases the heliostat cost fraction κh for systems operated at
elevated Trec, which is favorable for the economics since a larger he-
liostat total area yields an increased exergy output. Fig. 17 shows the
energy ratios ρ in the cost-optimal systems. For the system without a
CPC (Fig. 17a), the ratio ρrec,em of the receiver emission loss increases
significantly with an increasing Trec. The ratio ρnet of the useful energy
output ( = ¯net s-t) decreases and is below 0.4 for Trec > 1400 K. As seen
in Fig. 17b, when a CPC is added, the changing gradient of ρrec,em and
ρnet with Trec are much smaller ascribable to the greatly increased
CRrec,a. Fig. 18 shows the LCOX and the net receiver power Qnet at
autumn equinox noon for all modeled optical configurations for se-
lected Trec = 800, 1200, and 1800 K. The maximum obtained Qnet is
found to be approximately 280 MW and 180 MW, respectively, for
systems without and with a CPC. Multiple system configurations of
different power output offer proximate LCOX.

Based on Table 3, Qnet from the cost-optimized systems either
without or with a CPC is below 100 MW, due to the limited total area of
heliostats in a polar field. Although a larger heliostat field can be de-
signed for coupling with an external receiver, a very high heat loss and
limited heat transfer area exclude the deployment of such a receiver in
high-temperature processing. For low-temperature applications, higher
power output can be obtained by the design of optical configuration
with a surround field and an external receiver. Hence, other approaches
for high-temperature solar processing at higher power levels should be
explored.

Fig. 19 shows heliostat field layouts of the cost-optimal systems
without and with a CPC, for selected Trec in the range of 600–1800 K in
200 K increments. The relevant parameters of each cost-optimal system
are shown in Table 3. At elevated temperatures, the least-cost systems
(whether without or with a CPC) have smaller heliostats, smaller re-
ceiver apertures, a higher efficiency trimming threshold, resulting in a
smaller field area and smaller net receiver power. The tower heights of
cost-optimal systems are essentially the same at 130 m for both cases
without and with a CPC.

4.4. Sensitivity study

The sensitivity of LCOX to the variation of selected assumed
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component cost parameters is studied by varying the cost of land, he-
liostat, tower, receiver, and CPC in the range ±30%. The results shown
in Fig. 20 demonstrate that the tower and heliostat costs are the most
influential parameters on the LCOX, primarily because of their large
shares in the capital investment. Besides, we conducted the optimiza-
tion with the Blackmon heliostat cost model for the purpose of com-
parison. It is found that replacing the Kolb model with the Blackmon
model has a minor impact on the main conclusions drawn from Fig. 13.
The main effect is that the heliostat size of the cost-optimal no-CPC
systems, as in Table 3, is changed to 40 m2 for all simulated receiver
temperatures.

To elucidate the effect of the assumed CPC cost per unit area on the
minimum LCOX, we consider three values of the CPC cost per unit area,
βCPC = 0, 3000, and 30,000 USD m−2 (Fig. 21). A higher CPC cost per
unit area leads to an increased minimum LCOX and a higher value of
the receiver temperature threshold at which the addition of a CPC
improves the system LCOX. However, the optimal receiver temperature
for a minimum LCOX is constantly at 1100 K, independent of the as-
sumed CPC cost per unit area.

5. Summary and conclusions

The effects of the receiver temperature and the addition of a com-
pound parabolic concentrator (CPC) on the optical, energetic, and
economic characteristics of solar central receiver systems have been
investigated. Systems were optimized for the maximum annual solar-to-
thermal efficiency, the maximum annual solar-to-exergy efficiency, and
the minimum levelized cost of exergy, for receivers operated at tem-
peratures in the range of 600–1800 K. We demonstrated and compared
the optical configurations of the cost-optimal central receiver systems
operated at each simulated receiver temperature. Parametric studies
and optimization were carried out for both systems without and with a
CPC, where we identified the temperature thresholds above which the
system energetic and economic performance benefit from the addition
of a CPC.

Under the assumptions made in this study, it was found that the
minimum levelized cost of exergy for systems without and with a CPC is
0.083 and 0.095 USD kWh−1, respectively, for receivers working at a
temperature of 900 and 1100 K. At higher temperatures, high con-
centration ratios are required to mitigate the rapid increase of receiver
emission losses, for which energetic and economic advantages of adding
a CPC show up. The addition of a CPC improves system energetic and
economic performance for receiver temperatures above 900 K and
1200 K, respectively.
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Chapter 7

Optical analysis of a multi-aperture solar central
receiver system for high-temperature concentrating
solar applications

From the study presented in Chapter 6, it was found that the power output from
the optimised polar-field solar CRS is limited to about 50 MW for an example system
with a receiver temperature of 1200 K [12]. It is known that the specific cost of a
power block decreases with an increasing power level. Hence, this chapter presents
an optical study of a multi-aperture solar CRS for increasing the net receiver power
[181].

The multi-aperture model system comprises a tower, a multi-aperture receiver,
multiple sub-fields, and CPCs. CPCs suitable for high-temperature applications are
considered in this study. The heliostat sub-field configuration, the number of aper-
tures, and the optical quality of reflective surfaces are varied in the parametric study.
Optical and energetic performance is predicted for systems with receivers operated
in a wide temperature range of 600–1800 K. The system performance characterised
by the maximum net receiver power and concentration ratio at the receiver aperture,
and instantaneous and annual optical, solar-to-thermal and solar-to-exergy efficien-
cies is examined.
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Abstract: A multi-aperture solar central receiver system is optically analyzed for increasing the
net power to the receiver in a wide temperature range of 600–1800 K. A model system comprises
a tower, a multi-aperture receiver with compound parabolic concentrators, and heliostat sub-fields.
Optical modeling is performed using in-house developed Monte-Carlo ray-tracing programs.
The heliostat sub-field geometrical configuration, the number of receiver apertures and optical
properties of reflective surfaces are varied in the parametric study. Increasing the number of
apertures from one to four increases the maximum net receiver power from 116 MW to 332 MW.
The use of more than four apertures results in only limited further gain of the net receiver power
but significantly decreases the overall optical efficiency and the solar-to-thermal efficiency. The
optimal temperature for the maximized annual solar-to-exergy efficiency is found in the range
of 1100–1200 K. This optimal temperature decreases slightly with an increasing number of
apertures.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High temperatures (>1000 K) have been pursued for both solar thermochemical and concentrating
solar power (CSP) applications. In solar thermochemical applications, high temperatures are
required by the reduction and oxidation reaction steps of metal oxides to realize solar energy
storage or fuel production [1–4]. In CSP applications, high temperatures increase solar energy
conversion efficiency because of higher power cycle efficiency [5]. High-temperature receivers
bring in high receiver emission losses, necessitating high solar concentration ratios at the receiver
aperture (>1000 suns) [6,7]. High concentration ratios could be achieved by the implementation
of cavity receivers with relatively small apertures, point-focusing primary optical concentrators
such as solar dishes and heliostat fields of central receiver systems (CRSs), and secondary optical
concentrators [8–11]. The most widely discussed secondary optical concentrator is the compound
parabolic concentrator (CPC) which further increases the solar concentration ratio ideally by a
factor of 1/sinθCPC or 1/sin2θCPC for a two-dimensional (2D) or three-dimensional (3D) CPC,
respectively, where θCPC is the acceptance angle of the CPC [3,12–17].

Higher plant power is favorable for the techno-economic performance of solar-driven power
systems [18,19]. Our previous work on solar polar-field CRSs revealed that the power output
from the cost-optimized high-temperature CRSs was small primarily due to the high spillage
losses arising from the great distances from the far-away heliostats to the receiver [17]. For
high-temperature applications, the configuration of CRSs with a surround field and an external
receiver is not applicable for increasing the power output due to the high radiative emission
losses [6]. Higher power output from high-temperature CRSs can be in principle obtained by
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(i) a multi-tower CRS created by duplicating a single-tower system that encompasses a tower, a
single-aperture receiver, a CPC, and a polar field [20] or (ii) a multi-aperture CRS created by
coupling multiple polar fields to a multi-aperture receiver on a single tower. Method (i) offers
better optical performance since heliostats are located at optimal positions to towers. However, it
requires an increased number of the expensive components—towers, bringing in high capital
costs. For method (ii), the investment for the tower can be used by more than one polar fields,
thus capital costs are significantly reduced. The study on multi-aperture CRSs is rare in the
literature and still far from thorough. The concept of multi-aperture receivers was applied in the
50 MW Khi Solar One plant constructed in South Africa where no CPC is used [21]. Example
studies on multi-aperture CRSs with CPCs include that Schmitz et al. compared the performance
of systems in three different configurations: a polar field coupled to a single-aperture receiver,
a surround field coupled to an external receiver, and six polar fields coupled to a six-aperture
receiver [22]. The system with a multi-aperture receiver and three sub-fields was included in
an optimization study of a heliostat field layout by Pitz-Paal et al. for high-temperature solar
thermochemical processing [23].

This study presents an optical analysis of a multi-aperture, high-temperature solar CRS
with CPCs for increasing net receiver power. Optical modeling is performed using in-house
Monte-Carlo ray-tracing (MCRT) programs written in Fortran. We explore the effects of heliostat
sub-field geometrical configuration, number of apertures and optical properties of reflective
surfaces on system optical and energetic performance. Optical systems are studied for applications
in a wide temperature range of 600–1800 K in 100 K increments. Optimization for the maximized
annual solar-to-thermal efficiency is conducted at each investigated temperature and selected
numbers of apertures of 1, 2, 4, 6, and 8.

2. Model system

Figure 1(a) shows an example four-aperture CRS and includes the investigated parameters of
the number of apertures, Na, and the angle between adjacent heliostat sub-fields, β. Figure 1(b)
depicts one section of a multi-aperture CRS and includes the investigated geometrical parameters
of tower height, ht, CPC acceptance angle, θCPC, and CPC entry aperture radius, rCPC. Each
aperture is coupled to a heliostat sub-field and a non-truncated three-dimensional (3D) CPC. We
assume that the CPCs are of the same geometry and orientation characterized by a tilt angle, αCPC,
indicating that the shape of heliostat sub-fields before the trimming of low-efficiency heliostats
are the same. CPC geometry is determined by the acceptance angle, θCPC, and the entry aperture
radius, rCPC. Table 1 includes details of the modeled CRSs and model assumptions. The shading
effects by the tower, receiver and CPCs depend on their specific designs, i.e. size and shape,
identification of which is beyond the scope of the present study.

The following two steps are taken for determining the boundary of the heliostat field: (i)
We remove the heliostats whose centers are located outside the conic sections created by the
intersection of CPC acceptance cones and a horizontal plane containing all heliostat centers
[17,22]. The rays reflected by these heliostats are rejected by CPCs due to the CPC backward
reflection [12]; (ii) We remove the heliostats with the instantaneous (at autumn equinox noon)
overall optical efficiency (defined in Section 3.) lower than a defined threshold ηtr. The size of
the target aperture, i.e. CPC entry aperture, is calculated for each trimmed sub-field to capture a
defined ratio fa of the reflected Gaussian-distributed radiation from the furthermost heliostat to
the tower. This method is adapted from [22] and was also used in our previous studies [17,27].
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include that Schmitz et al. compared the performance of systems in three different configurations: a polar field
coupled to a single-aperture receiver, a surround field coupled to an external receiver, and six polar fields cou-
pled to a six-aperture receiver [22]. The system with a multi-aperture receiver and three sub-fields was included
in an optimization study of a heliostat field layout by Pitz-Paal et al. for high-temperature solar thermochemical
processing [23].

This study presents an optical analysis of a multi-aperture, high-temperature solar CRS with CPCs for increasing
net receiver power. Optical modeling is performed using in-house Monte-Carlo ray-tracing (MCRT) programs
written in Fortran. We explore the effects of heliostat sub-field geometrical configuration, number of apertures and
optical properties of reflective surfaces on system optical and energetic performance. Optical systems are studied
for applications in a wide temperature range of 600–1800 K in 100 K increments. Optimization for the maximized
annual solar-to-thermal efficiency is conducted at each investigated temperature and selected numbers of apertures
of 1, 2, 4, 6, and 8.

2. Model system

Figure 1a shows an example four-aperture CRS and includes the investigated parameters of the number of aper-
tures, Na, and the angle between adjacent heliostat sub-fields, β . Figure 1b depicts one section of a multi-aperture
CRS and includes the investigated geometrical parameters of tower height, ht, CPC acceptance angle, θCPC, and
CPC entry aperture radius, rCPC. Each aperture is coupled to a heliostat sub-field and a non-truncated three-
dimensional (3D) CPC. We assume that the CPCs are of the same geometry and orientation characterized by a
tilt angle, αCPC, indicating that the shape of heliostat sub-fields before the trimming of low-efficiency heliostats
are the same. CPC geometry is determined by the acceptance angle, θCPC, and the entry aperture radius, rCPC.
Table 1 includes details of the modeled CRSs and model assumptions. The shading effects by the tower, receiver
and CPCs depend on their specific designs, i.e. size and shape, identification of which is beyond the scope of the
present study.
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Fig. 1: Schematics of multi-aperture solar central receiver systems (CRSs): (a) an example CRS comprising a four-
aperture receiver, four CPCs and four heliostat sub-fields, and (b) one section of a multi-aperture CRS, adapted
from [17]. The investigated geometrical parameters are shown in blue, including number of apertures, Na, angle
between adjacent heliostat sub-fields, β , tower height, ht, CPC acceptance angle, θCPC, and CPC entry aperture
radius, rCPC.

