|

Check for
updates

Research Article Vol. 28, No. 25/7 December 2020/ Optics Express 37654 |
Optics EXPRESS A N \

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

LIFENG LI, Bo WANG,! JOHN PYE," RomAN BADER,"2 WUJUN
WANG,3 AND WOJCIECH LIPINSKI"

I Research School of Electrical, Energy and Materials Engineering, The Australian National University,
Canberra, ACT 2600, Australia

2Current affiliation: Weisskopf Partner GmbH, Switzerland

3 Department of Energy Technology, KTH Royal Institute of Technology, 100 44 Stockholm, Sweden

“wojciech.lipinski@anu.edu.au

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/sinfcpc or 1/sin?6cpc for a two-dimensional (2D) or three-dimensional (3D) CPC,
respectively, where Ocpc 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
50MW 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, N,, and the angle between adjacent heliostat sub-fields, 8. Figure 1(b)
depicts one section of a multi-aperture CRS and includes the investigated geometrical parameters
of tower height, #,, CPC acceptance angle, 8cpc, and CPC entry aperture radius, 7cpc. 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, acpc,
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, Ocpc, 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 7. The size of
the target aperture, i.e. CPC entry aperture, is calculated for each trimmed sub-field to capture a
defined ratio f; 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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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, N,, angle between adjacent heliostat
sub-fields, B, tower height, 4, CPC acceptance angle, Ocpc, and CPC entry aperture radius,

r'CpC-

Table 1. Assumptions made for the simulations.

Plant location

Value

Sun shape model

Optical surface reflectance

Slope error model of optical surfaces
Heliostat geometry

Heliostat field layout pattern
Distance from the first heliostat row to tower
Maximum distance from heliostat to tower
Maximum number of heliostat field zones
Distance between centers of two adjacent heliostats

Shading effects of the tower, receiver and CPCs

Alice Springs, Australia

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

azimuth—elevation, no tracking error

specular, wavelength- and direction-independent

Rayleigh distribution [25]

square, paraboloidal, single-facet

Campo [26]
80m

1500 m

3

1.1xheliostat diagonal length
neglected
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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,
hy, CPC acceptance angle, 6cpc and CPC tilt angle, acpc, 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, N, = 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 N, and a larger
fcpc, indicating potentially higher power output. However, the concentration ratio boost of the
3D CPC, equal to 1/ sin20cpc, decreases with the increase of Ocpe. 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.

(b) (© (@ ©)

0 N

(®) (b)

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 A of 150 m, a CPC
tilt angle acpc of 45° and a CPC acceptance angles 6cpc 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, N, =1, 2, 4, 6, and 8.

System performance is characterized by (i) instantaneous overall optical efficiency of a single
heliostat or a heliostat field, 77,0pt and 7tor,0pt, Te€spectively, and annual overall optical efficiency of
a heliostat field, 7o opy» (i) net receiver power, Qo net» i-€. 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, Cre, (iv) instantaneous and annual receiver absorption efficiency, nyec
and 7., respectively, (v) instantaneous and annual solar-to-thermal efficiency, n, and 7,
respectively, and (vi) annual solar-to-exergy efficiency, ;..

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, 7oopt is
defined as the total radiative power intercepted by all receiver apertures to the maximum total
radiative power Qf,max collected when sun rays incident normally on an area equal to the total
area of installed heliostats, Ay, o1 = 7hAn (1 is the total number of installed heliostats and Ay, is
the mirror area of a heliostat) [14,33].

Th,opt = TTh.cosTh,shade’Th,absTh,block Th,aalh,int (1

R N, -
_ Qtot,rec _ Zi:l Qi,rec _
Ntot,opt = Q T T omA = IJcosT]shadeT]absIblockT]aallint 2)
f,max h4ih

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

Annual overall optical efficiency of the field, 7, o, 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].

Zfial /year Qi,recdt

nhAn Gdt

year

3

Mtot,opt =

Receiver absorption efficiency. Net receiver power, Qtot nets 1S equal to the sum of the radiative
power absorbed through each aperture, Ql et Q1 net 18 equal to the radiative power intercepted by
an individual aperture, Ql,rec, multiplied by the instantaneous receiver absorption efficiency, 7; rec-

Na ¢ Na ¢
_ Zi:l Qi,net 2521 Qi,recni,rec
Ntot,rec = A = N, (4)
Zi:] Qi,rec Zi:l Qi,rec
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, 7; rec,
at each aperture of the simplified multi-aperture receiver at T is calculated as

oT?
. — 1 _ o "rec 5
nl,rec GO Ci’rec ( )

where o is the Stefan—Boltzmann constant, o = 5.67 X 1078 Wm=2 K4, and G, 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, o 1., is calculated as:

