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Abstract: Measuring solar flux distribution (also called flux mapping) of a large receiver is quite
challenging. Lunar flux mapping measures the illuminance distribution on the receiver aperture and
the direct normal lunar illuminance during moonlight concentration experiments to determine the
concentration ratio distribution (CRD). This paper presents a new lunar flux mapping model to
extend the applicability to parts of the lunar cycle where the moon is not full. A dish concentrator
with a similar concentration ratio to a tower concentrator was built in Beijing and used for lunar flux
mapping experiments. A general method of backward ray tracing with effective sun/moon shapes for
simulation of CRD is developed. The moonshape image and the normalized error image are
convolved in two dimensions using the Fast Fourier Transform to give the effective moon shape
image. Several optical simulations and moonlight concentration measurements on the concentrator
show good similarity in the effects of changes in light source shape between solar and lunar CRD
images. This model recognizes the potential of a solar concentrator to enhance the similarity between
the solar CRD and a lunar CRD and that the residual differences can be compensated to some extent
by using the smoothing filtering of the lunar CRD image to approximate the expected solar CRD
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image. The cosine similarity between lunar and solar CRDs is a function of the cosine similarity
between the corresponding light source shapes, which can be derived from the dish concentrator and
shows promise for application to a large solar tower system.

Keywords: solar tower concentrator; moonlight concentration; flux mapping; solar dish;
concentration ratio distribution; smoothing filter; cosine similarity

1. Introduction

A large number of heliostats in the solar field of a solar thermal tower power plant concentrate
sunlight onto the receiver on the tower, together forming a high-intensity, high-temperature,
non-uniform energy flux distribution on the aperture of the receiver. The energy flux density
distribution changes continually with time. The aperture is the natural interface of energy flow
between the solar field and the receiver. For experimental evaluation of the optical efficiency of the
solar field and the thermal efficiency of the receiver, optimization of the aiming strategy of each
heliostat, control of flux distribution on the receiver surface, and the dynamic adjustment of the
operation strategy of the receiver, it is necessary to measure the concentrated solar flux density
distribution on the receiver aperture. However, measuring the flux on a large receiver in a practical
solar tower power plant is challenging, because of the extreme conditions mentioned above.
Ballestrin et al. gave a good summary of heat flux measurement technologies for concentrating solar
power as a book chapter [1].

Many measuring methods of the concentrated solar flux density distribution have been reported
in recent decades. Generally, the measuring methods can be divided into three categories: direct,
indirect, and other methods. Direct measurement refers to the use of an array of heat flux sensors.
This has high measurement accuracy but low spatial resolution. Indirect measurement refers to the
use of a camera and a diffuse reflection target. The spatial resolution of the indirect measurement is
high, but the accuracy of the energy flux value is low.

Water-cooled heat flux gauges were installed in an array on the inside wall of the cavity receiver
of the PS-10 solar tower power plant, and the concentrated solar flux density distribution was
directly measured [2]. There are good pratical examples of the direct measurement method for solar
flux mapping on small central receivers with stationary or scanning heat flux sensors [3—-6]. The
spatial resolution of the measured solar flux distribution was then enhanced by interpolation. Using a
moving array of sensors in the direct measuring method increases the mechanical complexity of the
system. The typical indirect measurement method is the camera-target method, which usually uses a
moving white board to diffusely reflect the concentrated solar beam, a CCD camera in the heliostat
field to capture the concentrated solar images, and one or two reference heat flux sensors to calibrate
the measurements from gray image to flux image [7—10]. Réger et al. [11] summarized the existing
direct and indirect moving bar techniques. They presented a new measurement-supported optical
simulation technique, which depended on accurate evaluation of the reflectivity distribution over the
receiver surface, and mirror surface measurements for ray tracing. Ho et al. [12—14] developed the
flux mapping method of PHLUX (Photographic Flux mapping) for external central receivers. It only
took images of the sun and the concentrated solar image on the receiver surface using the same
camera settings. The pixel grey values of the shot images were calibrated to the flux density using
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the direct normal solar irradiance (DNI), and the solar flux distribution was obtained. Xiao et al. [15]
repeated the flux mapping method of PHLUX and conducted experiments on a mirror facet on a
rooftop. PHLUX still needs accurate reflectivity distribution of the receiver surface. As experiments
show, when the heliostat field concentrates the sun lights onto the receiver aperture with one aiming
point only, the concentrated solar flux density distribution is always close to an elliptical-Gaussian
distribution. So the authors [16] have proposed a radical imaging (mapping) method of solar flux
density over the large receiver aperture from the measured flux density values from the sensors on
the aperture boundaries using the boundary interpolation reconstruction technique. When the
heliostats in the field track the sun with multiple aim points on the receiver aperture, or the
concentrated solar flux density distribution much a bit deviates from an elliptical-Gaussian
distribution, the flux density distribution should be estimated by optical modeling and best fitted with
a mixture of several bivariate functions which are suitable for interpolation reconstruction. Thus, the
flux density distribution for each component function can be reconstructed separately. The sum of the
reconstructed flux density distributions gives the total flux density distribution on the receiver
aperture. But in practice, it is too hard, and more information is needed due to the limited boundary
measurements with relatively large measurement errors and the irregular patterns of flux density
distribution. For the initial evaluation of the concentration of the entire heliostat field, some
moonlight concentration tests of the heliostat field can be carried out on some clear nights, following
the working modes in the daytime. Then some typical concentrated solar flux density distributions
are directly measured, combining with DNI data.