Fig. 1. Schematics of multi-aperture solar central receiver systems (CRSs): (a) an example
CRS comprising a four-aperture receiver, four CPCs and four heliostat sub-fields, and (b) one
section of a multi-aperture CRS, adapted from [17]. The investigated geometrical parameters
are shown in blue, including number of apertures, Na, angle between adjacent heliostat
sub-fields, β, tower height, ht, CPC acceptance angle, θCPC, and CPC entry aperture radius,
rCPC.

Table 1. Assumptions made for the simulations.

Parameters Value

Plant location Alice Springs, Australia

Sun shape model Buie, circumsolar ratio (CSR) = 0.02 [24]

Tracking azimuth–elevation, no tracking error

Optical surface reflectance specular, wavelength- and direction-independent

Slope error model of optical surfaces Rayleigh distribution [25]

Heliostat geometry square, paraboloidal, single-facet

Heliostat field layout pattern Campo [26]

Distance from the first heliostat row to tower 80 m

Maximum distance from heliostat to tower 1500 m

Maximum number of heliostat field zones 3

Distance between centers of two adjacent heliostats 1.1×heliostat diagonal length

Shading effects of the tower, receiver and CPCs neglected

Chapter 7. Multi-aperture CRS 90



Research Article Vol. 28, No. 25 / 7 December 2020 / Optics Express 37657

3. Analysis

Optical simulations are performed using in-house developed MCRT programs [28]. The MCRT
technique provides the most robust, accurate and comprehensive results for predicting the system
optical and energetic performance [28]. The real-time clear sky irradiance is modeled using
the method described in [29]. Annual performance of the heliostat field is evaluated using the
method developed by Grigoriev et al. (2015) and by employing bicubic spline interpolation of
results for discrete sun positions [30,31]. The MCRT program for modeling the CPC is verified
by computing the transmission-angle curve of a CPC with an acceptance angle of 16◦, and
comparing the results with those taken from [12]. The verification results were presented in [15].
The MCRT program for simulating CRSs was previously verified by comparing its predictions
with those obtained using other ray-tracing tools [17,32].

The geometry and dimension of the intersected conic sections are determined by tower height,
ht, CPC acceptance angle, θCPC and CPC tilt angle, αCPC, which was discussed in our previous
study [17]. Figure 2 shows the conic sections for example CRSs with multi-aperture receivers
of selected numbers of apertures, Na = 1, 2, 4, 6, 8. Conic sections of elliptic and hyperbolic
shapes are exhibited in Fig. 2(a–e) and (f–j), respectively. Overlap occurs between adjacent conic
sections. For heliostats in the overlapped region, their aiming points are selected as the center of
the target aperture facing towards the heliostat, to reduce the size of sun images on the target
aperture and thus reduce spillage loss. Hence, heliostats in the overlapped regions are evenly
distributed into the two adjacent sub-fields by the dashed lines as in Fig. 2. Figure 2 demonstrates
that the total intersecting land area of conic sections increases with an increasing Na and a larger
θCPC, indicating potentially higher power output. However, the concentration ratio boost of the
3D CPC, equal to 1/sin2θCPC, decreases with the increase of θCPC. As will be illustrated in Eq.
(5), the receiver absorption efficiency is reduced as a result of lower concentration ratios at the
receiver aperture. The tradeoffs between the increase in net receiver power and the decrease in
field optical and receiver absorption efficiencies are addressed in this study.

Fig. 2: Conic sections created by intersecting CPC acceptance cones with a horizontal plane containing all heliostat
centers for an example CRS with a tower height ht of 150 m, a CPC tilt angle αCPC of 45° and a CPC acceptance
angles θCPC of 35° and 55° for (a–e) and (f–j), respectively. Elliptic and hyperbolic conic sections are identified
for cases (a–e) and (f–j), respectively. Figure (a, f), (b, g), (c, h), (d, i), and (e, j), respectively, show the layouts of
CRSs with numbers of apertures, Na =1, 2, 4, 6, and 8.

account for cosine, shading, surface absorption, blocking, atmospheric attenuation, and spillage losses [14]. For a
heliostat field consisting of a number of sub-fields, ηtot,opt is defined as the total radiative power intercepted by all
receiver apertures to the maximum total radiative power Q̇f,max collected when sun rays incident normally on an
area equal to the total area of installed heliostats, Ah,tot = nhAh (nh is the total number of installed heliostats and
Ah is the mirror area of a heliostat) [14, 33].

ηh,opt = ηh,cosηh,shadeηh,absηh,blockηh,aaηh,int (1)

ηtot,opt ≡
Q̇tot,rec

Q̇f,max
=

∑
Na
i=1 Q̇i,rec

GnhAh
= ηcosηshadeηabsηblockηaaηint (2)

where Q̇tot,rec and Q̇i,rec represent the total radiative power intercepted by all apertures and the ith aperture, respec-
tively, and G is the instantaneous clear-sky solar irradiance [17, 29].

Annual overall optical efficiency of the field, η̄tot,opt, is defined as the ratio of the total radiative energy inter-
cepted by all apertures to the maximum radiative energy incident on all heliostats in a year [33].

η̄tot,opt =
∑

Na
i=1
∫

year Q̇i,recdt

nhAh
∫

year Gdt
(3)

Receiver absorption efficiency. Net receiver power, Q̇tot,net, is equal to the sum of the radiative power absorbed
through each aperture, Q̇i,net. Q̇i,net is equal to the radiative power intercepted by an individual aperture, Q̇i,rec,
multiplied by the instantaneous receiver absorption efficiency, ηi,rec.

ηtot,rec ≡
∑

Na
i=1 Q̇i,net

∑
Na
i=1 Q̇i,rec

=
∑

Na
i=1 Q̇i,recηi,rec

∑
Na
i=1 Q̇i,rec

(4)

We assume that the receiver is an iso-thermal, perfectly-insulated blackbody without reflective, conductive and
convective heat losses [1,23,34]. The instantaneous absorption efficiency, ηi,rec, at each aperture of the simplified
multi-aperture receiver at Trec is calculated as

ηi,rec = 1− σT 4
rec

G0Ci,rec
(5)

where σ is the Stefan–Boltzmann constant, σ = 5.67×10−8 Wm−2 K−4, and G0 is a reference solar irradiance
taken as 1000 Wm−2 for the definition of the average optical concentration ratio at the receiver aperture, Ci,rec.

The annual absorption efficiency of the multi-aperture receiver, η̄tot,rec, is calculated as:

η̄tot,rec =
∑

Na
i=1
∫

year Q̇i,netdt

∑
Na
i=1
∫

year Q̇i,recdt
. (6)

Fig. 2. Conic sections created by intersecting CPC acceptance cones with a horizontal plane
containing all heliostat centers for an example CRS with a tower height ht of 150 m, a CPC
tilt angle αCPC of 45° and a CPC acceptance angles θCPC of 35° and 55° for (a–e) and (f–j),
respectively. Elliptic and hyperbolic conic sections are identified for cases (a–e) and (f–j),
respectively. Figure (a, f), (b, g), (c, h), (d, i), and (e, j), respectively, show the layouts of
CRSs with numbers of apertures, Na =1, 2, 4, 6, and 8.

System performance is characterized by (i) instantaneous overall optical efficiency of a single
heliostat or a heliostat field, ηh,opt and ηtot,opt, respectively, and annual overall optical efficiency of
a heliostat field, η̄tot,opt, (ii) net receiver power, Q̇tot,net, i.e. the total radiative power absorbed in the
receiver at autumn equinox noon, (iii) average optical concentration ratio at the receiver aperture
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at autumn equinox noon, Crec, (iv) instantaneous and annual receiver absorption efficiency, ηrec
and η̄rec, respectively, (v) instantaneous and annual solar-to-thermal efficiency, ηs-t and η̄s-t,
respectively, and (vi) annual solar-to-exergy efficiency, η̄s-x.

Overall optical efficiency. Instantaneous overall optical efficiency of a single heliostat and a
heliostat field account for cosine, shading, surface absorption, blocking, atmospheric attenuation,
and spillage losses [14]. For a heliostat field consisting of a number of sub-fields, ηtot,opt is
defined as the total radiative power intercepted by all receiver apertures to the maximum total
radiative power Q̇f,max collected when sun rays incident normally on an area equal to the total
area of installed heliostats, Ah,tot = nhAh (nh is the total number of installed heliostats and Ah is
the mirror area of a heliostat) [14,33].

ηh,opt = ηh,cosηh,shadeηh,absηh,blockηh,aaηh,int (1)

ηtot,opt ≡
Q̇tot,rec

Q̇f,max
=

∑︁Na
i=1 Q̇i,rec

GnhAh
= ηcosηshadeηabsηblockηaaηint (2)

where Q̇tot,rec and Q̇i,rec represent the total radiative power intercepted by all apertures and the ith
aperture, respectively, and G is the instantaneous clear-sky solar irradiance [17,29].

Annual overall optical efficiency of the field, η̄tot,opt, is defined as the ratio of the total radiative
energy intercepted by all apertures to the maximum radiative energy incident on all heliostats in
a year [33].

η̄tot,opt =

∑︁Na
i=1

∫
year Q̇i,recdt

nhAh
∫

year Gdt
(3)

Receiver absorption efficiency. Net receiver power, Q̇tot,net, is equal to the sum of the radiative
power absorbed through each aperture, Q̇i,net. Q̇i,net is equal to the radiative power intercepted by
an individual aperture, Q̇i,rec, multiplied by the instantaneous receiver absorption efficiency, ηi,rec.

ηtot,rec ≡

∑︁Na
i=1 Q̇i,net∑︁Na
i=1 Q̇i,rec

=

∑︁Na
i=1 Q̇i,recηi,rec∑︁Na

i=1 Q̇i,rec
(4)

We assume that the receiver is an iso-thermal, perfectly-insulated blackbody without reflective,
conductive and convective heat losses [1,23,34]. The instantaneous absorption efficiency, ηi,rec,
at each aperture of the simplified multi-aperture receiver at Trec is calculated as

ηi,rec = 1 −
σT4

rec
G0Ci,rec

(5)

where σ is the Stefan–Boltzmann constant, σ = 5.67 × 10−8 W m−2 K−4, and G0 is a reference
solar irradiance taken as 1000 W m−2 for the definition of the average optical concentration ratio
at the receiver aperture, Ci,rec.

The annual absorption efficiency of the multi-aperture receiver, η̄tot,rec, is calculated as:

η̄tot,rec =

∑︁Na
i=1

∫
year Q̇i,netdt∑︁Na

i=1

∫
year Q̇i,recdt

. (6)

Solar-to-thermal efficiency. Instantaneous solar-to-thermal efficiency, ηs-t, is defined as the
ratio of the total radiative power absorbed by the multi-aperture receiver, Q̇tot,net, to Q̇f,max.

ηs-t =
Q̇tot,net

Q̇f,max
=

∑︁Na
i=1 Q̇i,net

GnhAh
(7)
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Annual solar-to-thermal efficiency, η̄s-t, is defined as the ratio of the total radiative energy
absorbed in the receiver to Q̇f,max integrated for a year,

η̄s-t = η̄tot,optη̄tot,rec =

∑︁Na
i=1

∫
year Q̇i,netdt

nhAh
∫

year Gdt
(8)

The solar-to-thermal efficiency measures the performance of the overall optical system including
the heliostat field consisting of multiple sub-fields, the CPCs and the multi-aperture receiver.

Solar-to-exergy efficiency. Annual solar-to-exergy efficiency, η̄s-x, is defined as the ratio
of the system annual exergy output to Q̇f,max integrated for a year. η̄s-x is equal to the annual
solar-to-thermal efficiency multiplied by the Carnot efficiency.

η̄s-x = η̄s-tηCarnot = η̄s-t

(︃
1 −

T0
Trec

)︃
(9)

where T0 is the temperature of the cold reservior of a power cycle and is taken as the ambient
temperature of 293 K. The solar-to-exergy efficiency measures the upper limit of the solar-to-
electric efficiency for a solar power plant, as well as the maximum solar-to-fuel efficiency for
an ideal cyclic process for a solar thermochemical plant [1,17]. High-temperature receivers
increase the thermal-to-electric or thermal-to-fuel conversion efficiency, thus leading to a higher
solar-to-exergy efficiency.

In a practical plant, thermal expansion and degradation may occur to CPCs since the CPCs are
exposed to high-flux irradiation and contaminants from the receiver cavity and the surroundings.
High-flux irradiation to the CPCs results from the concentrated solar radiation by optical
concentrators and the lost radiation through the high-temperature receiver apertures, namely
the receiver radiative emission and reflective losses. The total optical error and reflectance of
the heliostat surface are impacted by factors such as structural shape, mirror curvature, tracking
error, as well as wind and contamination during operation. Hence, in this study we include the
discussion of the effects of the slope error and reflectance of optical surfaces of heliostats and
CPCs.

