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Abstract: This study develops the heliostat curve tracing parametric model (HCTPM) to predict solar
energy distribution in concentrated solar power (CSP) systems with sun-tracking capabilities. HCTPM
uses curve tracing techniques to visualize flux distribution on mirrors and receivers, producing results
that align closely with established models like HFLCAL, which use Gaussian and Tonatiuh ray-tracing
methods. Simulations revealed that deviations in energy distribution increase as Sun shape error
decreases, with greater impact on flux density and sensitivity. Variations in Sun disk radius caused
notable deviations, especially in elliptical projections. The model’s flexibility in adjusting mirror
shapes and sizes allows for the evaluation of spill losses, optimizing mirror designs for different
positions. Spill loss analysis showed that larger mirrors reduce spill loss on mirrors but increase it
on receivers, particularly when mirrors deviate from the north. Although total spill loss decreases
with larger mirrors, this effect weakens as receiver spill loss grows. These findings emphasize the
importance of optimizing mirror and receiver design to maximize energy efficiency and minimize
resource waste, contributing to more sustainable solar energy systems. The HCTPM model plays a
crucial role in improving the sustainability of CSP systems by optimizing configurations based on
Sun disk characteristics, reducing energy losses, and promoting efficient resource use.

Keywords: concentrated solar power (CSP); curve tracing; renewable energy; environmental
parametric model

1. Introduction

The demand for energy is expected to continue to grow over the next decade, driven by
population growth and economic development. The catastrophic effect of pollution on the
environment due to the use of fossil energy sources and the limitation of these sources, push
us to look for a friendly and renewable energy source. Solar thermal technology is poised
to play an important role as the cost of solar thermal systems has dropped dramatically,
and the technology is becoming increasingly efficient [1]. The concentrated solar power
(CSP) system is one type of solar technology, which generates solar power by using mirror
or lenses (heliostat) to concentrate sunlight to a receiver. Among CSPs, the heliostat-central
receiver configuration offers great potential in terms of power cycle efficiency, because
it can reach the high temperature operating point (600 °C) with maximum conversion
efficiency of 23-35% [2].

In order to enhance the effectiveness of radiant energy collection, it is imperative that
heliostat deployment and solar tracking be suitably optimized and adjusted [3]. Predicting
the radiative flux density distribution (RFDD) on the receiver surface is of significance
for designing and deploying a central receiver system [4]. Uniform flux distribution is
crucial for efficient energy collection, shadows, and thermal stresses that can compromise
system components. Beyond efficiency, flux distribution analysis ensures system safety by
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preventing overheating. Currently, there exist two primary methodologies to execute the
simulation: the analytical methodology and the ray-tracing methodology [5].

Analytical methods offer computational speed and simplicity due to their reliance on
straightforward mathematical expressions [6]. The intricacy of the present methodology
stems from the numerous factors that dictate the flux spot, encompassing the direction of
sunlight, shape of the Sun, and position, size, orientation, and surface slope error of the
heliostat. The method describes the flux density distribution with an empirical function of
the mentioned parameter, then takes integration to obtain the total energy. Two integration
methods—direct and convolution integral—are commonly used. The former calculates the
flux density distribution on the receiver plane directly. The convolution integral method
first calculates the solar flux at the image plane and then projects it to the receiver plane [7].
Typically, the analytical approach approximates these effects through a convolution-based
integration method, due to its lower computational resource requirement. For the flat
heliostats, Walzel et al. employed the 2D Hermite function to statistically simulate the flux
density distribution on the receiver, which is reflected by a flat heliostat [8]. Lipps and
Walzel proposed a numerical technique for computing the flux density distribution of a
heliostat with arbitrary shapes, considering shading and blocking effects [9]. Although
the calculation result is of high precision, the calculation speed is slower than that of the
Hermite function. For a focusing heliostat, Collado et al. (1986) proposed the UNIZAR
model in the integral form through image plane transition for a focusing heliostat, which
is the convolution of several Gaussian error functions [10]. The HFCAL model [11], an
analytical flux density function, developed by Michael Kiera in the early 1980s, has the
ability to compute efficiently solar flux density, which is much simpler and more accurate
than the UNIZAR model [12]. He et al. proposed the iHFLCAL model as an improvement
of the HFLCAL model, which considers shadowing and blocking effects [13].