N, :
_ Zz:l ./year Qi,netdt (6)
ntot,rec = Na—

Zz:l /year Qi,recdt

Solar-to-thermal efficiency. Instantaneous solar-to-thermal efficiency, 7., is defined as the
ratio of the total radiative power absorbed by the multi-aperture receiver, Qo net> t0 Of max-

N, /;
n Qtot net _ Z,‘;] Qi,net (7)
-t = =
" Of max GnpAp
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Annual solar-to-thermal efficiency, 7, is defined as the ratio of the total radiative energy
absorbed in the receiver to QO ..« integrated for a year,

N, ;
_ _ _ Zi:l ./year Qi,netdt (8)
Ms-t = Mot.optMtot,rec AL Gdr
year
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, 7, is defined as the ratio
of the system annual exergy output to Qf’max integrated for a year. 7, is equal to the annual
solar-to-thermal efficiency multiplied by the Carnot efficiency.

Msx = NsTCarnot = f]s.t(l - ;0 ) 9)

rec
where T 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, 6s (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. N, = 1, positioned at different directions around the tower. No trimming of low-efficiency
heliostats, i.e. iy = 0, is applied for the parametric study conducted in this section. In Fig. 3(b),
we exhibits the annual overall optical efficiency, 7,4 op» annual solar-to-thermal efficiency, 7, and
net receiver power, Qo net for CRSs with selected ¢ 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 (6f = 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, N, 6

Tower height, i 250 m

Heliostat surface area, Ay, 100 m2

CPC acceptance angle, Ocpc 30°

CPC entry aperture radius, rcpc Sm

CPC axis tilt angle, acpc 45°

Reflectance of heliostat and CPC surfaces, py, and pcpc 0.9 and 0.95
Slope error of heliostat and CPC surfaces, o, and ocpc 1.5 and 0.5 mrad
Optical efficiency trimming threshold, 77, 0.6

worst performance is found at 6y = 180° and yields 9.3 MW (1.8%) lower Q,(, 8.1% lower Topts
and 7.9% lower 7 than the optimal field with 8r = 0°.

Cosine effect is the main reason for causing the performance difference between CRSs of
different 05 [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 6am, 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.
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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, 77y, opt» in an example CRS of 8¢ = 60° and (b) annual overall optical efficiency,
Mot,opt> annual solar-to-thermal efficiency, 7., and net receiver power, Ohet» for CRSs of
selected 0 varying from 0° to 330° in 30° increments and an assumed receiver temperature
of 1600 K.

For CRSs with the same number of apertures, N,, different angles between two adjacent
sub-fields, 3, can be applied, resulting in different heliostat sub-field geometrical configurations.
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Fig. 4. Cosine efficiency maps for three example solar hours of the autumn equinox day: (a)
6 am, (b) 9am and (c) 12 pm. The tower is located at the origin point.

Figure 5 shows heliostat field layouts of CRSs with selected N, of 4, 6, 8, and 8 of 20°, 30°, 45°,
60°, 90°. The maximum possible g for CRSs with N, 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 7or,0pt, instantaneous solar-to-thermal
efficiency 7., and Oy ner, Of €ach 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.

B=20° B=30° B=45° B=60° B=90°

0.2

Fig. 5. Configurations of heliostat sub-fields for central receiver systems with selected
numbers of apertures, N, = 4, 6, 8, and angles between sub-fields, 8 = 20°,30°,45°,60°,90°.
The color scale indicates the instantaneous (at autumn equinox noon) overall optical efficiency
of each heliostat, 17y op¢. Other parameters are taken as the parameter set in Table 2.
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Fig. 6. Optical and energetic performance of the systems shown in Fig. 5, characterized
by (a) instantaneous overall optical efficiency, Niot,opt, (b) instantaneous solar-to-thermal
efficiency, ns., and (c) net receiver power, Qo net» for selected numbers of apertures, N,
of 4, 6 and 8, and sub-field angles S in the range of 20-90°. The receiver temperature is
assumed as 1200 K.

According to Fig. 5, when the sub-field angle £ 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, noopt decreases and th,net increases for a larger 5. CRSs with a larger 8
offer higher 7., 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 7ot,0pt and 77 and the
increase in Qo e are observed for increasing N, from four to six. However, the further increase
of N, from six to eight results in reduced Qtot,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 S for each N, 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 N, and .

For the maximum S, 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 8 of 90°, 60° and 45° are employed for N, of 4, 6 and 8, respectively.