4. Results

Based on the described optical model and assumptions, the results of optical analysis on the
multi-aperture CRS are calculated. In Subsections 4.1, 4.2 and 4.3, we present the investigation
on the effects of the heliostat sub-field geometrical configuration, the number of apertures, and the
optical properties of reflective surfaces, respectively, on system optical and energetic performance.
Subsection 4.2 also includes the optimization results of CRSs at each studied receiver temperature
and selected numbers of apertures of 1, 2, 4, 6, and 8. Table 2 lists the baseline parameter set.

4.1. Heliostat sub-field geometrical configuration

We use the angle between the axis of a polar field and the south direction, θf (positive: clockwise),
to define the relative position of a polar field to the tower (see Fig. 3(a)). We quantitatively
evaluate the performance of CRSs with a single-aperture receiver coupled to one polar field,
i.e. Na = 1, positioned at different directions around the tower. No trimming of low-efficiency
heliostats, i.e. ηtr = 0, is applied for the parametric study conducted in this section. In Fig. 3(b),
we exhibits the annual overall optical efficiency, η̄tot,opt, annual solar-to-thermal efficiency, η̄s-t and
net receiver power, Q̇tot,net for CRSs with selected θf varying from 0° to 330° in 30° increments.
According to Fig. 3, the system performance decreases as the field moves away from the south
direction to the tower (θf = 0◦). East–west symmetry can be seen in Fig. 3(b). The field with the
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Table 2. Baseline parameter set of a solar central receiver system

Parameters Value

Number of apertures, Na 6

Tower height, ht 250 m

Heliostat surface area, Ah 100 m2

CPC acceptance angle, θCPC 30°

CPC entry aperture radius, rCPC 5 m

CPC axis tilt angle, αCPC 45°

Reflectance of heliostat and CPC surfaces, ρh and ρCPC 0.9 and 0.95

Slope error of heliostat and CPC surfaces, σh and σCPC 1.5 and 0.5 mrad

Optical efficiency trimming threshold, ηtr 0.6

worst performance is found at θf = 180◦ and yields 9.3 MW (1.8%) lower Q̇net, 8.1% lower η̄opt,
and 7.9% lower η̄s-t than the optimal field with θf = 0◦.

Cosine effect is the main reason for causing the performance difference between CRSs of
different θf [35]. Cosine efficiency is determined by the relative position of the sun, the heliostat
and the target aperture. Figure 4 exhibits the cosine efficiency map for three example sun positions
at 6 am, 9 am and 12 pm on an autumn equinox day. For each sun position, significantly higher
cosine efficiencies are observed for positions at the opposite side of the tower as the sun. The
cosine efficiency for heliostats at the west/east to the tower is only higher when the sun is in the
east/west direction at relatively lower solar irradiance. Hence, the CRS with heliostats arranged
to the south of the tower offers the highest cosine efficiency, followed by the east/west and the
north. For this reason, the heliostat field is typically arranged to the south or north of the tower
for polar-field CRSs constructed in the southern or northern hemisphere, respectively.

Fig. 3: Optical and energetic performance of polar-field central receiver systems (CRSs) characterized by (a) in-
stantaneous (at autumn equinox noon) overall optical efficiency of each heliostat, ηh,opt, in an example CRS of
θf = 60◦ and (b) annual overall optical efficiency, η̄tot,opt, annual solar-to-thermal efficiency, η̄s-t, and net receiver
power, Q̇net, for CRSs of selected θf varying from 0° to 330° in 30° increments and an assumed receiver tempera-
ture of 1600 K.
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Fig. 4: Cosine efficiency maps for three example solar hours of the autumn equinox day: (a) 6 am, (b) 9 am and (c)
12 pm. The tower is located at the origin point.

East–west symmetry can be seen in Fig. 3b. The field with the worst performance is found at θf = 180◦ and yields
9.3 MW (1.8%) lower Q̇net, 8.1% lower η̄opt, and 7.9% lower η̄s-t than the optimal field with θf = 0◦.

Cosine effect is the main reason for causing the performance difference between CRSs of different θf [35].
Cosine efficiency is determined by the relative position of the sun, the heliostat and the target aperture. Figure 4
exhibits the cosine efficiency map for three example sun positions at 6 am, 9 am and 12 pm on an autumn equinox
day. For each sun position, significantly higher cosine efficiencies are observed for positions at the opposite side
of the tower as the sun. The cosine efficiency for heliostats at the west/east to the tower is only higher when the
sun is in the east/west direction at relatively lower solar irradiance. Hence, the CRS with heliostats arranged to the
south of the tower offers the highest cosine efficiency, followed by the east/west and the north. For this reason,
the heliostat field is typically arranged to the south or north of the tower for polar-field CRSs constructed in the
southern or northern hemisphere, respectively.

For CRSs with the same number of apertures, Na, different angles between two adjacent sub-fields, β , can be
applied, resulting in different heliostat sub-field geometrical configurations. Figure 5 shows heliostat field layouts
of CRSs with selected Na of 4, 6, 8, and β of 20°, 30°, 45°, 60°, 90°. The maximum possible β for CRSs with
Na of 4, 6, 8 are 90◦, 60◦, and 45◦, respectively, where the sub-fields are evenly distributed in the field around the
tower. The performance, characterized by the instantanous overall optical efficiency ηtot,opt, instantaneous solar-
to-thermal efficiency ηs-t, and Q̇tot,net, of each CRS in Fig. 5 is exhibited in Fig. 6. Results of Figs. 5 and 6 are
obtained for CRSs with a same assumed receiver aperture radius of 2.5 m.

According to Fig. 5, when the sub-field angle β is increased, the overlapping area decreases while more low-
efficiency heliostats located away from the south are included. As a result, as revealed in Fig. 6, ηtot,opt decreases

Fig. 3. Optical and energetic performance of polar-field central receiver systems (CRSs)
characterized by (a) instantaneous (at autumn equinox noon) overall optical efficiency of each
heliostat, ηh,opt, in an example CRS of θf = 60◦ and (b) annual overall optical efficiency,
η̄tot,opt, annual solar-to-thermal efficiency, η̄s-t, and net receiver power, Q̇net, for CRSs of
selected θf varying from 0° to 330° in 30° increments and an assumed receiver temperature
of 1600 K.

For CRSs with the same number of apertures, Na, different angles between two adjacent
sub-fields, β, can be applied, resulting in different heliostat sub-field geometrical configurations.
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Fig. 3: Optical and energetic performance of polar-field central receiver systems (CRSs) characterized by (a) in-
stantaneous (at autumn equinox noon) overall optical efficiency of each heliostat, ηh,opt, in an example CRS of
θf = 60◦ and (b) annual overall optical efficiency, η̄tot,opt, annual solar-to-thermal efficiency, η̄s-t, and net receiver
power, Q̇net, for CRSs of selected θf varying from 0° to 330° in 30° increments and an assumed receiver tempera-
ture of 1600 K.
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Fig. 4: Cosine efficiency maps for three example solar hours of the autumn equinox day: (a) 6 am, (b) 9 am and (c)
12 pm. The tower is located at the origin point.

East–west symmetry can be seen in Fig. 3b. The field with the worst performance is found at θf = 180◦ and yields
9.3 MW (1.8%) lower Q̇net, 8.1% lower η̄opt, and 7.9% lower η̄s-t than the optimal field with θf = 0◦.

Cosine effect is the main reason for causing the performance difference between CRSs of different θf [35].
Cosine efficiency is determined by the relative position of the sun, the heliostat and the target aperture. Figure 4
exhibits the cosine efficiency map for three example sun positions at 6 am, 9 am and 12 pm on an autumn equinox
day. For each sun position, significantly higher cosine efficiencies are observed for positions at the opposite side
of the tower as the sun. The cosine efficiency for heliostats at the west/east to the tower is only higher when the
sun is in the east/west direction at relatively lower solar irradiance. Hence, the CRS with heliostats arranged to the
south of the tower offers the highest cosine efficiency, followed by the east/west and the north. For this reason,
the heliostat field is typically arranged to the south or north of the tower for polar-field CRSs constructed in the
southern or northern hemisphere, respectively.

For CRSs with the same number of apertures, Na, different angles between two adjacent sub-fields, β , can be
applied, resulting in different heliostat sub-field geometrical configurations. Figure 5 shows heliostat field layouts
of CRSs with selected Na of 4, 6, 8, and β of 20°, 30°, 45°, 60°, 90°. The maximum possible β for CRSs with
Na of 4, 6, 8 are 90◦, 60◦, and 45◦, respectively, where the sub-fields are evenly distributed in the field around the
tower. The performance, characterized by the instantanous overall optical efficiency ηtot,opt, instantaneous solar-
to-thermal efficiency ηs-t, and Q̇tot,net, of each CRS in Fig. 5 is exhibited in Fig. 6. Results of Figs. 5 and 6 are
obtained for CRSs with a same assumed receiver aperture radius of 2.5 m.

According to Fig. 5, when the sub-field angle β is increased, the overlapping area decreases while more low-
efficiency heliostats located away from the south are included. As a result, as revealed in Fig. 6, ηtot,opt decreases

Fig. 4. Cosine efficiency maps for three example solar hours of the autumn equinox day: (a)
6 am, (b) 9 am and (c) 12 pm. The tower is located at the origin point.

Figure 5 shows heliostat field layouts of CRSs with selected Na of 4, 6, 8, and β of 20°, 30°, 45°,
60°, 90°. The maximum possible β for CRSs with Na of 4, 6, 8 are 90◦, 60◦, and 45◦, respectively,
where the sub-fields are evenly distributed in the field around the tower. The performance,
characterized by the instantanous overall optical efficiency ηtot,opt, instantaneous solar-to-thermal
efficiency ηs-t, and Q̇tot,net, of each CRS in Fig. 5 is exhibited in Fig. 6. Results of Figs. 5 and 6
are obtained for CRSs with a same assumed receiver aperture radius of 2.5 m.

β=20° β=30° β=45° β=60° β=90°

Na = 4

Na = 6

Na = 8

Fig. 5: Configurations of heliostat sub-fields for central receiver systems with selected numbers of apertures,
Na = 4,6,8, and angles between sub-fields, β = 20◦,30◦,45◦,60◦,90◦. The color scale indicates the instantaneous
(at autumn equinox noon) overall optical efficiency of each heliostat, ηh,opt. Other parameters are taken as the
parameter set in Table 2.

tower. The performance, characterized by the instantanous overall optical efficiency ηtot,opt, instantaneous solar-
to-thermal efficiency ηs-t, and Q̇tot,net, of each CRS in Fig. 5 is exhibited in Fig. 6. Results of Figs. 5 and 6 are
obtained for CRSs with a same assumed receiver aperture radius of 2.5 m.

According to Fig. 5, when the sub-field angle β is increased, the overlapping area decreases while more low-
efficiency heliostats located away from the south are included. As a result, as revealed in Fig. 6, ηtot,opt decreases
and Q̇tot,net increases for a larger β . CRSs with a larger β offer higher ηs-t, which is attributed to the increased
concentration ratio at the receiver aperture due to an increasing total number of heliostats. In addition, the decrease
in ηtot,opt and ηs-t and the increase in Q̇tot,net are observed for increasing Na from four to six. However, the further
increase of Na from six to eight results in reduced Q̇tot,net (see Fig. 6c), which reveals that the increased receiver
emission loss caused by a larger total area of apertures outweighs the gain of intercepted radiation by employing
more heliostats. For parametric optimization in Section 4.2, we select sub-field layouts with the maximum possible
β for each Na to achieve the maximized net receiver power and a larger space between sub-fields for the potential
use of CPCs of larger acceptance angles. These results demonstrate the tradeoff between efficiencies and net
receiver power for the selection of Na and β .

For the maximum β , two geometrical configurations of heliostat sub-fields are possible. For example, Fig. 7
displays the two configurations of heliostat sub-fields in four-aperture, six-aperture and eight-aperture CRSs. By
simulating the instantaneous performance, it is found that these two configurations offer similar performance.
For example, for the baseline six-aperture systems with layouts 1 (Fig. 7c) and 2 (Fig. 7d), the intantaneous
overall optical and solar-to-thermal efficiencies and net receiver power are 0.516 and 0.515, 0.283 and 0.279, and
125.5 MW and 122.3 MW, respectively, for an assumed receiver temperature of 1200 K.

4.2. Number of apertures

Based on the optical analysis performed with the baseline parameters, we conduct preliminarily parametric opti-
mization of CRSs with parameters listed in Table 3. Other parameters not included in Table 3 are taken from the
baseline parameter set as in Table 2. Annual simulations are performed for all CRS configurations. For the optical
simulations in this section, the maximum possible sub-field angle β of 90°, 60° and 45° are employed for Na of 4,
6 and 8, respectively. For Na = 1, the field is placed to the south of the tower. For Na = 2, β is selected as 90° and
the two sub-fields are positioned to the south of the tower, as can be seen in Fig. 2.