Ray-tracing is a common approach for studying heliostats [14] and concentrated solar
collectors [15]. The ray-tracing approach uses the principle of tracing a large number
of rays incident on a reflector and reflected onto the receiving panel. The calculation of
solar intensity can be executed with a remarkable level of adaptability to cater for diverse
circumstances, and the process of programming is uncomplicated, leading to the acquisition
of dependable outcomes [16]. The utilization of the Monte Carlo ray-trace (MCRT) method,
while potentially reducing calculation complexity, does come with a drawback in the form
of increased computational resource and time consumption requirements for achieving
greater result accuracy compared to the convolution-based method [17]; therefore, it is not
suitable for system optimization [18]. According to the states of the ray-tracing, three MCRT
methods are available: forward ray-tracing, backward ray-tracing, and bidirectional ray-
tracing. The forward ray-tracing approach involves the generation of rays originating from
the Sun, subsequently reflected by the heliostat and ultimately received by the designated
receiver. Several software applications have been created through the implementation of
this approach, such as SolTrace [19], Tonatiuh [20], and Tracer [21], among others. In the
backward ray-tracing method (BRT), the rays are generated from the receiver, traced in
reverse to the heliostats and then to the Sun. Several studies have applied this method to
estimate flux density distribution [22-24]. However, in this method, numerous rays from
the receiver do not hit the heliostat arising from the fact that the size of the receiver surface
is much larger than that of the heliostat, resulting in computations that are inefficient
and unproductive. In the method of bidirectional ray-tracing, the rays emanate from the
heliostats, resulting in improved efficiency of the MCRT technique due to the intersections
between the rays and the determined heliostats. STRAL is a commercial bidirectional
ray-tracing simulation tool with multithreading techniques [25].

Analytical methods offer computational expediency and simplicity through their
application of concise mathematical expressions, providing foundational insights into
system behavior. However, their reliance on simplifying assumptions introduces limitations
in capturing the intricacies of real-world complexities, particularly in scenarios involving
complex geometries. On the other hand, the ray-tracing method, while computationally
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intensive, excels in accuracy and flexibility, accommodating intricate systems and diverse
scenarios. Its realistic representation of light ray behavior enhances its applicability. This
increased complexity and precision come at the cost of longer computation times, making
ray-tracing a more intensive computation resource. The choice between these methods
hinges on system complexity, speed requirements, and accuracy priorities. A judicious
blend of both approaches may be deployed to strike a balance between computational
efficiency and precision in CSP simulations.

The aim of this study was to simplify the calculations while simultaneously reduc-
ing the computation time, all without compromising the accuracy of the results. The
stated objective can be achieved by integrating the advantages and disadvantages of each
method. Instead of using the ray-tracing method, this study employs the forward curve
tracing technique to track the position of sunlight as it strikes various components of the
CSP system. The intensity and energy of the incident radiation are calculated using the
convolution-based integration method, leveraging the principles of parametric design for
model development.

Parametric design utilizing Rhinoceros® and Grasshopper® constitutes a potent
methodology that endows the designer with the capacity to generate intricate and dynamic
3-D models by establishing interdependencies between diverse design parameters. Rhino 7
is a software application designed for three-dimensional modeling, whereas Grasshopper
functions as a visual programming plug-in that facilitates algorithmic modeling within
Rhino. Using Rhinoceros and Grasshopper for design has become increasingly popular in
building design [26-30], landscape/urban design [31-34], and other creative fields [35-38].

Rhinoceros® and Grasshopper’s parametric design can offer a sophisticated approach
to CSP flux-distribution evaluation, emphasizing the need for validation and resource con-
siderations in solar energy system simulations. With dynamic modeling and adaptability,
Grasshopper enables real-time exploration of design parameter effects on flux distribution,
especially in handling complex CSP geometries. The integrated simulation tools provide
insights into spatial aspects, aiding designers in optimizing sunlight concentration. Para-
metric sensitivity analyses within Grasshopper facilitate the identification of influential
parameters for iterative refinement. Despite its potential, accuracy hinges on model pre-
cision, necessitating validation against real-world data. Efficient use of computational
resources is critical, particularly for complex simulations.