For N, = 1, the field is placed to the south of the tower. For N, = 2, 3 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 N, = 4, 6, 8 for the maximized 7}, are found to be:

he =250 m, Ocpc = 30°, 17 = 0.6, and f; = 0.9. Figure 8 shows the geometrical configurations
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Fig. 7. Two configurations of heliostat sub-fields for systems with selected numbers of
apertures, N, = 4, 6, 8: Layout 1 and 2. The color scale indicates the instantaneous (at
autumn equinox noon) overall optical efficiency of each heliostat, n 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 7, and thynet
calculated for all simulated CRSs with selected N, of 1, 2, 4, 6, 8 and T}, of 800K, 1200 K and
1600 K. To determine the Pareto front, le,net is uniformly discretized and the Pareto front is
selected as the cases leading to the maximum 7, among all cases within each discretized interval
of Qtot,net. Figure 10 shows the maximum annual solar-to-thermal efficiency, 7 .- and the
maximum annual solar-to-exergy efficiency, 7 x max» for CRSs with selected N, = 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 Q. increases dramatically for N, increased from 1 to 4.
However, no significant improvement of Oy ,,¢¢ is found by further increasing N, over 4.

The maximum 7., decreases with an increasing N,, 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 T;. = 1600 K and N, = 4, 6, 8, the maximum 77
of approximately 0.44, 0.438, 0.42, respectively, are obtained where Q,., is approximately
150 MW.

According to Fig. 9, CRSs with N, = 4 and 6 offer close performance, while CRSs with
N, = 8 yield lower 77, ;. The difference of 7, between CRSs with N, = 6 and 8 increases
for a higher Tiec.
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* 7 and Qtot,net decrease as T increases as a result of higher receiver emission losses.
The benefits of high-temperature receivers are manifested in higher annual solar-to-exergy
efficiency, 7., (see Fig. 10(b)), the maximum values of which peak at Tr.. of about
1100-1200 K depending on the implemented N,.

* According to Fig. 10(b), the optimum temperatures for the maximized 7, differ for
selected N, and slightly decrease with an increasing N,.
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Fig. 8. Heliostat field layouts of the optimized solar central receiver systems with selected
numbers of apertures N, of (a) 4, (b) 6, and (c) 8. The color scale indicates the instantaneous
(at autumn equinox noon) overall optical efficiency of each heliostat, 77y gpt-
(a) 0.7 (b)0.7 (c) 0.7
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Fig. 9. The Pareto front of annual solar-to-thermal efficiency 7, and net receiver power
th‘net for all simulated systems with selected numbers of apertures, N, of 1, 2, 4, 6, 8, and
selected receiver temperatures T 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 7}, and Qtot’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.



Research Article Vol. 28, No. 25/7 December 2020/ Optics Express 37665 |

Optics EXPRESS 7 N

0.4

—#— N, =2
0.3 o— N, =4
—a— N, =6
—A—N, =38

0.3 0.25
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800

Trec (K) TI'GC (K)

Fig. 10. The maximum (a) annual solar-to-thermal efficiency, i ( max» and (b) annual
solar-to-exergy efficiency, 7y max» Of systems with selected numbers of apertures, Ny 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, N, 1,2,4,6,8
Tower height, A 90, 130, 170, 210, 250 m
CPC acceptance angle, Ocpc 30°, 40°, 50°, 60°, 70°
Optical efficiency trimming threshold, 77, 0.2,0.3,04,0.5,0.6,0.7
Parameters determining CPC entry aperture radius, f, 0.7, 0.8, 0.9, 0.95, 0.99
(a) 0.5 160 (b)0.5 160
0.45 120 0.4 120
. . 3
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Fig. 11. Effects of heliostat and CPC surface (a) reflectance, p, and pcpc, and (b) slope
error, 0y, and ocpc, on annual solar-to-thermal efficiency, 7., and net receiver power,
th,net, for the baseline system with parameters as in Table 2.



Research Article Vol. 28, No. 25/7 December 2020/ Optics Express 37666 |
Optics EXPRESS A N \

Based on Fig. 11(a), with the increase of heliostat surface reflectance from 0.7 to 0.95, 7, and
th,nel 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, py,, than the reflectance of the CPC surface, pcpc. According to Fig. 11(b), the increase
of heliostat surface slope error oy, from 0.5 mrad to 5.5 mrad leads to a significant drop of th’net
and 7., 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 ocpc 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.

Funding
Australian Renewable Energy Agency (2014/RNDO00S).