Moonlight experiments on solar facilities are not new. There were some related studies on
optical performances of point-focusing solar collectors in clear full moon nights in the past few
decades. Since the moon subtends approximately the same angle as the sun, the camera-target flux
mapping using the full moon as the light source, rather than the sun, was often used to evaluate the
optical quality of solar concentrators. Hisada et al. [17] at Nagoya Municipal Industrial Research
Institute (NMIRI) studied the moonlight concentration of the solar furnace in a full moon night to
figure out the optical accuracy of the mirror surface. The moonlight concentration was carried out on
May 7th of 1980; 205 heliostats of the Central Receiver Test Facility of SNL were orderly operated to
concentrate moonlight onto the white target of the BCS for mirror facet canting of the heliostats [18].
Moonlight experiments were also performed at the THEMIS solar power plant to evaluate the optical
defects of the mirrors and not predict solar flux mapping [19]. Full moon flux mapping was used to
characterize the ANU 400 m? "Big Dish" solar concentrator [20]. Lunar flux mapping was also
utilized on the PETAL 400 m? dish at Ben-Gurion University, Sede Boger Campus, Israel [21]. They
found good agreement between the compound flux distribution calculated from the individual panel
measurements and the expected solar flux distribution calculated from the moon flux maps. On Sept.
4th of 2009, the full moon flux mapping was applied on the 500 m?> "Big Dish" to evaluate the
optical errors at the Australian National University, Canberra, Australia [22]. For investigating the
optical error parameters, Blazquez et al. [23] carried out the moonlight concentration tests on the
DS1 solar dish of the SOLARDIS project in Spain on July 23rd of 2014. Experimental flux
distributions were measured during a full moon night with 30 heliostats on THEMIS solar tower to
validate the optical simulation model and the optimized aiming point strategy [24]. Moonlight
concentration experiments were carried out at the Badaling Solar Tower Power Plant in Beijing on
the full moon night of Sept. 24th, 2018 [25,26]. That method measured illuminance distribution on
the receiver aperture using a stationary array of illuminometers and the direct normal lunar
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illuminance (DNImoon) using a reference illuminometer on the dual-axis moon tracker. The
concentrated solar flux density F(x, y) could be obtained by

F(x,y) = CR(x,y)sun*DNIsun = CR(x,y)moon*DNIsun,

using the assumption that the lunar concentration ratio distribution be equal to the solar concentration
ratio distribution, i.e.,

CR(x,y)sun = CR(x,y)moon = I(x,y)/DNImoon,

where I(x,y) is the illuminance distribution.

In reality, the ideal case of CR(x,y)sun = CR(x,y)moon should not hold. The non radial
symetrysse and the difference between the spetra of sunlight and moonlight limit attempts to
correlate the lunar illuminance to the solar flux at any given point in the flux distribution. Moreover,
the periodical chang of moon shape with the phase of the moon and the very few clear full moon
nights limit the broad application of lunar flux mapping to a central receiver system for indirect solar
flux measurements.

The above solar flux mapping and full-moon light concentration activities are summarized in
Table 1. The moonlight concentration experiments were all conducted on point-focusing solar
concentrators (solar dish concentrator, solar furnace, or central receiver system), either for the
purpose of indirect flux measurement or for investigating the optical errors of mirrors. Although
moonlight concentration activities have a long history, the indirect methods of moonlight flux
mapping for a heliostat field are still immature due to the few days available in a month when the
phase of the moon is greater than 95%.

Table 1. Flux mapping research and moonlight concentration experiments on
point-focusing solar concentrators.

Flux measurement activities Published year Research unit Motivation Light source
Summary of heat flux measurement CIEMAT-PSA, Spain;
] 2012 ) Summary Sun/noon
and flux mapping systems [1] ANU, Australia
Heat flux gauges used on the receiver i Direct flux
2006 Abengoa, Spain sun
of PS10 solar tower plant [2] measurement
MDF system (moving bar with eight )
. . . Direct flux
calorimeters) on the receiver of 2002 CIEMAT-PSA, Spain sun
measurement
SSPS-CRS tower [3]
Hybrid heat flux measurement system . "Direct + indirect"
) 2004 CIEMAT-PSA, Spain sun
on the receiver of SSPS-CRS tower [4] flux measurement
Improved MDF (moving bar with eight )
. ] . Direct flux
radiometers) on the receiver of 2010 CIEMAT-PSA, Spain sun
measurement
SSPS-CRS tower [5]
) . Comparing direct &
Hybrid flux measurement on receiver ) o
2013 CIEMAT-PSA, Spain  indirect flux sun
of SSPS-CRS tower [6]
measurements

Continued on next page
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Flux measurement activities Published year Research unit Motivation Light source
PROHERMES measures solar flux on
solar tower receivers with a white ) Indirect flux
. 1999 CIEMAT-PSA, Spain sun
rotating bar as the target and a measurement
CCD-camera taking images [7]
PROHERMES used on REFOS testbed 2000 DLR-PSA, Spain; Indirect flux
sun
on solar tower of SSPS-CRS [8] CIEMAT-PSA, Spain ~ measurements
PROHERMES used in REFOS project .
. . . . Indirect flux
testing a pressurized volumetric air 2000 PSA, Spain sun
. measurement
receiver [9]
Calibrations of PROHERMES ) )
) . PSA, Spain; DLR, Indirect flux
measurement done with commercial 2004 sun
German measurements
flux gauges [10]
Summarized direct/indirect techniques . Comparing direct &
. . PSA, Spain; DLR, L
and presented a new simulation 2011 indirect flux sun
. German
technique [11] measurement
PHLUX (Photographic Flux mappin Indirect flux
( grap . pping) 2011 SNL, USA sun
for external central receivers [12—14] measurement
) ) Indirect flux
Repeated PHLUX on a heliostat [15] 2015 CIOMP-CAS, China sun
measurement
New flux mapping method for large .
. . . Direct flux
receiver aperture using boundary 2011 IEE-CAS, China sun
. . . measurement
interpolation reconstruction [16]
Studied moonlight concentration of the Indirect flux
1957 NMIRI, Japan full moon
solar furnace [17] measurement
Moonlight concentration on heliostats Mirror canting of
. . 1982 SNL, USA . full moon
of Central-Receiver Test Facility [18] heliostats
) ) Evaluate optical
Moonlight concentration performed at .
1989 PROMES, France defects of heliostat full moon
THEMIS solar power plant [19] .
mirrors
Full moon flux mapping to characterize . Indirect flux
) 2004 ANU, Australia full moon
ANU 400 m? dish [20] measurement
Lunar flux mapping on PETAL400 m? Ben-Gurion Indirect flux
. 2004 . . full moon
dish [21] University, Israel measurement
Full moon flux mapping to characterize . Indirect flux
. 2011 ANU, Australia full moon
ANU 500 m? dish [22] measurement
) ) ) Determination of
Moonlight concentration tests on DS1 SOLARDIS project, .
] 2015 ] optical error full moon
dish [23] Spain
parameters
Full moon flux mapping at THEMIS Indirect flux
2013 PROMES, France full moon
solar power plant [24] measurement
Moonlight concentration experiments . Indirect flux
2019 IEECAS, China full moon

at Badaling Solar Tower [25,26]

measurement
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To increase the usefulness of lunar flux mapping of the heliostat field, a new mechod is
developed to allow more moon phases to be used. i.e. the phases between half and full moon, not
only the full moon.