The parameters of the optimized CRSs of Na = 4,6,8 for the maximized η̄s-t are found to be: ht = 250m,
θCPC = 30°, ηtr = 0.6, and fa = 0.9. Figure 8 shows the geometrical configurations of heliostat sub-fields of
these optimized CRSs. Figure 9 shows the Pareto front of η̄s-t and Q̇tot,net calculated for all simulated CRSs with

Fig. 5. Configurations of heliostat sub-fields for central receiver systems with selected
numbers of apertures, Na = 4, 6, 8, and angles between sub-fields, β = 20◦, 30◦, 45◦, 60◦, 90◦.
The color scale indicates the instantaneous (at autumn equinox noon) overall optical efficiency
of each heliostat, ηh,opt. Other parameters are taken as the parameter set in Table 2.
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Fig. 5: Configurations of heliostat sub-fields for central receiver systems with selected numbers of apertures,
Na = 4,6,8, and angles between sub-fields, β = 20◦,30◦,45◦,60◦,90◦. The color scale indicates the instantaneous
(at autumn equinox noon) overall optical efficiency of each heliostat, ηh,opt. Other parameters are taken as the
parameter set in Table 2.

Fig. 6: Optical and energetic performance of the systems shown in Fig. 5, characterized by (a) instantaneous
overall optical efficiency, ηtot,opt, (b) instantaneous solar-to-thermal efficiency, ηs-t, and (c) net receiver power,
Q̇tot,net, for selected numbers of apertures, Na of 4, 6 and 8, and sub-field angles β in the range of 20–90◦. The
receiver temperature is assumed as 1200 K.

and Q̇tot,net increases for a larger β . CRSs with a larger β offer higher ηs-t, which is attributed to the increased
concentration ratio at the receiver aperture due to an increasing total number of heliostats. In addition, the decrease
in ηtot,opt and ηs-t and the increase in Q̇tot,net are observed for increasing Na from four to six. However, the further
increase of Na from six to eight results in reduced Q̇tot,net (see Fig. 6c), which reveals that the increased receiver
emission loss caused by a larger total area of apertures outweighs the gain of intercepted radiation by employing
more heliostats. For parametric optimization in Section 4.2, we select sub-field layouts with the maximum possible
β for each Na to achieve the maximized net receiver power and a larger space between sub-fields for the potential
use of CPCs of larger acceptance angles. These results demonstrate the tradeoff between efficiencies and net
receiver power for the selection of Na and β .

For the maximum β , two geometrical configurations of heliostat sub-fields are possible. For example, Fig. 7
displays the two configurations of heliostat sub-fields in four-aperture, six-aperture and eight-aperture CRSs. By
simulating the instantaneous performance, it is found that these two configurations offer similar performance.

Fig. 6. Optical and energetic performance of the systems shown in Fig. 5, characterized
by (a) instantaneous overall optical efficiency, ηtot,opt, (b) instantaneous solar-to-thermal
efficiency, ηs-t, and (c) net receiver power, Q̇tot,net, for selected numbers of apertures, Na
of 4, 6 and 8, and sub-field angles β in the range of 20–90◦. The receiver temperature is
assumed as 1200 K.

According to Fig. 5, when the sub-field angle β is increased, the overlapping area decreases
while more low-efficiency heliostats located away from the south are included. As a result, as
revealed in Fig. 6, ηtot,opt decreases and Q̇tot,net increases for a larger β. CRSs with a larger β
offer higher ηs-t, which is attributed to the increased concentration ratio at the receiver aperture
due to an increasing total number of heliostats. In addition, the decrease in ηtot,opt and ηs-t and the
increase in Q̇tot,net are observed for increasing Na from four to six. However, the further increase
of Na from six to eight results in reduced Q̇tot,net (see Fig. 6(c)), which reveals that the increased
receiver emission loss caused by a larger total area of apertures outweighs the gain of intercepted
radiation by employing more heliostats. For parametric optimization in Section 4.2, we select
sub-field layouts with the maximum possible β for each Na to achieve the maximized net receiver
power and a larger space between sub-fields for the potential use of CPCs of larger acceptance
angles. These results demonstrate the tradeoff between efficiencies and net receiver power for the
selection of Na and β.

For the maximum β, two geometrical configurations of heliostat sub-fields are possible. For
example, Fig. 7 displays the two configurations of heliostat sub-fields in four-aperture, six-aperture
and eight-aperture CRSs. By simulating the instantaneous performance, it is found that these
two configurations offer similar performance. For example, for the baseline six-aperture systems
with layouts 1 (Fig. 7(c)) and 2 (Fig. 7(d)), the intantaneous overall optical and solar-to-thermal
efficiencies and net receiver power are 0.516 and 0.515, 0.283 and 0.279, and 125.5 MW and
122.3 MW, respectively, for an assumed receiver temperature of 1200 K.

4.2. Number of apertures

Based on the optical analysis performed with the baseline parameters, we conduct preliminarily
parametric optimization of CRSs with parameters listed in Table 3. Other parameters not included
in Table 3 are taken from the baseline parameter set as in Table 2. Annual simulations are
performed for all CRS configurations. For the optical simulations in this section, the maximum
possible sub-field angle β of 90°, 60° and 45° are employed for Na of 4, 6 and 8, respectively.
For Na = 1, the field is placed to the south of the tower. For Na = 2, β is selected as 90◦ and the
two sub-fields are positioned to the south of the tower, as can be seen in Fig. 2.

The parameters of the optimized CRSs of Na = 4, 6, 8 for the maximized η̄s-t are found to be:
ht = 250 m, θCPC = 30◦, ηtr = 0.6, and fa = 0.9. Figure 8 shows the geometrical configurations
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overall optical efficiency, ηtot,opt, (b) instantaneous solar-to-thermal efficiency, ηs-t, and (c) net receiver power,
Q̇tot,net, for selected numbers of apertures, Na of 4, 6 and 8, and sub-field angles β in the range of 20–90◦. The
receiver temperature is assumed as 1200 K.
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Fig. 7: Two configurations of heliostat sub-fields for systems with selected numbers of apertures, Na = 4, 6, 8:
Layout 1 and 2. The color scale indicates the instantaneous (at autumn equinox noon) overall optical efficiency of
each heliostat, ηh,opt, using the same legend as that of Fig. 5.

the two sub-fields are positioned to the south of the tower, as can be seen in Fig. 2.
The parameters of the optimized CRSs of Na = 4,6,8 for the maximized η̄s-t are found to be: ht = 250m,

θCPC = 30°, ηtr = 0.6, and fa = 0.9. Figure 8 shows the geometrical configurations of heliostat sub-fields of
these optimized CRSs. Figure 9 shows the Pareto front of η̄s-t and Q̇tot,net calculated for all simulated CRSs with
selected Na of 1, 2, 4, 6, 8 and Trec of 800 K, 1200 K and 1600 K. To determine the Pareto front, Q̇tot,net is uniformly
discretized and the Pareto front is selected as the cases leading to the maximum η̄s-t among all cases within each
discretized interval of Q̇tot,net. Figure 10 shows the maximum annual solar-to-thermal efficiency, η̄s-t,max, and the
maximum annual solar-to-exergy efficiency, η̄s-x,max, for CRSs with selected Na = 1,2,4,6,8 and Trec varying from
600 K to 1800 K in 100 K increments. Based on Figs. 8, 9 and 10, it is found that:

• The maximum achievable Q̇tot,net increases dramatically for Na increased from 1 to 4. However, no signifi-

Fig. 7. Two configurations of heliostat sub-fields for systems with selected numbers of
apertures, Na = 4, 6, 8: Layout 1 and 2. The color scale indicates the instantaneous (at
autumn equinox noon) overall optical efficiency of each heliostat, ηh,opt, using the same
legend as that of Fig. 5.

of heliostat sub-fields of these optimized CRSs. Figure 9 shows the Pareto front of η̄s-t and Q̇tot,net
calculated for all simulated CRSs with selected Na of 1, 2, 4, 6, 8 and Trec of 800 K, 1200 K and
1600 K. To determine the Pareto front, Q̇tot,net is uniformly discretized and the Pareto front is
selected as the cases leading to the maximum η̄s-t among all cases within each discretized interval
of Q̇tot,net. Figure 10 shows the maximum annual solar-to-thermal efficiency, η̄s-t,max, and the
maximum annual solar-to-exergy efficiency, η̄s-x,max, for CRSs with selected Na = 1, 2, 4, 6, 8 and
Trec varying from 600 K to 1800 K in 100 K increments. Based on Figs. 8, 9 and 10, it is found
that:

• The maximum achievable Q̇tot,net increases dramatically for Na increased from 1 to 4.
However, no significant improvement of Q̇tot,net is found by further increasing Na over 4.

• The maximum η̄s-t decreases with an increasing Na, due to higher inherent optical losses
resulting from using more CPCs and higher receiver emission losses due to a larger total
area of apertures.

• According to Fig. 9(c), for CRSs with Trec = 1600 K and Na = 4, 6, 8, the maximum η̄s-t
of approximately 0.44, 0.438, 0.42, respectively, are obtained where Q̇net is approximately
150 MW.

• According to Fig. 9, CRSs with Na = 4 and 6 offer close performance, while CRSs with
Na = 8 yield lower η̄s-t. The difference of η̄s-t between CRSs with Na = 6 and 8 increases
for a higher Trec.
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• η̄s-t and Q̇tot,net decrease as Trec increases as a result of higher receiver emission losses.
The benefits of high-temperature receivers are manifested in higher annual solar-to-exergy
efficiency, η̄s-x (see Fig. 10(b)), the maximum values of which peak at Trec of about
1100–1200 K depending on the implemented Na.

• According to Fig. 10(b), the optimum temperatures for the maximized η̄s-x differ for
selected Na and slightly decrease with an increasing Na.

Na = 4 Na = 6 Na = 8

Fig. 8: Heliostat field layouts of the optimized solar central receiver systems with selected numbers of apertures
Na of (a) 4, (b) 6, and (c) 8. The color scale indicates the instantaneous (at autumn equinox noon) overall optical
efficiency of each heliostat, ηh,opt.

Trec =800 K Trec =1200 K Trec =1600 K

Fig. 9: The Pareto front of annual solar-to-thermal efficiency η̄s-t and net receiver power Q̇tot,net for all simulated
systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and selected receiver temperatures Trec of (a) 800 K,
(b) 1200 K and (c) 1600 K.

• The maximum achievable Q̇tot,net increases dramatically for Na increased from 1 to 4. However, no signifi-
cant improvement of Q̇tot,net is found by further increasing Na over 4.

• The maximum η̄s-t decreases with an increasing Na, due to higher inherent optical losses resulting from
using more CPCs and higher receiver emission losses due to a larger total area of apertures.

• According to Fig. 9c, for CRSs with Trec = 1600K and Na = 4,6,8, the maximum η̄s-t of approximately
0.44, 0.438, 0.42, respectively, are obtained where Q̇net is approximately 150 MW.

• According to Fig. 9, CRSs with Na = 4 and 6 offer close performance, while CRSs with Na = 8 yield lower
η̄s-t. The difference of η̄s-t between CRSs with Na = 6 and 8 increases for a higher Trec.

• η̄s-t and Q̇tot,net decrease as Trec increases as a result of higher receiver emission losses. The benefits of
high-temperature receivers are manifested in higher annual solar-to-exergy efficiency, η̄s-x (see Fig. 10b),
the maximum values of which peak at Trec of about 1100–1200 K depending on the implemented Na.

• According to Fig. 10b, the optimum temperatures for the maximized η̄s-x differ for selected Na and slightly
decrease with an increasing Na.

4.3. Optical properties of reflective surfaces

We investigate changes in system performance resulting from varying optical properties including the reflectance
and the slope error of heliostat and CPC surfaces. Figure 11 shows η̄s-t and Q̇tot,net as functions of the reflectance

Fig. 8. Heliostat field layouts of the optimized solar central receiver systems with selected
numbers of apertures Na of (a) 4, (b) 6, and (c) 8. The color scale indicates the instantaneous
(at autumn equinox noon) overall optical efficiency of each heliostat, ηh,opt.

Table 3: Parameters simulated in the optimization

Parameters Values
Number of apertures, Na 1, 2, 4, 6, 8
Tower height, ht 90, 130, 170, 210, 250 m
CPC acceptance angle, θCPC 30°, 40°, 50°, 60°, 70°
Optical efficiency trimming threshold, ηtr 0.2, 0.3, 0.4, 0.5, 0.6, 0.7
Parameters determining CPC entry aperture radius, fa 0.7, 0.8, 0.9, 0.95, 0.99

Na = 4 Na = 6 Na = 8

Fig. 8: Heliostat field layouts of the optimized solar central receiver systems with selected numbers of apertures
Na of (a) 4, (b) 6, and (c) 8. The color scale indicates the instantaneous (at autumn equinox noon) overall optical
efficiency of each heliostat, ηh,opt.

Trec =800 K Trec =1200 K Trec =1600 K

Fig. 9: The Pareto front of annual solar-to-thermal efficiency η̄s-t and net receiver power Q̇tot,net for all simulated
systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and selected receiver temperatures Trec of (a) 800 K,
(b) 1200 K and (c) 1600 K.

high-temperature receivers are manifested in higher annual solar-to-exergy efficiency, η̄s-x (see Fig. 10b),
the maximum values of which peak at Trec of about 1100–1200 K depending on the implemented Na.

• According to Fig. 10b, the optimum temperatures for the maximized η̄s-x differ for selected Na and slightly
decrease with an increasing Na.

4.3. Optical properties of reflective surfaces

We investigate changes in system performance resulting from varying optical properties including the reflectance
and the slope error of heliostat and CPC surfaces. Figure 11 shows η̄s-t and Q̇tot,net as functions of the reflectance
and slope error of heliostat and CPC surfaces, varying from 0.7 to 0.95 in 0.05 increments and 0.5 mrad to 5.5 mrad
in 1 mrad increments, respectively. The baseline parameter set in Table 2 is taken for the calculations in this section.