Acknowledgments

The financial support from the Australian Renewable Energy Agency (grant no 2014/RND00S)
is gratefully acknowledged. This research was undertaken with the assitance of resources
and services from the National Computational Infrastructure (NCI), which is supported by the
Australian Government.

Disclosures

The authors declare no conflicts of interest.



Optics EXPRESS

References

1.

18.
19.

20.
. J. Mucci, “Khi Solar One project review and economic analysis,” Master’s thesis, Universidad de Oviedo (2015).
22.
23.
24,
25.

26.
27.

28

3

—

32.

M. Romero and A. Steinfeld, “Concentrating solar thermal power and thermochemical fuels,” Energy Environ. Sci.
5(11), 9234-9245 (2012).

R. Bader and W. Lipifiski, “Solar thermal processing,” in Advances in Concentrating Solar Thermal Research and
Technology, M. Blanco and L. Santigosa, eds. (Woodhead Publishing, 2017), Woodhead Publishing Series in Energy,
pp. 403-459.

G. Levéque, R. Bader, W. Lipinski, and S. Haussener, “High-flux optical systems for solar thermochemistry,” Sol.
Energy 156, 133-148 (2017).

A. Carrillo, J. Gonzéilez-Aguilar, M. Romero, and J. Coronado, “Solar energy on demand: A review on high
temperature thermochemical heat storage systems and materials,” Chem. Rev. 119(7), 4777-4816 (2019).

M. Mehos, C. Turchi, J. Vidal, M. Wagner, Z. Ma, C. Ho, W. Kolb, C. Andraka, and A. Kruizenga, “Concentrating solar
power Gen3 demonstration roadmap,” Tech. Rep. NREL/TP-5500-67464, National Renewable Energy Laboratories,
Golden, CO (2017).

C. Ho and B. Iverson, “Review of high-temperature central receiver designs for concentrating solar power,” Renewable
Sustainable Energy Rev. 29, 835-846 (2014).

M. Sedighi, R. Padilla, R. Taylor, M. Lake, I. Izadgoshasb, and A. Rose, “High-temperature, point-focus, pressurised
gas-phase solar receivers: A comprehensive review,” Energy Convers. Manage. 185, 678-717 (2019).

J. Gordon and H. Ries, “Tailored edge-ray concentrators as ideal second stages for Fresnel reflectors,” Appl. Opt.
32(13), 2243-2251 (1993).

A. Kribus, M. Huleihil, A. Timinger, and R. Ben-Mair, “Performance of a rectangular secondary concentrator with
an asymmetric heliostat field,” Sol. Energy 69(2), 139-151 (2000).

. M. Schmitz, T. Cooper, G. Ambrosetti, and A. Steinfeld, “Two-stage solar concentrators based on parabolic troughs:

asymmetric versus symmetric designs,” Appl. Opt. 54(33), 9709-9721 (2015).

. F. Didhler, M. Wild, R. Schippi, P. Haueter, T. Cooper, P. Good, C. Larrea, M. Schmitz, P. Furler, and A. Steinfeld,

“Optical design and experimental characterization of a solar concentrating dish system for fuel production via
thermochemical redox cycles,” Sol. Energy 170, 568-575 (2018).

. R. Winston, J. Mifano, and P. Benitez, Nonimaging Optics (Elsevier, 2005).
. W. Chueh, C. Falter, M. Abbott, D. Scipio, P. Furler, S. Haile, and A. Steinfeld, “High-flux solar-driven thermochemical

dissociation of CO; and H,O using nonstoichiometric ceria,” Science 330(6012), 1797-1801 (2010).

. L. Li, J. Coventry, R. Bader, J. Pye, and W. Lipinski, “Optics of solar central receiver systems: A review,” Opt.

Express 24(14), A985-A1007 (2016).

. L. Li, B. Wang, J. Pottas, and W. Lipinski, “Design of a compound parabolic concentrator for a multi-source high-flux

solar simulator,” Sol. Energy 183, 805-811 (2019).

. B. Wang, L. Li, J. Pottas, R. Bader, P. Kreider, V. Wheeler, and W. Lipinski, “Thermal model of a solar thermochemical

reactor for metal oxide reduction,” J. Sol. Energy Eng. 142(5), 051002 (2020).

. L. Li, B. Wang, J. Pye, and W. Lipinski, “Temperature-based optical design, optimization and economics of solar

polar-field central receiver sytems with an optional compound parabolic concentrator,” Sol. Energy 206, 1018-1032
(2020).

Gas Turbine World, Gas Turbine World 2019 GTW Handbook (2019).