To the best of our understanding, there has been no previous reporting on the employ-
ment of parametric design methodology to simulate and visualize radiative flux density
distributions. The objective of this study was to generate new methodology, curve tracing
(instead of ray-tracing), using the heliostat curve tracing parametric model (HCTPM). This
model, in conjunction with both analytical and ray-tracing advantages, elucidates the
radiative flux density distributions on receiver planes generated by flat heliostats, and can
be applied to various shapes of mirrors. This study will initiate a flexible and visualized
alternative method to further analyze and evaluate the performance of other aspects of the
CSP system. The following are the contributions of this research as a summary:

e Integration of sustainable design practices: The approach can be applied to optimize
heliostat configurations, enabling better use of solar resources and aligning with
sustainable design principles in renewable energy infrastructure.

e  Energy efficiency optimization: This model enhances the accuracy of solar energy
distribution on heliostats and receivers, contributing to more efficient energy capture in
concentrated solar power (CSP) systems, thus promoting sustainable energy solutions.

e  Flexibility in adapting to varying solar conditions: The model’s adaptability to different
Sun angles and heliostat positions ensures that the CSP systems can be optimized for
maximum sustainability across various environmental conditions.

e  Support for long-term sustainability goals: By improving energy balance and reducing
losses, this model contributes to the broader objective of achieving net zero emissions
and reducing dependence on fossil fuels.
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2. Model Conceptual Design

The Sun is not a point source but appears as a “disk” when viewed from the earth. Solar
intensity across the Sun disk is non-uniform, and the flux density varies along the radial
direction. Points closer to the center will have a higher flux density (W/m?) compared to
those farther away. As illustrated, it appears as circular curves around the center point, as
shown in Figure 1. Each circle at the same radius is formed by the continuous arrangement
of numerous points of ray sources with the same flux density.

Sun disk

'Radial flux density

Sun disk
diameter

Sun disk plane

Sun disk
normal vector

Figure 1. Sun disk.

When these curves or segments of the curves are transferred and projected onto the
mirrors, their shapes and lengths change according to the angles at which they strike
the mirror. Except in cases where both the Sun disk plane and the mirror plane are flat,
and the normal vector of the radiation source is perpendicular to the receiver plane, the
size, shape, and distribution of the radial flux density will remain unchanged, as shown
in Figure 2. However, the energy of these curves remains constant (assuming there is
no loss during transmission through the atmosphere or absorption by the surface of the
equipment), resulting in changes in their flux density.

Projected

: Mirror Mirror Projected
image ' image
Sun disk Sun disk
normal vector |- “-.| normal vector

Mirror Mirror
normal vector normal vector

Sun disk Sun disk

Figure 2. Projected image on mirror with scenario of Sun disk normal vector being perpendicular to
the mirror plane (left) and non-perpendicular to mirror plane (right).

When radiation is reflected from the mirror to the receiver, the changes in the size
and shape of the reflected image, which is projected onto the receiver, depend on both
the reflection angle from the mirror and the incidence angle at the receiver. When the
reflection angle from the mirror equals the incidence angle at the receiver, the size and
shape of the image on the receiver will remain unchanged (Figure 3a). However, when the
reflection angle from the mirror is greater or less than the incidence angle at the receiver, the
size and shape of the image on the receiver will tend to decrease or increase, respectively
(Figure 3a,c).
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Figure 3. Projected images on the receiver and their deformation in different scenarios. (a) 6 = 6,
b)6 > 6, (c) 6 < 6.

If a curve or a segment of a curve does not strike the mirror or receiver, it will be
excluded from the energy calculation and counted as spill loss, as shown in Figure 4.

Receiverplane Projected image Projected mirror
on receiver shape on receiver

Spill loss Net Energy
atreceiver atreceiver

Figure 4. Spill loss at mirror, at receiver and received net energy.

Only the portion of the energy that strikes the receiver is considered in the net energy
calculation. The energy of each curve is evaluated based on the initial energy from the
Sun disk and adjusted according to the flux density coefficient, depending on how it
impacts the various components, as described above. Then, the volume under the flux
distribution surface is determined to obtain the net energy, as shown in Figure 5. This
process separates the tracking of flux density and the position transfer of the curves in the
initial step, reducing the number of rays that need to be tracked. Once the positions of the
curves on the receiver are determined, both aspects are considered together. This approach
results in accurate outcomes and provides flexibility in adjusting various parameters, while
also conserving computational resources.
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Figure 5. Flux distribution and net energy on receiver plane; top-view (left), perspective (right).