In this work we present a novel approach to convert lunar concentration ratio maps to a solar
concentration ratio map for different moon phases/shapes. Since a solar dish and solar tower are
point-focusing systems and the optical concentration of the dish concentrator is more stable and
straightforward, a dish concentrator is preferable for this work. The dish can be used to investigate
how the moon shapes affect the brightness distribution on the focal region of a given point-focusing
solar concentrator, and the application of the method can later be extended to include lunar flux
mapping of a central receiver system, and properly convert a lunar concentration ratio distribution to
the corresponding solar concentration ratio distribution(CRD).

2. New lunar flux mapping model

This approach assumes that the solar/lunar CRDs of a point-focusing solar concentrator have
similar distribution for the same orientation geometry of the light source and the concentrator.
However, the differences are considered and recognized. Initially, we set

CRsun(x: y) = CRmoon(x; y) ‘T (x,y) (1

Here, T;(x,y) is the correction function from CR,;00n (X, V) t0 CRgyn(x,¥).

The cosine similarity between the solar CRD and a lunar CRD should be some function of the
cosine similarity between the sun shape (solar brightness distribution) and that moon shape (noon
brightness distribution). Cosine similarity is a measure of similarity between two non-zero vectors,
independent of their magnitude. It is defined as the inner product of the two vectors normalized to
both have length 1 [27]. We take the matrix of a concentration ratio image or the brightness
distribution of the light source after discretization as a vector. Thus, the cosine similarity between the
solar CRD and a lunar CRD is defined as

Zx, CRsun(%,y)-CRmoon(x,y)
z (2)

Teos (CRsun (x, }7), CRmoon (x, y)) =
[Zxy CREun ey (L CREo0n ()

The cosine similarity between the sun shape and a moon shape is defined as

Zx,y Bsun(%,¥)'Bmoon(x,y)
(3)
[Zxy Baun(x) [Zxy Bhroon ()

Teos (Bsun(x: Y), Broon (x, y)) =

Here, 7:0s(CRsyn, CRmoon) and 7os(Bsyn, Bmoon) are within the range from 0 to 1.

The function relationship from the cosine similarity between light sources to the cosine
similarity between the concentration ratios, derived from a well understood solar dish, is the hope of
this lunar flux mapping model for a large solar tower system.

A solar tower or a solar dish as a point-focusing optical concentrator can can be treated as a an
optical signal processing system. The solar flux concentration image is a transfer function of the the
sun shape input . Using an input of the moon shape corresponding to different moon phases produces
different lunar flux concentration images. The full moon shape is the closest to the circular
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symmetric sun shape. The cosine similarity between the sun shape (solar brightness distribution) and
the moon shape is reduced as the fraction of moon shape is reduced. The solar concentrator has the
potential to enhance the cosine similarity between the solar concentration ratio image and a lunar
concentration ratio image, and the residual differences can be compensated by using a smoothing
filter on the lunar concentration ratio images to approximate the solar concentration ratio image. A
smoothing filter can improve the cosine similarity between the solar concentration ratio image and a
lunar concentration ratio image. Thus, the smaller cosine similarity between the sun shape and the
moon shape requires more smooth filtering of the lunar concentration ratio image to match the solar
concentration ratio image. The principle of this flux mapping model is illustrated in Figures 1 and 2
below, which clearly shows how to convert a lunar CRD to the corresponding solar CRD for a solar

concentrator by several rounds of smooth filtering.

Light source Concentrator
|I‘ ‘IIII
I \
----------------------------------- -
moon |
| |
| |
| [l
Low '
similarity replace Improving similarity

Flux image

smooth filtering

High
similarity

Figure 1. The principle of this lunar flux mapping model to estimate the CRD of a
point-focusing solar concentrator, recognizing the potential of a solar concentrator to
enhance the similarity between the solar concentration ratio image and a lunar
concentration ratio image and that the residual differences can be compensated by
applying a smoothing filter to a lunar concentration ratio image so that it matches the

solar concentration ratio image.

AIMS Energy

Volume 9, Issue 4, 727-754.
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Figure 2. The principle of this lunar flux mapping model: (a) the cosine similarity
between the solar concentration ratio image and a lunar concentration ratio image should
be some function of the cosine similarity between the sun shape and that moon shape; (b)
smoothing filtering is used to improve the cosine similarity between the solar
concentration ratio image and a lunar concentration ratio image, and the times of smooth
filtering 1s determined to approximate the cosine similarity between the solar
concentration ratio image and the lunar concentration ratio image.

Since the filtering process can be expressed by convolution in mathematics, Eq (1) is rewritten
as

CRsun(x: y) = CRmoon(x' y)®T2 ) 4)

The simplest smooth filtering of a discrete digital image uses the 3 x 3 mask of average filter,
1 1 1
M=|1 1 1{/9,
1 1 1
1e.,

CRmoon(x' y)®M = [CRmoon(x _A:y _A) + CRmoon(x:y _A) + CRmoon(x +A;y _A) +
CRmoon(x —A, y) + CRmoon(x; y) + CRmoon(x +A, y) + CRmoon(x _A:y +A) + CRmoon(x:y +
A) + CRmoon]/g-

Here A is the pixel size of the image CR,;00n(x,y). Two times of smooth filter is
T(2) = MM
and N times of smoothing filter is expressed as

T(N) = MQM® -+ M.
N

Thus, based on Eq (4), N times of smoothing filtering of a digital lunar concentration ratio
image to approximate the solar concentration ratio image can be rewritten as

CRsun(x: y) =c- CRmoon(x; y)®T(N) (5)
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Here, the coefficient ¢ is a scalar reserved for the final modulation of the smoothed concentration
ratio image. Equation (5) is an excellent approximative solution of Eq (1) regarding the transfer
function Ty (x,y) and the T;(x,y) is specified as the combination form of scalar ¢ and digital
convolution operations.