Based on Fig. 11a, with the increase of heliostat surface reflectance from 0.7 to 0.95, η̄s-t and Q̇tot,net increase

Fig. 9. The Pareto front of annual solar-to-thermal efficiency η̄s-t and net receiver power
Q̇tot,net for all simulated systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and
selected receiver temperatures Trec of (a) 800 K, (b) 1200 K and (c) 1600 K.

4.3. Optical properties of reflective surfaces

We investigate changes in system performance resulting from varying optical properties including
the reflectance and the slope error of heliostat and CPC surfaces. Figure 11 shows η̄s-t and Q̇tot,net
as functions of the reflectance and slope error of heliostat and CPC surfaces, varying from 0.7
to 0.95 in 0.05 increments and 0.5 mrad to 5.5 mrad in 1 mrad increments, respectively. The
baseline parameter set in Table 2 is taken for the calculations in this section.
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Fig. 9: The Pareto front of annual solar-to-thermal efficiency η̄s-t and net receiver power Q̇tot,net for all simulated
systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and selected receiver temperatures Trec of (a) 800 K,
(b) 1200 K and (c) 1600 K.

Fig. 10: The maximum (a) annual solar-to-thermal efficiency, η̄s-t,max, and (b) annual solar-to-exergy efficiency,
η̄s-x,max, of systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and receiver temperatures Trec varying
from 600 K to 1800 K in 100 K increments.

Fig. 11: Effects of heliostat and CPC surface (a) reflectance, ρh and ρCPC, and (b) slope error, σh and σCPC, on
annual solar-to-thermal efficiency, η̄s-t, and net receiver power, Q̇tot,net, for the baseline system with parameters as
in Table 2.

Fig. 10. The maximum (a) annual solar-to-thermal efficiency, η̄s-t,max, and (b) annual
solar-to-exergy efficiency, η̄s-x,max, of systems with selected numbers of apertures, Na of 1,
2, 4, 6, 8, and receiver temperatures Trec varying from 600 K to 1800 K in 100 K increments.

Table 3. Parameters simulated in the optimization

Parameters Values

Number of apertures, Na 1, 2, 4, 6, 8

Tower height, ht 90, 130, 170, 210, 250 m

CPC acceptance angle, θCPC 30°, 40°, 50°, 60°, 70°

Optical efficiency trimming threshold, ηtr 0.2, 0.3, 0.4, 0.5, 0.6, 0.7

Parameters determining CPC entry aperture radius, fa 0.7, 0.8, 0.9, 0.95, 0.99

Trec =800 K Trec =1200 K Trec =1600 K

Fig. 9: The Pareto front of annual solar-to-thermal efficiency η̄s-t and net receiver power Q̇tot,net for all simulated
systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and selected receiver temperatures Trec of (a) 800 K,
(b) 1200 K and (c) 1600 K.

Fig. 10: The maximum (a) annual solar-to-thermal efficiency, η̄s-t,max, and (b) annual solar-to-exergy efficiency,
η̄s-x,max, of systems with selected numbers of apertures, Na of 1, 2, 4, 6, 8, and receiver temperatures Trec varying
from 600 K to 1800 K in 100 K increments.

Fig. 11: Effects of heliostat and CPC surface (a) reflectance, ρh and ρCPC, and (b) slope error, σh and σCPC, on
annual solar-to-thermal efficiency, η̄s-t, and net receiver power, Q̇tot,net, for the baseline system with parameters as
in Table 2.

Fig. 11. Effects of heliostat and CPC surface (a) reflectance, ρh and ρCPC, and (b) slope
error, σh and σCPC, on annual solar-to-thermal efficiency, η̄s-t, and net receiver power,
Q̇tot,net, for the baseline system with parameters as in Table 2.
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Based on Fig. 11(a), with the increase of heliostat surface reflectance from 0.7 to 0.95, η̄s-t and
Q̇tot,net increase from 0.31 to 0.435 (31.8%) and 97.9 MW to 133.9 MW (36.8%), respectively.
The system energetic performance is slightly more sensitive to the reflectance of the heliostat
surface, ρh, than the reflectance of the CPC surface, ρCPC. According to Fig. 11(b), the increase
of heliostat surface slope error σh from 0.5 mrad to 5.5 mrad leads to a significant drop of Q̇tot,net
and η̄s-t from 144.5 MW to 37.3 MW (74.2%) and 0.47 to 0.11 (76.6%), respectively. It is
worthwhile to note that the CPC surface slope error σCPC is found to have a minor effect on
the system performance. This is due to a significantly larger optical length from heliostats to
the CPC exit aperture than the optical length from the CPC reflective surface to the CPC exit
aperture. Considering the short optical length from the CPC reflective surface to the CPC exit
aperture, the reflected rays are primarily intercepted by the receiver despite a larger slope error.
Based on these results, the reflectance of the CPC optical surface is more important than the
slope error and should be paid more attention to in the manufacturing process.

5. Summary and conclusions

Optics of a solar central receiver system with a multi-aperture receiver coupled to multiple
heliostat sub-fields and compound parabolic concentrators has been studied. Optical simulations
were performed using in-house Monte-Carlo ray-tracing programs. We explored the effects of the
heliostat sub-field geometrical configuration, the number of apertures and the optical properties
of reflective surfaces on the optical and energetic performance of systems with the receiver
temperature in the range of 600–1800 K. The system characteristics including the maximum net
receiver power, instantaneous and annual overall optical, solar-to-thermal and solar-to-exergy
efficiencies were analyzed.

Under the assumptions made in this study, it is found that despite reduced optical and solar-to-
thermal efficiencies, the maximum net receiver power is significantly increased via the design of
the multi-aperture receiver and multiple heliostat sub-fields. Cosine effect is the main reason for
the decreased optical efficiency. We compared two types of sub-field geometrical configurations
for systems with the same number of apertures and found that they offer close system performance.
From parametric optimization, we demonstrated that the net receiver power is significantly
boosted by increasing the number of apertures from one to four, while further increasing the
number of apertures over four leads to only limited gain of net receiver power but greatly reduced
efficiencies. Optimal receiver temperature for the maximized annual solar-to-exergy efficiency is
found in the range of 1100–1200 K and this optimal temperature decreases with an increasing
number of apertures. Comparison study on the optical properties of the heliostat and CPC
surfaces revealed that the CPC slope error has a minor effect on the system performance. The
present optical study enlightens the design of the entire multi-aperture solar central receiver
systems in the future.
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Chapter 8

Optical analysis of a solar thermochemical system
with a rotating tower reflector and a
receiver–reactor array

This chapter presents an optical study of a proposed novel solar beam-down system
with a rotating tower reflector and a receiver–reactor array. The proposed system
is used for solar thermochemical processes based on the reduction–oxidation cycles
of metal oxides for fuel production or energy storage. The reduction step requires
concentrated solar energy as the source of high-temperature process heat, while the
oxidation step occurs at a relatively lower temperature. The variation of temperatures
can be realised in a variety of ways. In this study, we propose a novel idea of rotating
the tower reflector in a solar beam-down optical system to alternate the concentrated
solar irradiation into an array of solar receiver–reactors for realising the multi-step
solar thermochemical redox cycles [170]. Despite the practical difficulty of rotating
a large reflector at the top of a tower, the proposed idea has the benefits that (i) the
high-temperature receiver–reactors together with their accessories can be placed at
ground level, offering reduced operation difficulty and costs, and (ii) it provides the
feasibility of designing receiver–reactors with facing-up apertures, which can benefit
thermal or fluid flow requirements of specific reactor designs.

The tower reflector axis is required to be tilted for accommodating the receiver–
reactor array, resulting in a reduced optical efficiency. Optical simulations are per-
formed for two selected types of optical systems: a simplified 2D system and a real-
istic 3D beam-down system. Analytical ray tracing is conducted for the 2D system to
study the effects of system design parameters on optical characteristics including the
required size of the TR, the size of the resulting sun image on the target aperture, the
rim angle and the axis tilt angle of the reflected beam from the tower reflector. MCRT
simulations are performed for the 3D beam-down system to evaluate the effects of
system optical and geometrical parameters on optical and radiative characteristics.

A companion study of thermodynamic analysis of the receiver–reactor array is
reported in [182]. The thermodynamic study demonstrates the increase in thermal-
to-chemical efficiency by the recuperation process designed for the receiver–reactor
array.
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Abstract: We propose a concept of a rotating tower reflector (TR) in a beam-down optical
system to alternate concentrated solar irradiation of an array of solar receiver–reactors, realizing
multi-step solar thermochemical redox cycles. Optical and radiative characteristics of the proposed
system are explored analytically and numerically by Monte-Carlo ray-tracing simulations. We
study the effects of the system geometrical and optical parameters on the optical and radiative
performance. TR axis is required to be tilted for accommodating the receiver–reactor array,
resulting in reduced optical efficiency. We demonstrate that the annual optical efficiency of a
baseline system with the receiver–reactor located south of the tower decreases from 46% to 37%
for the axis tilt angle of TR increasing from 2° to 20°. The optical analysis conducted in this study
provides a general formulation to enable predictions of required gain of thermal-to-chemical
efficiency of the receiver–reactor array for obtaining improved overall solar-to-chemical efficiency
of the solar thermochemical plant.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Multi-step solar thermochemical metal-oxide redox cycles are a viable route to fast and efficient
chemical fuel production or thermal energy storage [1–5]. Two-step cycles consist of: (1) a high-
temperature solar endothermic reduction step and (2) a non-solar low-temperature exothermic
oxidation step. The reduction step is driven by concentrated solar irradiation, which is supplied
over a discrete time interval shorter than the cycle duration for temperature-swing redox cycles
[6–9]. The operation of the cycle can be realized in a variety of ways, including (i) operating
the two steps sequentially in a single cavity receiver–reactor with varied conditions [6,10]; (ii)
operating the two steps in two separate receiver–reactors with the metal oxide cycled between
the reduction and oxidation reactors [11]; (iii) operating the two steps in two separate reactors
exchanging heat alternately within a single receiver [12]; (iv) placing the metal oxide in a rotating
reactor component that passes through zones of different conditions [8]; and (v) alternating the
solar input into two or more receiver–reactors by moving the focal point of the concentrating
system, either directly [13–15] or by means of a secondary concentrator [16]. Dähler et al.
summarized six design concepts based on method (v) for alternating the focal point in a solar
dish system and experimentally investigated a design with a rotating flat secondary reflector
[16]. With method (v), cycle steps can proceed simultaneously in different reactors under
continuous irradiation of the receiver–reactor array. Heat recovery can be implemented in the
receiver–reactor array, which is reported to result in dramatically improved thermal-to-chemical
efficiency of receiver–reactors from 3.5% to 20% [7,17].

#389924 https://doi.org/10.1364/OE.389924
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To explore the feasibility of method (v) in a large-scale concentrating solar system, we propose
a novel concept of a rotating tower reflector (TR) in a beam-down optical system to alternate
the concentrated solar irradiation of an array of receiver–reactors. The typical beam-down
optical system comprises three main components: a heliostat field, a TR placed on top of a
tower, and a receiver at the ground level. The receiver is typically coupled with a secondary
optical concentrator such as a compound parabolic concentrator (CPC) [18]. The beam-down
optical concept offers advantages for high-temperature solar thermochemical applications. The
redirected convergent beam at the ground level enables simpler and cheaper installation and
operation of the high-temperature receiver and auxiliary equipment. Besides, the beam-down
optical concept enables novel designs of the solar receiver such as fluidized particle bed inside
the receiver [6,19–29]. However, the use of the TR results in additional optical losses and
magnification of the sun image, necessitating the application of a CPC to reduce the spillage loss
and to attain a high concentration ratio (CR) [30,31]. The addition of a CPC also brings additional
optical losses due to CPC backward reflection and surface absorption. Practical challenges for
realizing the proposed system include manufacturing and maintenance of the complex optical
components, such as a large hyperboloidal TR and three-dimensional CPCs. The rotation of
the large TR also introduces engineering difficulties. Despite the challenges, the potential
of achieving high system-level solar-to-chemical conversion efficiency and the convenience
of operating high-temperature receiver–reactors at the ground level make the proposed idea
worthwhile to be explored.

The optics of the beam-down system have been extensively studied [30,32–39]. The beam-
down optical system has been successfully constructed and tested including demonstration-level
systems [27,40,41] and a 50 MWe commercial system [42]. Despite a large number of previously
studied solar beam-down systems, there are gaps in reports of useful optical characteristics such
as the size of sun image on the target, required size of the TR, rim and tilt angles of the reflected
beam from the TR, and the annual optical performance of overall systems. The majority of
investigated systems include a TR with a vertical axis. For the novel system proposed in this
study, the axis of its TR is tilted and the receiver–reactors are dislocated from an optimal position
of a single-receiver system to accommodate the receiver–reactor array. Pertinent studies of
beam-down systems with dislocated receivers are absent in the literature.
In this study, we investigate the optical and radiative performance of the proposed novel

solar thermochemical beam-down system with a rotating TR and a receiver–reactor array. A
simplified two-dimensional (2D) system and a more realistic three-dimensional (3D) system are
investigated. Firstly, analytical ray tracing is conducted in the 2D system to explore parametrically
the geometrical and optical characteristics, including the required size of the TR, size of the
sun image on the CPC entry aperture, and rim and axis tilt angles of the incident beam on
the CPC entry aperture, as a function of system geometrical parameters. Secondly, in-house
developed Monte-Carlo ray-tracing (MCRT) simulations are used to study a 3D system. In the 3D
system, we parametrically study the effects of system geometrical parameters on instantaneous
(at autumn equinox noon) optical and radiative characteristics including optical efficiency of the
heliostat field, the TR and the CPC, radiative power and concentrator ratio at the apertures of the
receiver–reactor. Based on the parametric studies, we calculate and analyze the annual optical
efficiency of the beam-down optical systems with the receiver–reactors positioned at different
positions around the tower.