R. Bader, K. Urkalan, J. Jordan, and K. Lovegrove, “Techno-economic analysis of a solar driven combined power
cycle power system with thermochemical energy storage,” Tech. Rep. ITP/A0164, ITP Thermal Pty Limited, Canberra,
Australia (2019).

P. Schramek and D. Mills, “Multi-tower solar array,” Sol. Energy 75(3), 249-260 (2003).

M. Schmitz, P. Schwarzbozl, R. Buck, and R. Pitz-Paal, “Assessment of the potential improvement due to multiple
apertures in central receiver systems with secondary concentrators,” Sol. Energy 80(1), 111-120 (2006).

R. Pitz-Paal, N. Botero, and A. Steinfeld, “Heliostat field layout optimization for high-temperature solar thermochem-
ical processing,” Sol. Energy 85(2), 334-343 (2011).

D. Buie, A. Monger, and C. Dey, “Sunshape distributions for terrestrial solar simulations,” Sol. Energy 74(2),
113-122 (2003).

R. Bader, S. Haussener, and W. Lipinski, “Optical design of multisource high-flux solar simulators,” J. Sol. Energy
Eng. 137(2), 021012 (2015).

F. Collado and J. Guallar, “Campo: Generation of regular heliostat fields,” Renewable Energy 46, 49-59 (2012).
L. Li, S. Yang, B. Wang, J. Pye, and W. Lipinski, “Optical analysis of a solar thermochemical system with a rotating
tower reflector and a multi-receiver array,” Opt. Express 28(13), 19429-19445 (2020).

. M. Modest, Radiative Heat Transfer (Academic, 2013), 3rd ed.
. P. Ineichen, “A broadband simplified version of the Solis clear sky model,” Sol. Energy 82(8), 758-762 (2008).
30.

V. Grigoriev, C. Corsi, and M. Blanco, “Fourier sampling of sun path for applications in solar energy,” in AIP
Conference Proceedings, vol. 1734 (2016), p. 020008.

. W. Press, S. Teukolsky, W. Vetterling, B. Flannery, and M. Metcalf, Numerical Recipes in Fortran 90: The Art of

Parallel Scientific Computing, Volume 2 of Fortran Numerical Recipes (Cambridge University, 1996).
L. Li, B. Wang, R. Bader, J. Zapata, and W. Lipiriski, “Reflective optics for redirecting convergent radiative beams in
concentrating solar applications,” Sol. Energy 191, 707-718 (2019).


https://doi.org/10.1039/c2ee21275g
https://doi.org/10.1016/j.solener.2017.07.046
https://doi.org/10.1016/j.solener.2017.07.046
https://doi.org/10.1021/acs.chemrev.8b00315
https://doi.org/10.1016/j.rser.2013.08.099
https://doi.org/10.1016/j.rser.2013.08.099
https://doi.org/10.1016/j.enconman.2019.02.020
https://doi.org/10.1364/AO.32.002243
https://doi.org/10.1016/S0038-092X(00)00046-3
https://doi.org/10.1364/AO.54.009709
https://doi.org/10.1016/j.solener.2018.05.085
https://doi.org/10.1126/science.1197834
https://doi.org/10.1364/OE.24.00A985
https://doi.org/10.1364/OE.24.00A985
https://doi.org/10.1016/j.solener.2019.03.017
https://doi.org/10.1115/1.4046229
https://doi.org/10.1016/j.solener.2020.05.088
https://doi.org/10.1016/j.solener.2003.07.004
https://doi.org/10.1016/j.solener.2005.02.012
https://doi.org/10.1016/j.solener.2010.11.018
https://doi.org/10.1016/S0038-092X(03)00125-7
https://doi.org/10.1115/1.4028702
https://doi.org/10.1115/1.4028702
https://doi.org/10.1016/j.renene.2012.03.011
https://doi.org/10.1364/OE.389924
https://doi.org/10.1016/j.solener.2008.02.009
https://doi.org/10.1016/j.solener.2019.08.077

Vol. 28, No. 25/7 December 2020/ Optics Express 37668 |
Optics EXPRESS -y

33. M. Dunham, R. Kasetty, A. Mathur, and W. Lipisiski, “Optical analysis of a heliostat array with linked tracking,” J.
Sol. Energy Eng. 135(3), 034501 (2013).

34. E. Fletcher and R. Moen, “Hydrogen and oxygen from water,” Science 197(4308), 1050-1056 (1977).
35. J. Duffie and W. Beckman, Solar Engineering of Thermal Processes (John Wiley & Sons, 2013), 4th ed.


https://doi.org/10.1115/1.4023593
https://doi.org/10.1115/1.4023593
https://doi.org/10.1126/science.197.4308.1050