3. Ray tracing for simulation of solar/lunar CR distribution
3.1. Backward ray tracing with effective moon shapes

The authors previous work shows the geometry and the formula for calculating concentrated
solar flux density using backward ray tracing (BRT) with effective circular symmetric sun shape [29].
The backward ray tracing is modified with effective sun/moon shapes to simulate the concentration
ratio distribution. The effective moon shape, or brightness distribution, is the convolution of the
actual moon shape and the mirror optical errors. This optical simulation method is generalized for
various circular and noncircular moon shapes. The brightness distribution of the moon is normalized
to one for integration.

5 é, =(0,0,1)

Brightness of effective

\'T]-(x-,yj,zj)
ry solar/lunar cone
T sy r
IS N D. R @y BﬂNz..A
i ! e ey Moon shape
“--.._‘____7_‘
@ Fi'f

coordinate system

7 Target

rf 3
surface T}
w
//ﬁ
[T
v Height
. Mirror
£ surface 1

/

North
+ /D

Figure 3. The geometry and principle of the BRT with effective moon shapes, target
surface gridding, and the arbitrary mirror surface meshing for simulation of CRD on the
target surface.

In Figure 3, [O, North, East, Height] is the global coordinate system, S, is the unit light source
vector, Z is the target plane normal at the target center To, (x]-, Vi Zj) are the coordinates of point Tj
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in the target coordinate system [Ty, X,y,Z], p ; is the normal vector of the target surface at Tj, (u;, v;, w;)
are the coordinates of the center point M; of the i mirror surface element in the mirror surface
coordinate system [Mo,u,7,w], 7; is the mirror surface normal at the i mirror point Mi, -7; ; is the
unit vector of the backward ray from target point Tj to mirror point Mi, §; ; is the reflection unit
vector for -7; ; after being reflected at point Mi; the two-dimensional brightness distribution of the
effective moon can be denoted as ¢rr(ay, @;) with the unit of 1/(m?-sr) and the integration of
¢err(ay, ay) over the full solid angle equals 1/m?. a; and a, are the angular parameters for the
moon shape, and Bo denotes the moon center. [Bo,e;,e,] is the plane coordinate system for the moon
shape and [Bo,e;,e,, —S,] forms a left-handed three-dimensional Cartesian coordinate system. a is
the radial angular parameter of the moon image with a = \/af + 3. ¢; ; 1s the projection vector of
5;,; in the plane of [Bo,e;,e,] and cos(a;;) = (5;; - So).

The area of the i™ mirror surface element is denoted as A; and L; j 1s the slant distance from
point Tj (xj, Vi Zj) to point Mi(u;, v;, w;). Following the denotations in Figure 3, the concentration
ratio distribution, CR,,,0n (xj, yj), at the target surface point at Tj is numerically calculated as Eq (6).

N N N N N N A
(CRmoon (%, ¥;) = Zlct pmi - T - U(=7ij - B;) - (=70 85) - (7 - i) - Pepr(@nio @2i)
LJ
LifA>0
< U@)—{o,ifxso (©6)
Aiij = e éi,j' Arij = e, 5i,j;5i,j = §i,j - §0(§i,j : §0)
\ ey = (€9 X S0)/lleg X Soll, &, = &y X 50,5;; = 2(7;; - )0y — 73

Here, p,,; is the specular reflectance of the i mirror surface element, and 7; is the transmittance
of the receiving surface at Tj. 7; = 1, when the target plane has no window cover.

For a dual-axis tracking solar dish concentrator, it should be: S, =w = -z, which means the dish
concentrator is directly facing, and the target plane is exactly back facing to the sun or the moon.

For BRT with an effective moon shape, bundles of rays are fired at each target point of interest,
strike directly at all the geometric centers of the mirror elements of the meshed mirror surface, are
then backwardly reflected into the effective moon cone centered around the moon vector. All the
optical errors are convoluted into the effective moon cone. The total optical error cone is here
supposed to be circular Gaussian type (normal distribution).

3.2. Discrete effective moon shapes

Normalized discrete moon-shapes, d)moon(al,i, a; j), are created by using a CCD camera to

capture various moon images at night, digitally processing to find out the moon centers and the gray
centroids in the pictures and the pixel widths, and saving the the greyscale moon images as
numerical matrices. The discrete moon-shapes are normalized, i.e.,

1=3 i=1,2,-Ni;j=1,2,Nj ¢moon(a1,i' az,j)-

Figure 4 shows an un-normalized digital moon image to be used as the discrete moon shape,
with the pixel width dp = 4.5588 x 1072 mrad and image size Nj = Ni = 1025. Figure 11(b)
shows the horizontal and vertical profiles of the effective moon shape passing through the image
center (centroid). The biases of the image center (centroid) of this half-moon shape from the
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reference moon disk center are —0.4559 mrad in horizontal a; direction and 2.5529 mrad in vertical
a, direction. This bias is equivalent to some tracking error and affects the lunar concentration
distribution, so it should be considered carefully.

With the same pixel width dp and size (Nj X Ni) of the moon image, given the sigma value of
the circular Gaussian distribution, the discrete optical error cone is normalized and formulated as Eq (7)
below. Based on Eq (7) and corresponding to the size of the moon shape image in Figure 4, Figure 5

shows the normalized discrete circular Gaussian distribution of the total optical error cone, with the
sigma parameter of g,,, = 0.5 mrad.

a? +a?.
_ 1,itT%j
¢err (al,il a2,j) = exp (_ 252 )/VV@TT
err
2 2
_ ayi+az; 7
Werr = X i=1,2,-Ni;j=1,2,--Nj XD (__202 )
err

@y =dp- (i="57) a0y = dp- (j - 57)

2

o, [mrad]

ay [mrad]

Figure 4. The grayscale moon image by a CCD camera with a telephoto lens is

processed and then used as a Last Quarter moon shape model (not normalized yet) for the
light source.
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ay /mrad

oy /mrad

Figure 5. Normalized discrete optical error shape in a circular Gaussian distribution with
Oorr = 0.5 mrad.