2. 3D beam-down optical system model

2.1. Model system

Figure 1 depicts the model of the 3D beam-down optical system comprising a heliostat field, a
tower, a rotating hyperboloidal TR, and an example CPC array. Receiver–reactors are not shown
in Fig. 1. A single CPC is shown in Fig. 1(b). As shown in Fig. 1(b), the global coordinate
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system is constructed with the origin at the center of the tower base, and the positive x- and
y-axes pointing along the South and East directions, respectively. The local coordinate system of
the hyperboloidal surface is constructed with its origin placed half-way between the primary and
secondary foci, and the z1-axis is selected as the real axis of the hyperboloidal TR.
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Fig. 2: Figure 2

Fig. 1. Schematics of a 3D solar beam-down optical system. System components featuring
a heliostat field, a tower, a hyperboloidal tower reflector, and an example array of 4 CPCs
are depicted in (a). Coordinate systems and geometrical parameters are shown in (b).
Receiver–reactors are not shown.

One of the hyperboloid foci is chosen as the primary focus, i.e. the focus of the primary
optical concentrators—heliostats, that is located at a height h1 above the ground level (Fig. 1(b)).
The CPC is positioned with its entrance at the secondary focus, i.e. the other focus of the
hyperboloidal TR, which is located at a height h2 above the ground level and with an azimuthal
angle φt relative to the positive x-axis. A height ratio γ between the secondary and primary foci
is used, i.e. γ = h2/h1. The hyperboloid axis forms a tilt angle αr with the tower. The geometry
of an un-truncated 3D CPC is determined by acceptance angle θCPC and entry aperture radius
rin. CPC is oriented with an axis tilt angle αCPC with respect to the z-axis. The heliostat field is
asymmetric about the y-axis (East–West direction) (shown in Fig. 1(b)). The maximum length of
the heliostat field is given by distances d1 and d2 between the tower and the furthermost heliostats
along the South and North directions, respectively. Hence, geometrical parameters investigated
in this study are grouped into (i) CPC parameters: the CPC acceptance angle θCPC, the CPC
entry aperture radius rin, the CPC axis tilt angle αCPC, and (ii) parameters excluding those of a
CPC: the hyperboloidal TR eccentricity er, the TR axis tilt angle αr, the azimuthal angle φt, the
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primary focus height h1, the focal point height ratio γ, the distance d1 between the tower and the
furthermost heliostat along the south direction.

The surface equation of a hyperboloid of revolution expressed in the local coordinate system is
[43]

x21
a2r
+

y21
a2r
−

z21
b2r
= −1 (1)

where 2ar and 2br are the major and minor axis lengths, respectively, which are related to the
eccentricity er and linear eccentricity cr.

cr =
h1(1 − γ)
2 cosαr

, ar =
cr
er
, br =

√
a2r − c2r (2)

For er →∞, a hyperboloidal surface becomes a plane. For the same heliostat field and positions
of primary and secondary foci, the required size of a hyperboloidal TR to capture all reflected
radiation from the heliostat field is smaller than a flat TR, resulting in reduced shading loss.
Figure 2 depicts an example array with 8 receiver–reactors in total. The receiver–reactor

irradiated by the concentrated solar energy has an opened aperture and realizes a reduction
reaction. All other receiver–reactors have closed apertures. The receiver–reactor on the opposite
side to the reduction reactor realizes an oxidation reaction. Heat is exchanged between reactors
other than the reduction and oxidation ones to pre-heat or pre-cool the active redox materials prior
to their reduction and oxidation, respectively, allowing for significant gains in thermal-to-chemical
efficiency [7–9,17].
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Fig. 2: Figure 2Fig. 2. Schematic of an example array of 8 receiver–reactors.

2.2. Performance metrics

Figure 3 shows the power flow in a beam-down optical system. Compared with a solar ‘tower-
receiver’ system, where the receiver is placed on the top of the tower [30], additional optical
losses occur in the beam-down system including the spillage ÛQspill,r and absorption losses ÛQabs,r
by the TR, the shading loss ÛQshade,r of heliostats by the TR, the blocking loss ÛQblock,rec of heliostats
by the CPC/receiver, and atmospheric attenuation loss ÛQaa,down when rays travel from the TR to
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the CPC entry aperture. The simulated shading losses ÛQshade include ÛQshade,r and the shading
loss ÛQshade,h between heliostats. The simulated blocking losses ÛQblock include ÛQblock,rec and the
blocking loss ÛQblock,h between heliostats.

Performance metrics
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Fig. 3. Power flow in a beam-down optical system.

The instantaneous optical performance of the beam-down optical system is evaluated with the
overall optical efficiency of individual heliostats and heliostat field, ηh,opt and ηf,opt, respectively,
CPC transmission efficiency, ηCPC, interception efficiency of TR and CPC, ηint,r and ηint,CPC,
respectively, the radiative power ÛQrec,a and concentration ratio CRrec,a at the receiver–reactor
aperture, and the instantaneous optical efficiency ηsys,opt of the overall optical system. ηsys,opt
is defined as the ratio of the radiative power ÛQrec,a intercepted by the receiver–reactor aperture
divided by ÛQf,max, which in turn is the maximum total radiative power collected when solar
rays are incident normally on an area equal to the total installed heliostat area Atotal,h. The
instantaneous optical performance is obtained for autumn equinox noon, i.e. March 21st in the
southern hemisphere. The overall optical efficiencies of an individual heliostat and a heliostat
field, ηh,opt and ηf,opt, respectively, account for the cosine effect, shading, blocking, surface
absorption, atmospheric attenuation, and spillage at the TR.

ηf,opt ≡
ÛQf
ÛQf,max

= ηcosηshadeηblockηabs,hηaa,upηint,r (3a)

ηint,r = 1 −
ÛQspill.r

ÛQf + ÛQspill.r
(3b)

ÛQf,max = Atotal,h Ûqsol (3c)

ηint ,CPC = 1 −
ÛQspill ,CPC

ÛQCPC,a + Qspill,CPC
(4a)

ηCPC =
ÛQrec,a
ÛQCPC,a

= 1 −
ÛQabs,CPC + ÛQrej,CPC

ÛQCPC,a
(4b)

ηsys,opt =
ÛQrec,a
ÛQf,max

(5)

where Ûqsol is the real-time direct normal irradiance measured in kW m−2 [44]. The annual
system optical efficiency is defined as the ratio of the annually collected radiative energy at the
receiver–reactor aperture and the annual incident radiative energy onto Atotal,h.

η̄sys,opt =
Qrec,a

Qf,max
=

∑365
day = 1

∫ sunset
sunrise

ÛQrec,adt∑365
day = 1

∫ sunset
sunrise

ÛQf,maxdt
(6)

Note that the model optical systems investigated in this study use one receiver–reactor only
of a variable position relative to the tower. The evaluation of the optical performance of the
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system with multiple receiver–reactors is not included in this study since it requires detailed
information on the geometry, thermal design, and operation of the receiver–reactor array, such as
the receiver–reactor dimension as a function of incident radiative power, the clearance between
receiver–reactors, the duration time of each receiver–reactor being irradiated, and the rotating
speed of the TR.

2.3. MCRT model assumptions

Optical modeling of the 3D beam-down optical system is implemented using an in-house
developed MCRT program. The optical models for simulating the CPC and the heliostat field as
used in the present study were previously developed and verified in [31] and [45], respectively.
The modeled plant location is Alice Springs, Australia (–23.7°N, 133.9°E). The sun position
relative to an observer on the ground is calculated as a function of solar time and site latitude
using the method described in [46] and [47]. Buie sun shape model with an assumed radial
displacement of σsun = 4.65 mrad and a circumsolar ratio of 0.02 is used [48]. A single-facet,
point-focusing, and square heliostat is taken, with a surface area of 16 m2. The heliostat, TR and
CPC surfaces are assumed to have specular, wavelength- and direction-independent reflectance
equal to 0.93, 0.95 and 0.95, respectively. We use the Campo field layout pattern [49]. Reflections
from optical surfaces are modeled by considering optical errors [50]. Gaussian surface normal
error distributions with assumed standard deviations of 1.5, 1.4 and 0.5 mrad are applied for the
heliostat, TR and CPC surfaces, respectively. The assumptions of the reflectance and slope errors
of studied optical surfaces are based on the commercial beam-down plant in [42]. Atmospheric
attenuation accounts for radiative losses incurred in the atmosphere. The atmospheric attenuation
is calculated as a function of the slant distance that rays travel as discussed in [51]. The annual
heliostat field performance is evaluated using the method given in [52] and by employing bi-cubic
spline interpolation of results for discrete sun positions [53].

The 3D optical model is employed to explore the effects (i) of the system geometrical parameters
excluding CPC parameters (defined in Subsection 2.1) and the TR size, on system optical and
radiative characteristics (see Subsection 4.2.1); (ii) of CPC parameters (defined in Subsection
2.1) on instantaneous (at autumn equinox noon) system optical efficiency and concentration ratio
at the receiver–reactor aperture (see Subsection 4.2.2), and (iii) to predict annual system optical
efficiency for the receiver–reactor placed at selected positions around the tower (see Subsection
4.3). The selection of the geometry and orientation of the CPC used in (iii) is guided by the
results of the analysis in (ii).

3. Simplified 2D optical system model

To establish the initial size of the TR and the geometry and orientation of the CPC for the 3D
MCRT simulations, we employ a simplified 2D model and perform analytical ray tracing to
predict geometrical and optical characteristics including the TR size lr for capturing all reflected
rays from heliostat field, the radius rm of the sun image at the CPC entry aperture, and the rim
and axis tilt angles of the incident beam on the CPC entry aperture,Φm and αm, respectively.
These predictions are based on the edge-ray principle [18], hence, only edge rays are simulated.
Figure 4 depicts the simplified 2D model with the investigated geometrical parameters and
predicted geometrical and optical characteristics.
The rationale for predicting the parameters lr, rm, Φm, and αm is given next. The distance

lr,min between the two intersection points P1 and P2 of the TR with the two edge rays incident
on the TR (Fig. 4) is calculated to characterize the required size of the TR. A larger TR leads
to higher TR interception efficiency at the expense of an increased shading loss. The size of
CPC entry aperture in the 3D MCRT simulation is matched with the size of the sun image on
the CPC entry aperture. With the 2D model, we examine the sun image magnification due to
the finite size of the sun and the reflection by optical surfaces, the so-called coma aberration
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entry aperture.

[54]. The pillbox-distributed sun shape model is used for the 2D estimation of the sun image
radius rm [55]. Sun rays can be assumed to originate from a sun disk subtending a cone half
angle σsun of 4.65 mrad. When sun rays are reflected by perfect, specular primary and secondary
optical concentrators, their distribution on a focal plane forms a sun image of radius rm. The
determination of CPC acceptance and axis tilt angles, θCPC and αCPC, respectively, in the 3D
MCRT simulation, is guided by the values ofΦm and αm obtained with the 2D model.

Using the simplified 2D system, we explore the effects of (i) the system geometrical parameters
excluding CPC parameters (defined in Subsection 2.1) on the above-discussed parameters lr,min,
rm,Φm, and αm; and (ii) the optical imperfections of the heliostat and the TR surface, introduced
by modifying the ideal surface normal vector by modelling its polar angle using the pillbox
distribution with half-angles of σh and σr, respectively (see Subsection 4.1).

4. Results and discussion

Firstly, we present the results of the parametric studies with the 2D (Subsection 4.1) and 3D
(Subsection 4.2) optical system models. In Subsection 4.3, we discuss the effects of the rotation
of the TR and the dislocation of the receiver–reactor on the annual optical performance. The
baseline parameter set listed in Table 1 is selected according to preliminary parametric studies
and based on the parameters of the existing commercial solar beam-down system presented in
[42]. One parameter is varied at a time while other parameters are taken from the baseline set.