A discrete effective moon shape is easily derived by two-dimensional convolution of the moon
shape image and the normalized error image using digital image processing methods, such as digital
filter, discrete convolution, and Fast Fourier Transform (FFT). The computation algorithm for the
normalized discrete effective moon shape is given below as Eq (8). The FFT of the two images can

implement the discrete convolution of two digital images and then the inverse FFT (IFFT) of the
product of FFT results.

j=12,- j=1,2,

(err(arpaz )Y e ={bmoon(@rsaz Yoy v @berr(ariaz N a ]

1=1,2,

,N
=IFFT<FFT({¢moon(a1‘i,a2])}i o Nl) FFT({¢err(a11a2])}{ o Nl’))

()

The derived discrete effective moon shapes are used of lunar CR distribution on the target plane
of a solar concentrator.

Based on Eq (8) and corresponding to Figures 4 and 5, Figure 6 shows the resulting discrete
effective moon shape (not normalized yet).

200 400 800 200 1000
i=1.2,,Ni

Figure 6. The discrete effective moon shape (not normalized yet) with the pixel width
dp = 4.5588 x 1072 and image size Nj = Ni = 1025.
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For general implemention of this BRT method with practical considerations, an effective moon
shape is discretely modeled as a matrix instead of an analytic function of two variables, and the
brightness value of ¢.sr(ay, ;) at the variable values of (@q,a;) is determined by some

two-dimensional interpolation from the discrete values ¢zf (“1,1" a j),i =12,--,Ni,j =
1,2,--+, Nj. The discrete effective-moon-shapes are normalized, i.e.,

1=% i=1,2,-Ni;j=1,2,-Nj cpeff(al,i' az,j)~

4. The solar dish concentrator and moonlight concentration experiments
4.1. The solar dish concentrator and the experimental setup

A parabolic solar dish concentrator was constructed in the heliostat field of the 1MW Badaling
solar tower power plant in Beijing, as shown in Figure 7. The outer diameter of the dish aperture is
about 3 m, the inner diameter is about 0.3 m, and its focal length is about 1.55 m. The concentrator
comprises 18 mirror facets in two rings, six facets for the inner ring, and 12 facets for the outer ring,
and the total mirror surface area is about 6.653 m?.

Figure 7. The experimental parabolic solar dish concentrator in Beijing.

The compound mirror surface of the dish concentrator was surveyed using a 3D laser scanner
with diffuse-reflective contrast power uniformly sprayed on the mirrors. As Figure 8 shows, the
scanned point cloud data of the mirror surface was edited by the free code MeshLab, a 3D mesh
processing software system. The uniform triangular mesh was generated for each mirror facet to use
the BRT with effective moon shapes. To adequately represent the profile shape of the entire mirror
surface, the area of each mirror surface element is about six mm?. The coordinates of the center of
each mirror surface element are taken as the centroid of the three corner nodes, i.c., the mirror
element center is calculated as the arithmetic mean of the three triangle corners. The normal vector
of the mirror element at the mirror element center is expressed as the plane normal of the triangle.
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(a) (b)

Figure 8. Onsite laser-scanned 3D point-cloud-data of mirror surface viewed and edited
by MeshLab; (a) plan view of the point cloud data after data trimming; (b) uniform
triangle mesh of a mirror facet after interpolation-resampling the mirror surface data.

A solar dish concentrator is naturally a dual-axis sun/moon tracker. For measuring the lunar
CRD on the target plane, the moonlight concentration test setup was built with some critical
measuring components, such as the reference weak-light illuminometer for measuring DNImoon, @
CCD camera with a telephoto lens for taking images of the moon in the sky, a sandwich-type target
complex, and a short focal length CCD camera for taking the concentrated lunar images on the white
front target, as Figure 9 shows. The sandwich-type target complex comprises the front
diffuse-reflective circular white target, six illuminometers in the middle layer, and the rear metal disk.
The six illuminometers are behind the six holes of the front target disk and fixed on the rear metal
disk, and the rear metal disk is mounted on the receiver supporting structure of the concentrator. The
optical axis of the concentrator connects the dish center and the target center, which is a reference
line to align all the measuring components. A hard paper tube was used on the reference
illuminometer probe to avoid the stray light and scattered light from the sky and the ambient.
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Figure 9. The moonlight concentration test setup on the dish concentrator with all the
measuring components being aligned along the axis of the concentrator; (a) a reference
illuminometer covered with a hard paper tube for measuring the direct normal
illuminance of the moonlight and a CCD camera with a telephoto lens was mounted on
the receiver supporting structure, and six illuminometers were compactly fixed on the
rear metal disk of the sandwich-like target complex before the front covering white target
disk being installed; (b) a short focal length CCD camera was mounted on the central
frame of the concentrator, facing the white target disk which has six holes made for the
six illuminometers behind.

4.2. The experimental results

Figure 4 above shows a Last Quarter moon image from the long-focal-length CCD camera to be
used as the discrete moon shape model, with the pixel width dp = 4.5588 X 10~ mrad and image
size Nj = Ni = 1025. The original half-moon image was taken on Sept. 21%, 2019. Figure 6 shows
the resulting discrete effective half-moon for the circular Gaussian error with the sigma parameter
value of 0.5 mrad. Similarly, Figure 10 shows a Waning Gibbous moon image from the
long-focal-length CCD camera used as the discrete moon shape. The original Waning Gibbous moon
image was taken on Sept. 17", 2019. Figure 11 shows the resulting discrete effective Waning
Gibbous moon shape (not normalized yet) with the same pixel width and image size. Figure 11(a) is
for the image of the effective Waning Gibbous moon shape, and Figure 11(b) especially shows the
horizontal and vertical profiles of the effective moon shape across through the image center (centroid).
Referencing to the moon disk center, the center of this Waning Gibbous moon shape (image center)
biases for —0.4103 mrad in horizontal a; direction and 0.7750 mrad in vertical a, direction. This
bias of the image centroid from the moon disk center is equivalent to some tracking error of the solar
dish, which affects the lunar concentration image, so it should be considered seriously.
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Figure 10. The gray-value moon image by a CCD camera with a telephoto lens is
processed and then used as a Waning Gibbous moon shape model (not normalized yet).
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Figure 11. The discrete effective Waning Gibbous moon shape (not normalized yet) with
the pixel width dp = 4.5588 x 102 mrad and image size Nj = Ni = 1025; (a) image
of an effective Waning Gibbous moon shape; (b) the horizontal and vertical profiles of
the effective moon shape across through the gray-value centroid.

Two typical moonlight concentration images of the dish concentrator were recorded by the short
focal length CCD camera in front of the white target disk for the Waning Gibbous moon shape in
Figure 10 and the Last Quarter moon shape in Figure 4, respectively. The concentrated lunar image
in Figure 12(a) for the Waning Gibbous moon is naturally brighter than the image in Figure 12(b) for
the half-moon, thanks to the difference of the DNImoon. In contrast, their normalized concentration
lunar images are similar.
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Figure 12. Two typical moonlight concentration images on the white target disk: (a)
taken on Sept. 17th, 2019 for the Waning Gibbous moon shape in Figure 10; (b) taken on
Sept. 21st, 2019 for the Last Quarter moon shape in Figure 4.

4.3. Simulation of concentrated lunar images to match the experimental images

Based on similarities of the contours and shapes of the concentrated lunar images, the
parametric values of the focal length of the solar dish and the sigma of the circular Gaussian error
cone are adjusted and determined for the BRT optical simulation model for the concentration ratio
distribution (CRD). Hence, the focal length of the solar dish is figured out as f = 1.55 m (see Figure 7),
and the optical error parameter g,,,, = 0.5 mrad (see Figure 5).
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Figure 13. Simulated lunar CRD images respecting the two typical moon shapes: (a)
CRD image for the Waning Gibbous moon shape in Figure 10; (b) CRD image for the
Last Quarter moon shape in Figure 4.

Regarding the Waning Gibbous moon shape in Figure 10, Figure 13(a) shows the simulation of
the CRD image of the solar dish using the BRT with discrete effective moon shape (see Figure 11).
Regarding the half moon shape in Figure 4, Figure 13(b) shows the simulation of the CRD. In the
optical simulations using Eq (6), p.,; is set as 0.85, 7; = 1. The peak value of CRD in Figure 13(a)
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is 659.13, and the peak value of CRD in Figure 13(b) is 685.68. Figure 13(a) and (b) clearly show
the similarity of the shapes of the lunar concentration images. The peak value of CRD in Figure 13(b)
for the half moon shape is slightly higher than that of CRD in Figure 13(a) due to the more
prominent brightness non-uniformity of the smaller half-moon.

In the simulations, the uniform sampling steps in the x and y directions in the target plane are
setas A,=0.01 mand A,= 0.01 m, number of sampling rows is N,, = 31, number of sampling
columns is N, = 31, the target size is

T X Ty = [(Ny — 1) A1 x [(Ny, —1) A,] = 0.30m x 0.30 m,

y
Ny—1 Ny—1
X € [~ 2=, =1,0,1, 0, ] XA,
Ny—1 N,y,—-1 B
Yj € [-2—, -, =10, L] XAy, j = 1,2, Ny X Ny,

The computed CR values matrix is finally refined into the Iunar CRD image by

two-dimensional interpolation with the pixel size A = 0.001 m, so the final image size is 301 x
301.

5. Converting a lunar CRD to the solar CRD

Figures 1 and 2 show how to convert a lunar CRD to the corresponding solar CRD. Here, we try
to convert the two typical simulated lunar CRD images shown in Figure 13 to the expected solar
CRD image of the dish concentrator.

5.1. Simulation of the solar CRD image

Before converting a lunar CRD to the solar CRD, the expected solar CRD should be simulated
using the BRT with discrete effective sun shape with the same parameter settings. One of the most
realistic sun shape models is the Buie sun shape [28], which adopts the circumsolar ratio (CSR)
parameter to consider the limb-darkened solar disk with circumsolar radiation. Thus, Buie sun shape
is adopted to simulate the solar CRD image, though Pillbox (uniform) and Gaussian sun shapes are
also commonly used in solar engineering modeling. Similar to the discrete effective moon shape
created in Figure 11, a discrete effective sun shape image is developed after two-dimensional
convolution of the discrete Buie sun shape image with the normalized Gaussian error image.

Figure 14 shows the discrete circular-symmetric Buie sun shape with pixel width dp =
45588 x 1072 mrad and image size Nj = Ni =102 . Figure 15 shows the developed
circular-symmetric effective Buie sun shape image for CSR = 0.1 and og,,,- = 0.5 mrad.
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Figure 14. The discrete Buie's sun shape (not normalized yet) for CSR = 0.1, pixel width
dp = 4.5588 x 1072 mrad and image size Nj = Ni = 1025; (a) sun shape image; (b)
the horizontal and vertical profiles across through the image center.
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Figure 15. The discrete effective sun shape (not normalized yet) with the pixel width
dp = 4.5588 X 1072 mrad and image size Nj = Ni = 1025; (a) effective sun shape
image; (b) the horizontal and vertical profiles across through the image center.

AIMS Energy Volume 9, Issue 4, 727-754.



746

ylm]

0.15
600

0.1
500

0.05
400

0
300
-0.05 200
-0 100

-0.15

015 0.1 -0.05 0 005 0.1 0.15
m]

(a) (b)

Figure 16. Simulated solar CRD respecting Buie sun shape with CSR = 0.1: (a) color
image with color bar and dimensions; (b) naked grayscale image.

For the Buie sun shape shown in Figure 14 and the discrete effective sun shape shown in Figure 15,
Figure 16 shows the simulated solar CRD image of the dish concentrator using Eq (6). In the optical
simulation, p.,; is 0.85, 7; = 1. The peak value of solar CRD in Figure 16(a) is 641.22, which is
smaller than those peak values of lunar CRD in Figure 13(a) and Figure 13(b). The lowest peak value
of simulated solar CRD is due to the sun shape's most uniform and circular-symmetric feature
compared with the moon shapes.