4.1. Parametric studies using simplified 2D optical system model

Figure 5 shows the analytical ray-tracing results of the effects of the geometrical parameters
excluding those of a CPC (defined in Subsection 2.1) on the required size lr,min of the TR and
the radius rm of the sun image. Schematics showing ray paths for three example values of each
parameter are included in the plots to visualize the effects of each parameter. According to
Fig. 5(a,d), lr,min and rm have reverse trends for an increasing TR eccentricity er or focal point
height ratio γ. An increase in er leads to a significant decrease in rm, especially for er < 2, and
a significant increase in lr,min. Placing the receiver–reactor closer to the ground level greatly
increases lr,min. Figure 5(b, c, e) show that a smaller TR axis tilt angle αr, a smaller primary
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Table 1. Baseline simulation parameters

Model system Parameters Value Unit

2D, 3D

Hyperboloidal TR eccentricity er 1.95 –

TR axis tilt angle αr 10 °

Primary focus height h1 50 m

Focal point height ratio γ 0.4 –

Distances from furthermost heliostats to tower, d1, d2 242, 164 m

3D

TR size lr 40 m

CPC acceptance angle θCPC 30 °

CPC entry aperture radius rin 2.8 m

CPC axis tilt angle αCPC 10 °

focus height h1, or a smaller distance d1 of the furthermost heliostat to the tower result in smaller
both lr,min and rm.

Figure 6 exhibits the magnitude of the increase of lr,min and rm with the increase of the optical
imperfections of the heliostat and TR surfaces, characterized by σh and σr, respectively. It is
found that the increase of σh from 0 to around 10 mrad leads to lr,min and rm increased by about
1.5% and 178%, respectively. σh has a significant influence on rm but minor impact on lr,min.
For σr increasing from 0 to around 10 mrad, rm increases by approximately 27.5%. Compared
with σr, σh has a greater impact on rm due to an optical path from the heliostat surface to the
CPC entry aperture longer than that from the TR to the CPC entry aperture.
Figure 7 shows the rim and axis tilt angles of the incident beam on the CPC entry aperture,

Φm and αm, respectively, as functions of the system geometrical parameters excluding those of
the CPC. As indicated in Fig. 7(a),Φm is mainly affected by er, followed by h1. A smaller er or a
larger h1 lead to a smallerΦm, allowing the selection of a CPC with a smaller θCPC for achieving
a larger theoretical CR boost from the 3D CPC, equal to 1/sin2θCPC. This is consistent with the
findings of the study presented in Ref [56]. Figure 7(b) shows that αm is significantly affected by
αr, followed by h1 and er.

4.2. Parametric studies using 3D optical system model

In the 3D system model, we select a heliostat field with its boundary determined by removing
the heliostats with overall instantaneous optical efficiency ηh,opt lower than a selected trimming
threshold of 0.6 (see Fig. 8). The distances from the furthermost heliostats to the tower along the
South and North directions of 242 m and 164 m, respectively, are set as the baseline values of d1
and d2 for the 2D analysis (Table 1). Table 1 also includes the baseline parameters of the 3D
system for parametric studies presented in this subsection.

Figure 9 and Table 2 show the instantaneous optical and radiative performance of the baseline
system with one receiver–reactor located south of the tower, i.e. φt = 0°, and with a TR axis tilt
angle αr = 10°. The instantaneous optical efficiency of the overall system is around 51% and
radiative power of around 15.9 MW is provided to the receiver–reactor. The main optical losses
are ascribed to the cosine effect, the spillage at the CPC entry aperture, and the absorption and
rejection by the CPC. The system optical efficiency of 51% is lower than the values of approx.
60–70% for a typical beam-down system as discussed in [30] while a high concentration ratio of
2588 is achieved for the present system.

The following sections explore the effects of geometrical parameters excluding those of a CPC
(Part 1) and CPC parameters (Part 2) on system optical and radiative performance metrics defined
in Section 2.
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Performance metrics

Heliostat 

field

Tower 

reflector
CPCThe sun

f,maxQ
fQ CPC,aQ rec,aQ

cosQ
abs,CPCQshadeQ
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Receiver

aa,downQ spill,CPCQ

Fig. 3: Figure 3

Fig. 4: Figure 5Fig. 5. Optical characteristics including required tower reflector (TR) size lr,min and radius
rm of sun image on CPC entry aperture, as a function of (a) hyperboloidal TR eccentricity
er, (b) TR axis tilt angle αr, (c) primary focus height h1, (d) focal point height ratio γ, and
(e) distance d1 from the furthermost heliostat to tower.

Table 2. Instantaneous optical performance of the baseline case

Performance metrics Value Unit

Total number of heliostats 2258 –

CR at receiver–reactor aperture, CRrec,a 2588 –

Radiative power entering receiver–reactor, ÛQrec,a 15.9 MW

System optical efficiency ηsys,opt 51% –
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Fig. 5: Figure 5

Fig. 6: Figure 6Fig. 6. Effects of slope errors of the heliostat and tower reflector (TR) surfaces, σh and σr,
respectively, on required TR size lr,min and radius rm of sun image on CPC entry aperture.

Fig. 1: Figure 5

Fig. 2: Figure 7Fig. 7. Optical characteristics of the incident beam on the CPC entry aperture including
(a) rim angleΦm and (b) axis tilt angle αm, as a function of hyperboloidal tower reflector
eccentricity er, TR axis tilt angle αr, primary focus height h1, focal point height ratio γ, and
distance d1 from the furthermost heliostat to tower.

4.2.1. Parametric study: Part 1

To accommodate the receiver–reactor array in the proposed system, the receiver–reactors are
moved away from the locations corresponding to the maximum optical performance. For that
purpose, we investigate the effects of geometrical parameters excluding those of a CPC in a 3D
system with an example dislocated receiver–reactor for which the position is given by αr = 10°
and φt = 0°, on the instantaneous system optical and radiative performance characterized by the
metrics defined in Subsection 2.2.

Figure 10 shows the results of the parametric studies performed using MCRT simulations. As
shown in Fig. 10(a), the TR interception efficiency ηint,r decreases with increasing hyperboloidal
TR eccentricity er due to the increase of required TR size lr,min referring to Fig. 5(a). The
CPC interception efficiency ηint,CPC increases with an increasing er due to the decrease of rm
as indicated in Fig. 5(a). CPC transmission efficiency ηCPC decreases with the increase of er
due to the increase ofΦm as seen in Fig. 7(a). Hence, an optimal er can be identified that offers
the maximum system optical efficiency ηsys,opt, radiative power and CR at the receiver–reactor
aperture. Figure 10(b) shows that the system optical performance is decreased for a larger
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Fig. 7: Figure 7
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Fig. 9: Figure 9

Fig. 8. The heliostat field for the baseline MCRT simulation. The color scale indicates the
overall instantaneous (at autumn equinox noon) optical efficiency of each heliostat, ηh,opt.
The tower is at the origin point. The heliostats near the origin point have low overall optical
efficiency due to the shading by the tower reflector.

Fig. 7: Figure 7
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Fig. 9: Figure 9Fig. 9. Sankey diagram of instantaneous (at autumn equinox noon) optical losses for the
baseline system with the parameter set of Table 1.

tilt angle αr of the TR axis, due to the increasing mismatch of the selected αCPC (= αr in the
simulations) and αm (increasing with αr as seen in Fig. 7(b)).
Referring to Fig. 5(c), lr,min and rm increase with the increasing primary focus height h1,

resulting in decreasing interception efficiency of the TR and CPC, ηint,r and ηint,CPC, respectively
(Fig. 10(d)). As seen in Fig. 7(a), a higher primary focus results in the beam hitting the CPC
entry aperture at a smaller rim angleΦm, allowing for higher CPC transmission efficiency ηCPC.
ηCPC diminishes as h1 increases further, because of the increasing misalignment of the axes of
the CPC and the incident beam, αCPC and αm, respectively. The optimum h1 can be identified
that offers the maximum radiative power and/or CR. The difference between αCPC (= αr in the
simulations) and αm (shown in Fig. 7(b)) increases with the increasing focal point height ratio γ,
which in turn results in decreasing ηCPC (Fig. 10(d)). The increase of ηint,TR with the increase of
γ is due to the decrease of lr,min as indicated in Fig. 5(d).
A larger TR leads to reduced TR spillage loss but more shading loss to the heliostat field by

the TR. As the TR size increases, more rays reflected from the heliostat field are redirected by the
TR, particularly the rays reflected from the heliostats further away from the tower. As a result, rm
andΦm increase with a larger TR, which in turn decreases the CPC transmission and interception
efficiencies, respectively (see Fig. 10(e)).

4.2.2. Parametric study: Part 2

Parameters determining the geometry and orientation of the CPC coupledwith the receiver–reactor
are the entry aperture radius rin, the acceptance angle θCPC, and the axis tilt angle αCPC. CPC
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Fig. 3: Figure 10Fig. 10. Instantaneous optical efficiencies, radiative power and concentration ratio at
receiver–reactor aperture, as a function of (a) hyperboloidal tower reflector (TR) eccentricity
er, (b) TR axis tilt angle αr, (c) primary focus height h1, (d) focal point height ratio γ, and
(e) TR size lr.
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transmission and interception efficiencies, ηCPC and ηint,CPC, respectively, are affected by the
difference between αCPC and αm and the ray distribution of the incident beam. ηCPC and ηint,CPC
are also influenced by the difference between αCPC and αm and the difference between rin and rm,
respectively. Parametric studies on CPC parameters on the instantaneous system optical efficiency
ηsys,opt and CRrec,a are carried out for each selected receiver–reactor position and presented in
this subsection. Figure 11 shows ηsys,opt and CRrec,a as a function of θCPC (varying from 10° to
50° in 5° increments), rin (varying from 1 m to 10 m in 1 m increments), and αCPC (varying from
2° to 44° in approximately 3.8° increments), for the defined receiver–reactor positions with two
TR axis tilt angles αr of 5° and 25° and four azimuthal angles φt of 0°, 90°, and 180°. Optical
performance for φt = 270° and φt = 90° are the same due to the symmetry of the system geometry,
for which the results for φt = 270° are omitted from Figs. 11 and 12.

Fig. 11: Fig. 11 Cosine efficiency map at different times of the autumn equinox day.

Fig. 12: Figure 12

Fig. 11. Effects of (a) acceptance angle θCPC, (b) entry aperture radius rin, and (c) axis
tilt angle αCPC of a CPC on (1) the instantaneous (at autumn equinox noon) system optical
efficiency ηsys,opt and (2) concentration ratio CRrec,a at the receiver–reactor aperture, for
systems with the receiver–reactor placed at selected positions (characterized by tower
reflector axis tilt angle αr and azimuthal angle φt).

According to Fig. 11, larger θCPC and rin result in higher ηsys,opt due to higher ηCPC and ηint,CPC,
respectively (Fig. 11(a-1), (b-1)), but decreased CRrec,a due to reduced maximum theoretical
concentration ratio boost from the CPC of 1/sin2θCPC and lower mean radiative flux at the
CPC entry aperture, respectively (Fig. 11(a-2), (b-2)). For the same αr, the highest and lowest
ηsys,opt and/or CRrec are found at φt= 0° and 180°, respectively. For a smaller αr, the systems
with different φt have close optical performance. Increasing differences between the optical
performance of the systems with φt= 0° and φt= 180° are observed for the cases of larger αr. It
is also found that the optimum θCPC for maximizing CRrec,a are different for αr = 5° and αr = 25°,
indicating that different acceptance angles of CPCs may be required for the receiver–reactor
positions with different TR axis tilt angle αr. Based on Fig. 11(c-1) and (c-2), the optimum αCPC
leading to maximum ηsys,opt and CRrec are equal and close to the selected αr. Thus, αCPC can be
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Fig. 11: Fig. 11 Cosine efficiency map at different times of the autumn equinox day.

Fig. 12: Figure 12Fig. 12. Annual system optical efficiency η̄sys,opt of a beam-down optical system with one
receiver–reactor placed at different relative positions to the tower. Receiver–reactor positions
are expressed by (a) global coordinates x and y; and (b,c) tilt angle αr of tower reflector axis
and azimuthal angle φt of secondary focus.

determined by optimizing the optical performance, while θCPC and rin should be selected as a
trade-off between maximizing ηsys,tot and maximizing CRrec,a.

4.3. Annual simulations of 3D optical systems with selected receiver–reactor positions

Here, we present the annual simulation results for systems with selected receiver–reactor positions,
i.e. the TR axis tilt angle αr varying from 2° to 40° in 1.6° increments and the azimuthal angle
φt varying from 0° to 360° in 15° increments. The results of the parametric studies presented
in Subsection 4.2.2 indicate that the optimal CPC geometry for the maximized system optical
performance may be different for each receiver–reactor position. However, it is pragmatic
to manufacture CPCs with the same geometry, although with possible differences in their
orientations as evident from results presented in Subsections 4.1 and 4.2. Based on the results
shown in Fig. 11, we select example values of CPC parameters, i.e. θCPC of 30°, rin of 2.8 m,
and αCPC equal to the relevant αr for each receiver–reactor position.
Annual system optical efficiency η̄sys,opt for each system with the selected receiver–reactor

position and the designed CPC is calculated and plotted in Fig. 12. Figure 12(a) and (b,c) show
the results for the receiver–reactor positions expressed by the global coordinates x and y, and
αr and φt, respectively. A maximum η̄sys,opt of 46% is found at αr = 2° (the smallest simulated
αr) and φt = 0°. η̄sys,opt decreases with an increasing αr. For a smaller αr, η̄sys,opt varies little for
different φt. The difference between η̄sys,opt of the cases with different φt increases with increasing
αr. The system with φt = 0° performs best, followed by φt = 90° and φt = 180°. The same η̄sys,opt
is observed for the receiver–reactor positions symmetric about the x-axis (the North–South
direction).
The optical performance of the system with a receiver–reactor array is maximized for αr

and φt equal to 2° and 0°, respectively. The average optical efficiency of the system with the
receiver–reactor array is affected by factors such as the selected total number of receivers, the
finite receiver size, and the inter-receiver clearance required to accommodate potential auxiliary
equipment in the receiver–reactor array.

5. Summary and conclusions

A novel beam-down optical systemwith a rotating tower reflector and an array of receiver–reactors
has been proposed to realizemulti-step solar thermochemical redox cycles for solar fuel production
or thermal energy storage applications. Analytical and Monte-Carlo ray-tracing simulations
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were performed for a simplified two-dimensional model system and a realistic three-dimensional
beam-down optical model system, respectively. Instantaneous and annual optical characteristics
were predicted for the proposed system.

The optimal geometrical parameters that offer the maximum system optical efficiency and
radiative input to a receiver–reactor were identified. The heliostat surface slope error was found
to have a greater influence on the sun image size than the slope error of the tower reflector
surface. The baseline system was found to provide a flux concentration ratio of 2588 with an
instantaneous system optical efficiency and radiative power to the receiver–reactor of 51% and
16 MW, respectively. We demonstrated that the annual system optical efficiency of the baseline
system with a receiver–reactor placed to the south of the tower decreases from 46% to 37% for the
axis tilt angle of the tower reflector increasing from 2° to 20°. Locating the receiver–reactor array
south of and as close as possible to the tower offers the most promising optical configuration.
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Chapter 9

Summary and outlook

9.1 Summary

In this work, optical studies have been conducted for a high-flux solar simulator
(HFSS) based experimental system and commercial-scale solar central receiver sys-
tems (CRSs). Optical studies of a compound parabolic concentrator (CPC) and re-
flective optics were performed to aid in solving the limitations and problems of the
HFSS-based experimental system (see Chapters 3 and 4). Commercial-scale solar
CRSs were investigated for a wide range of receiver temperatures in two different
power levels (see Chapters 6 and 7). A proposed novel solar beam-down system
was studied (see Chapter 8). The review of the background information of radiative
transfer, CPCs, HFSSs, solar CRSs, and methodology was presented in Chapter 2.
Optical modelling was performed using in-house developed two-dimensional (2D)
analytical ray-tracing and three-dimensional (3D) Monte-Carlo ray-tracing (MCRT)
programs.

The application of primary optics realises an efficient utilisation of the diluted
solar radiation. The application of secondary optics further increases solar concen-
tration ratios, thus allows for high-temperature applications. The combined design
of primary and secondary optics enables a variety of optical configurations of con-
centrating solar systems for realising specific design objectives.

9.1.1 HFSS-based experimental systems

The application of multi-source HFSSs was found to be accompanied by limitations of
high peak fluxes, high flux non-uniformity, and fixed-axis output beams. A 3D CPC
and four types of reflective optics: flat, ellipsoidal, hyperboloidal, and paraboloidal
reflectors were designed and investigated for solving these limitations.

Chapter 3 reported the development of a 3D-printed CPC for use in a high-
temperature solar reduction reactor operating up to 1300 K. It was the first study
in which the 3D CPC was manufactured with the 3D printing technique and without
any simplification in its geometry. The CPC geometrical parameters including accep-
tance angle and entry aperture radius were determined through an optical design
guided by optical MCRT simulations. Thermal management strategy of the CPC was
developed using simple analytical relations based on the Gnielinski correlation and
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the Darcy–Weisbach equation for heat transfer of turbulent flow and pressure drop of
cooling water, respectively. The optical simulations demonstrated that the proposed
CPC design can significantly reduce flux non-uniformity and radiative peak flux on
target surfaces as compared to the case without any CPC applied. The CPC increases
the concentration ratio by a factor of 4.1 at an optical efficiency of 85.4%, and reduces
the spillage loss from 78.9% to 34.5%. Moreover, the CPC increases the degree of
flexibility for utilisation of different combinations of lamps of a multi-source HFSS.

Optical characteristics of beam-redirecting optical systems involving flat, ellip-
soidal, hyperboloidal, and paraboloidal reflectors have been investigated for solar
systems with point-focusing beams as presented in Chapter 4. The investigated four
types of beam-redirecting reflectors redirect the horizontal-axis beam from a solar
simulator onto non-horizontal axis targets. A flat reflector retains the characteristics
of rim angle and ray distribution of the input beam and enables the highest system
optical efficiency at the expense of the smallest clearance between the source, the
reflector, and the reflected image. System component distance would increase for
input beams with smaller rim angles. Curved reflectors render a larger degree of
freedom to design the characteristics of the output beam. Thus, curved reflectors
are suitable for applications that require large clearance between system components
and/or high peak flux on cavity surface, but at the expense of lower system optical
efficiency. Besides the design of seconary optics, this study also uncovered potential
improvements in future simulator design: (i) for constructed solar simulators with
rim angles less than 45◦, a flat reflector is the best and simplest solution for realising
the beam redirection, (ii) choose smaller rim angles below 45◦ when designing solar
simulators, which enables the use of a flat reflector for redirecting beams and better
flux uniformity when using curved reflectors, and (iii) if an increase of higher radia-
tive power and fluxes output from HFSSs is desired, the added HFSS lamps should
be placed along the HFSS axis to avoid the increase of HFSS rim angle. However, this
will lead to a larger focal distance, i.e. distance between the HFSS radiation modules
and the focal point, and thereby a larger space for the HFSS test facility.

Despite the presented limitations of a HFSS, it is still one of the most powerful
facilities for laboratory-scale testing of materials and device prototypes under highly
concentrated irradiation. The performance of a HFSS can be significantly improved
by the design of secondary optics, although it is accompanied by additional inherent
optical losses and costs of secondary optics.

9.1.2 Solar central receiver systems

A review study presented in Chapter 5 provided an overview of the state of the art in
the optics of solar CRSs, and demonstrated the limitations that exist in the analysis of
large-scale multi-stage concentrator technologies for high-temperature applications.
Typical system configurations were discussed along with the main components—
heliostats, heliostat fields, secondary optical concentrators, and receivers. A review
of research studies of optical design, optimisation, and characterisation of heliostats
and heliostat fields was conducted. A large variety of optical analysis tools were
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developed and applied for the design and optimisation of demonstration and com-
mercial facilities. A relatively small number of published studies report experimental
results of on-sun optical characterisation of CRSs. Modelling the optical performance
of CRSs is an efficient and accurate approach for the design and optimisation without
incurring substantial costs associated with the construction of early-stage prototype
systems. The large number of available tools allows optical engineers to reduce the
development time. However, the specific configurations of individual designs typi-
cally necessitate the extension or development of new, advanced tools that allow for
increased simulation accuracy and flexibility, in particular for problems coupling op-
tics, thermophysics, and thermochemistry in plant sub-systems. Optical design and
optimisation of CRSs is the key to reduce their capital cost.

Following the review study, Chapter 6 presented an in-depth, comprehensive
study of a large-scale, polar-field CRS for high-temperature applications comparing
systems with an optional a CPC. The effects of the receiver temperature and the ad-
dition of a CPC on the energetic and economic characteristics of solar CRSs were in-
vestigated. Systems were optimised for maximum annual solar-to-thermal efficiency,
maximum annual solar-to-exergy efficiency, and minimum levelised cost of exergy,
for receivers operated at temperatures in the range of 600–1800 K. We demonstrated
and compared the optical configurations of the cost-optimal CRSs operated at each
simulated receiver temperature. Parametric studies and optimisation were carried
out for both systems without and with a CPC, where we identified the tempera-
ture thresholds above which the system energetic and economic performance benefit
from the addition of a CPC. It was found that the minimum levelised cost of exergy
for systems without and with a CPC is 0.083 and 0.095 USD kWh−1, respectively, for
receivers working at a temperature of 900 and 1100 K. The addition of a CPC im-
proves system energetic and economic performance for receiver temperatures above
900 K and 1200 K, respectively. At higher temperatures above 1200 K, high concen-
tration ratios are required to mitigate the rapid increase of receiver emission losses,
for which energetic and economic advantages of adding a CPC show up. This study
demonstrated the significance of applying CPCs in systems at elevated temperatures.

We further conducted an optical study of CRSs with a multi-aperture receiver and
multiple sub-fields for increasing the power output, as presented in Chapter 7. This
study focused on the systems with CPCs due to the aim of high-temperature appli-
cations. Effects of the heliostat sub-field configuration, the number of apertures, and
the optical properties of reflective surfaces on the optical and energetic performance
of systems with the receiver temperature in the range of 600–1800 K were explored.
The characteristics of maximum net receiver power, instantaneous and annual over-
all optical efficiency, solar-to-thermal efficiency, and solar-to-exergy efficiency were
predicted. We demonstrated that the net receiver power is significantly boosted by
increasing the number of aperture from one to four, while further increasing the
number of apertures over four leads to limited gain of power but greatly reduced
efficiencies. The CPC slope error was found to have minor effects on the system
performance due to a relatively short optical length from CPC reflective surface to
receiver aperture. This optical study provided inputs for the determination of a



Chapter 9. Summary and outlook 124

multi-aperture solar CRS which will be a result of the combined considerations of
the system efficiencies, the power output, the economics of optical system, as well as
the economics of power block influenced by the net receiver power.

Lastly, optical analysis was performed to investigate a novel solar beam-down
optical system with a rotating tower reflector and an array of receiver–reactors, as
presented in Chapter 8. This study proposed a new optical method to realise the al-
ternation of solar irradiation into a number of solar receiver–reactors as required by
the thermochemical redox cycles. Optical analysis was conducted to explore the ef-
fects of the tilt of the tower reflector on the system optical performance. The optimal
geometrical parameters that offer the maximum system optical efficiency and radia-
tive input to a receiver–reactor were identified. The heliostat surface slope error was
found to have a greater influence on the sun image size than the slope error of the
tower reflector surface. The baseline system was found to provide a solar concentra-
tion ratio of 2588 suns with an instantaneous system optical efficiency and radiative
power to the receiver–reactor of 51% and 16 MW, respectively. We demonstrated that
the annual system optical efficiency of the baseline system with a receiver–reactor
placed to the south of the tower decreases from 46% to 37% for the axis tilt angle
of the tower reflector increasing from 2◦ to 20◦. Locating the receiver–reactor ar-
ray south of and as close as possible to the tower offers the most promising optical
configuration. The benefit of the design was demonstrated in the increase of thermal-
to-chemical conversion efficiency of 42% under the assumption of perfect gas-phase
heat recovery and a concentration ratio of 5000 suns, as shown in a companion ther-
modynamic analysis of the receiver–reactor array with heat recuperation [182].

Despite the decreasing cost of electricity produced by the photovoltaic technolo-
gies, concentrating solar thermal technologies own the unique advantages of inherent
thermal energy storage and suitability for thermochemical processing. Concentrating
solar thermochemical technologies can be employed for a wide range of applications
such as energy storage, solar fuel production, fossil fuel upgrade, CO2 capture, and
chemical commodities production.

9.2 Outlook

For the HFSS-based experimental system, another interesting topic to be explored
in the future is to make the non-uniformly distributed, convergent output beams
from the HFSSs approximate the solar radiation arriving at the earth’s surface, i.e.
both uniformly-distributed and Ccollimated. This will greatly expand the applica-
tion range of HFSSs in solar-related researches. Moreover, the optics investigated in
this work are all reflective optics. The HFSSs experimental system can be further
advanced by the design of refractive lenses, Fresnel mirrors, and totally internally
reflecting lenses.

For the large-scale solar CRS, we performed extensive simulations for the opti-
misation using parametric optimisation. Optimisation algorithms can be employed
for reducing the computational time and improving the precision of results. Other
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types of secondary optics in addition to CPCs can be evaluated for their use in high-
temperature CRSs.

For the multi-aperture CRS, the difference between radiative power captured by
each receiver–reactor aperture and its change as time are to be addressed in the fu-
ture. A comparison of the system with and without CPCs as well as the economic
analysis, are worthwhile to be investigated. Another approach for increasing the net
receiver power is by the design of a multi-tower system via duplicating the single-
tower, polar-field system. The multi-tower system potentially leads to higher system
optical performance but higher capital costs due to the use of more towers. Ener-
getic and economic analyses can be performed in the future to compare these two
approaches of increasing the net receiver power: multi-aperture and multi-tower de-
signs.

The novel beam-down system described in this thesis can be further investigated
by (i) coupling the optical, heat and mass transfer analyses, (ii) examining the concen-
trated flux on the tower reflector surface, and (iii) addressing practical challenges of
mechanical and structural issues of rotating the large tower reflector. A further inves-
tigation can be performed to compare different concepts of realising the alternation
of incident radiation into receiver–reactors in addition to the proposed concept of
rotating tower reflector, such as varying aiming points of heliostats.
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concentrating solar power plants in the world and their potential use in Serbia.
Renewable and Sustainable Energy Reviews, 16(6):3891–3902, 2012. (cited on page
14)

130. H. Zhang, J. Baeyens, J. Degrève, and G. Cacères. Concentrated solar power
plants: Review and design methodology. Renewable and Sustainable Energy Re-
views, 22:466–481, 2013. (cited on page 14)

131. L. Li, S. Yang, B. Wang, J. Pye, and W. Lipiński. Optical analysis of a solar
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