5.2. Comparing moon shapes to the sun shape

After analysis by Eq (3), the cosine similarity between the sun shape (Figure 14) and the
Waning Gibbous moon shape (Figure 10) is 7,05 (Bsyn, Bmoon1) = 0.9279, and the cosine similarity
between the sun shape (Figure 14) and the half-moon shape (Figure 4) is 7,5 (Bsyn, Bmoonz) = 0.6687.
The cosine similarity 7.,5(Bsyn, Bmoonz) 18 0.2592 less than 7.,5(Bsyn, Bmoon1), Which indicates
that the similarity of the moon 1 (a Waning Gibbous moon) to the sun is better than the moon 2 (Last
Quarter ).

Figure 17 shows the radial density distributions of the two typical moon shapes and the Buie sun
shape. Referencing the modeled sun shape, Figure 17(a) compares shapes of the moon 1 and the sun,
and Figure 17(b) compares shapes of the moon 2 and the sun. Calculation of the radial density
distribution of a two-dimensional distribution image (sun shape or moon shape) is conducted using
the numerical method presented in detail by the authors [16].

For example, the radial density distribution of a bivariate normal distribution is the Rayleigh
distribution with the same 'sigma' value. The circumferential density distribution is uniform over the
angular range of [0, 2m]. Figure 17(a) and (b) clearly show again that the similarity of moon 1 to the
sun is better than moon 2.
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Figure 17. Radial density distribution of the modeled moon shapes and the sun shape: (a)
Waning Gibbous moon and the sun; (b) Last Quarter moon and the sun.

5.3. Comparing lunar CRD images to solar CRD image

The two zoom-in graphs of Figure 18 show the radial density distributions of the two simulated
lunar CRD images before smooth-filtering and the solar CRD image. Referencing the expected solar
CRD (Figure 16(a)), Figure 18(a) compares CRD images of moon 1 and the sun, and Figure 18(b)
compares CRD images of the moon 2 and the sun. The closing curves of the radial density
distributions in Figure 18(a) and (b) show clearly the good similarity of CRD images for different
sun shape and moon shapes. However, there are some subtle differences between the two radial
density distributions of lunar CRD referencing solar CRD.

After analysis by Eq (2), the cosine similarity between the solar CRD (Figure 16(a)) and the
CRD for the moon 1 (Figure 13(a)) is 7,os(CRsyn» CRmoon1) = 0.99985, and the cosine similarity
between the solar CRD (Figure 16(a)) and the CRD for the moon 2 (Figure 13(b)) is
Teos (CRsun» CRmoonz) = 0.99960. The cosine similarity 7,.,s(CRgyn, CRmoonz) is 0.00025 less
than 7,5 (CRgyn, CRimoon1)- And this relatively small difference indicates the good similarity of CRD
images again, and the solar dish concentrator has the potential to enhance the similarity of CRD
images for different sun shape and moon shapes.
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Figure 18. Comparison of radial density distributions of the CRD images for different
moon shapes and the sun shape: (a) for the Waning Gibbous moon and the sun; (b) for
the Last Quarter moon and the sun.

5.4. Converting lunar CRD images to solar CRD image

The contours and shapes of the lunar CRD images in Figure 13(a) and (b) are quite similar to
the solar CRD image in Figure 16(a), which gives us helpful information. Thus, we are inspired to
compensate for residual differences by applying the smoothing filtering technique on a lunar
concentration ratio image to approximate the expected solar concentration ratio image, as Figure 1
illustrates.

Figure 19(a) shows the approximative CRD image to the solar CRD after appling a smoothing
filter six times to the CRD image of the moon 1, using Eq (5). In the zoom-in graph of Figure 19(b),
the radial density distributions of the approximative CRD and the solar CRD are compared. The peak
value of the approximative CRD in Figure 19(a) is 648.09, which is between the peak value of CRD
of the moon 1 (659.13) and that of the solar CRD (641.22). The cosine similarity between the solar
CRD (Figure 16(a)) and the approximative CRD for the moon 1 (Figure 19(a)) is
rcos(CRsun, CRapprl) = 0.99995, which is close to 1 and 0.00010 higher than
TCOS (CRSMTU CRmoonl)-
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Figure 19. The approximative CRD to the solar CRD after applying a smoothing filter
six times to CRD of the moon 1: (a) CRD image after smooth-filtering; (b) comparison
of radial density distributions of the smoothed CRD and the solar CRD.

Figure 20(a) shows the approximative CRD image to the solar CRD after applying the
smoothing filter 15 times to the CRD image of the moon 2, using Eq (5). In the zoom-in graph of
Figure 20(b), the radial density distributions of the approximative CRD and the solar CRD are
compared.

The peak value of the approximative CRD in Figure 20(a) is 636.89, which is a little less than and
close to that of the solar CRD (641.22). The cosine similarity between the solar CRD (Figure 16(a)) and
the approximative CRD related to the moon 2 (Figure 20(a)) is rCOS(CRsun, CRapprz) = 0.99989,
which is close to 1 and 0.00029 higher than 7,,3(CRs,n, CRmoonz)-
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Figure 20. The approximative CRD to the solar CRD after applying the smoothing filter
15 times to the CRD of the moon 1: (a) CRD image after smooth-filtering; (b)
comparison of radial density distributions of the smoothed CRD and the solar CRD.
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6. Discussion

The backward ray tracing (BRT) with effective sun/moon shapes for simulation of
dimensionless CRD is developed from the BRT with effective round sun shape [27] for simulation of
the concentrated solar flux density distribution (in kW/m?) of a solar concentrator. Here, the effective
moon shape with the unit of 1/(m?-sr), ¢, £r(@1, az), is normalized to one as for the integration, i.e.,
the integration of ¢.¢r(ay, ;) over the full solid angle equals 1 with the unit of 1/m?. However, in
the original BRT with an effective round sun shape (solar cone brightness distribution), the effective
sun shape is denoted as ¢, ¢¢(a), with the unit of kW/(m?sr), its integration over the full solid angle
is equal to DNIsun with the unit of kW/m?. That is to say, the value of DNIsun is contained in
¢esr(a) for simulation of solar flux density distribution, while ¢.rr(ay, @,) for simulation of CRD
has no information of DNIsun or DNImoon, or equivalently DNI = 1 for CRD simulations.

In this paper, Buie's sun shape is adopted among the common sun shapes to develop the discrete
effective sun shape and then simulate the solar CRD image. The uniform sun shape and the normal
sun shape result in similar CRD images of the dish concentrator from the additional optical
simulations beyond this paper. The good similarities of the lunar CRD images show the subtle effects
of light source shapes on the CRD of a point-focusing solar concentrator.

One approximative CRD to the solar CRD is developed from the CRD of the moon 1 (Waning
Gibbous moon shape with the bigger phase of the moon) by apppling a smoothing filter 6 times (see
Figure 19), and another approximative CRD to the solar CRD is developed from the CRD of the
moon 2 (Last Quarter moon shape with the smaller phase of the moon) through applying a smoothing
filter 15 times (see Figure 20). More smooth-filtering operations are needed to enhance the
approximative CRD respecting the lower cosine similarity between the sun shape and the moon
shape. Both approximative CRD images have better similarities to the solar CRD after the
smooth-filtering  operations and their cosine similarities, rCOS(C Ryyun, C Rapprl) and
rCOS(CRsun, CRapprz), are tightly close to 1.

In this paper, we present a lunar flux preliminary mapping model to better estimate the expected
solar CRD by smooth-filtering operations and without providing an exact criterion to determine the
number N of smooth-filtering operations. However, it is clear that N increases when the moon phase
decreases and that the moon phase determines N. It is expected that the cosine similarity between the
solar CRD and the approximative CRD after smooth-filtering is tightly close to 1 and greater than 0.9998.
Generally, the more convolutions are performed, the more bias errors of the effective sun/moon
shapes are created. Convolution operators tend to transform and enlarge the model of a moon shape
into a Gaussian function. Excessive smooth-filtering of the lunar CRD may result in distortions of
the approximative CRD and deviation of the approximative CRD from the expected solar CRD.
Clearly, a rational tradeoff is necessary between over-filtering and the high similarity of
approximative CRD to the solar CRD. The filtering number N should be as small as possible. A
criterion for N should be presented in future work.

These two operational examples successfully illustrate how to convert a lunar CRD to the
corresponding solar CRD for a dish solar concentrator, following the principle of this new lunar flux
mapping model for a solar concentrator illustrated in Figures 1 and 2.

In the view of an optical image processing system, the output CRD of the point-focusing
concentrator at a given working state should be entirely determined by the input of sun shape or
moon shape, so the difference between the CRD images is also wholly determined by the difference
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between the sun or moon shapes. The cosine similarity is the critical metric index for analyzing and
comparing the sun/moon shapes and the solar/lunar CRD images. The smooth-filtering operator of
the digital images is crucial to map a lunar CRD to the expected solar CRD.

Although both approximate CRD images have good similarities to the solar CRD image, the
peak values of the two approximative CRD images are still slightly different from the peak value of
the solar CRD. It should be noted that the cosine similarity is independent of the magnitude of a pair
of CRD images. Thus, the scalar c¢ in Eq (5) can be used to calibrate the approximative CRD to the
expected solar CRD. The final calibration for the expected solar CRD is based on the concentrated
lunar illuminance measurements and the solar flux density (irradiance) measurements on the target
plane.

The verified optical simulations generate all the CRD images in this paper. As Figure 9 shows,
the six illuminometers are fixed in the six holes on the white target disk. They are used to figure out
the center and the size of the concentration lunar images and reserved for later CRD image
calibrations to match the solar CRD. We plan to map the concentrated solar flux distribution of the
solar dish using a moving white target with reference heat flux gauges shortly. We can
experimentally compare the measured lunar CRD with the solar CRD and verify this new lunar flux
mapping model/method.

Figures 1 and 2 illustrate the principle of this new lunar flux mapping model, and the next goal
is to transfer it from the simple well-known solar dish concentrator to the complex solar tower
concentrator. One potential mothod of reaching this goal is to learn the curve (or function) of "lunar
CRD and solar CRD" cosine similarity vs. the corresponding "moon shape and sun shape" cosine
similarity and is to find out the number of the smooth-filtering operations for the approximative solar
CRD, as Figure 2(a) and (b) show, based on a large number of simulations and measurements on the
solar dish concentrator. The learning curves and knowledge are then directly transferred and applied
to the solar flux mapping of a solar tower concentrator.

It is reasonable and hopeful that the number of smooth-filtering operations for a well understood
solar dish concentrator can be shared for a complex solar tower concentrator. Alternatively, a
specially designed reference solar dish concentrator attached with moonlight concentration
measuring equipment, like the solar dish test setup in this paper, is synchronously used and combined
with the moonlight concentration activities of a solar tower collector for the solar CRD mapping
considering the changing environmental conditions. It seems that the latter way is more practical.

Frankly, the new flux mapping method may be less easy in focusing heliostats in a solar power
plant because moonlight measurements are performed during the night in a cold environment but will
be operating in a warmer daytime environment. This tricky issue may require in-depth mechanical
analysis for focusing heliostats.

7. Conclusions

This paper presents a new model to extend the lunar flux mapping of the heliostat field to more
moon phases. At this stage, this new lunar flux mapping model is applied to a real solar dish
concentrator.

The principle of this lunar flux mapping model recognizes the potential of a solar concentrator
to enhance the similarity between the solar CRD and a lunar CRD and that the residual differences
between them can be compensated to some extent by using smoothing filtering of the lunar CRD
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image to obtain the approximative CRD for the expected CRD image.

The new BRT with effective sun/moon shapes for simulation of CRD images of a solar
concentrator is developed from the authors' previous BRT with effective sun shape. This general
ray-tracing method is applied in all the optical simulations. The compound mirror surface of the solar
dish was surveyed using a 3D laser scanner. A uniform triangular mesh for the entire mirror surface
was generated to use the BRT with effective moon shapes. The discrete effective sun shape image is
the two-dimensional convolution of the discrete Buie sun shape image with the normalized Gaussian
error image. It is implemented after inverse FFT (IFFT) of the product of the FFT results of the two
images.

The optical simulations and moonlight concentration measurements show good similarities
between solar and lunar CRD images, and light source shapes have subtle effects on CRD.

Two typical examples (for the Waning Gibbous moon shape and the Last Quarter moon shape)
successfully illustrate how to convert a lunar CRD to the corresponding solar CRD for a dish solar
concentrator.

It is hoped that this method can be successfully applied to the complex solar tower concentrator
together with the known reference-and-calibration solar dish concentrator.
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