3. Methodology
3.1. Model Structure

The HCTPM model in this study represents a CSP system with flat mirrors and a
solar-tracking mechanism. Adjustable parameters such as project coordinates, date and
time, and the size and shape of the mirrors and receivers are used as input data for the
model (a). The day of year (DOY) and hour of year (HOY) are calculated from the input date
and time to determine the solar insolation (b) and Sun position (c). The Sun’s flux density
(d) along the radial direction, which depends on the selected equations and variables, is
combined with the solar insolation and Sun position to create the Sun disk (e) and its plane.

The field layout determines the positions of the mirrors and the receiver. The shape
and size of the mirrors (f) can be specified by adjusting variables such as the number of
sides of the polygon and the area of the mirror. By considering the above information
together, the mirror plane (g) is obtained. The receiver plane can be created based on
data from the receiver design (i), which includes adjustable parameters such as the size,
orientation, and tilt angle of the receiver.

The total energy of the Sun disk (o) can be calculated by integrating the flux density
to obtain the total energy volume. When the Sun disk is projected onto the mirror plane
(k) and the changes in flux density due to the cosine loss at the mirror are considered, the
resulting flux density on the mirror (m) is obtained. By integrating this flux density, the
total energy incident on the mirror (p) is determined. The difference between the energy
from the Sun disk and the energy incident on the mirror represents the spill loss at the
mirror (r).

When the projected image on the mirror is projected onto the receiver plane, the
resulting projected image on the receiver (l) is obtained. The flux density on the receiver (n)
is determined by considering the cosine loss at the mirror, attenuation loss, and cosine loss
at the receiver. Similar to the total energy from the Sun disk and the energy on the mirror,
the net energy on the receiver (q) can be calculated by integrating the flux density over the
entire area of the receiver. Subsequently, this information can be used to calculate the spill
loss at the receiver (s). The structure of model is explained as Figure 6.
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Figure 6. Parametric model structure.

3.2. Location

In the model used in this study, the location is a variable that can be specified and
adjusted only through the latitude coordinates, as the position of the Sun at different
times of the day does not depend on the longitude coordinates. However, if there is a
need to import specific local climate data from a database for evaluation, both latitude
and longitude coordinates must be specified. This study does not consider local climatic
variables such as temperature, humidity, cloud cover, and the amount of particulate matter
in the atmosphere, all of which affect the intensity of solar radiation.

3.3. Field Layout

There are several common heliostat field layout types used in concentrated solar
power (CSP) plants: rectangular/cartesian, radial, spiral, etc. In the present study, the
reflector was arranged in a radial manner. This specific arrangement proves to be highly
suitable for CSP plants of smaller scale and topographies that are not uniform. The radial
configuration provides a degree of flexibility in conforming to atypical land shapes and
may also confer an aesthetic allure [39]. The polar angle, measured from the angle made
with the north direction, and the radial distance from the tower, range up to 100 m, are
the two adjustable parameters. The positioning of reflector/mirror on the field can be
determined using the aforementioned parameters, as exemplified in Figure 7. For instance,
position 1 is designated as [NE 40°, D 100], and position 2 is [NW 60°, D 80], and so forth.

NE

| |

| 1% TN
o

b i
B
[ | !

w |

S \\\\\ \ \‘\

oY
ARAAA

Tower

Figure 7. Heliostat positioning in the field.
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3.4. Receiver Tower

The receiver tower is where the concentrated sunlight from the heliostats is focused
and converted into thermal energy. The height of the tower used in this study is fixed at
25 m (however, this parameter is adjustable). At the top of the tower is the receiver, which
contains a heat-absorbing material or working fluid. The receiver of the present model is
8 m x 8 m square flat plate, oriented towards the north and capable of modifying its tilt
angle within the range of 0-90 degrees.

3.5. Reflector/Mirror

The reflector is the most crucial component of a heliostat, as it reflects and concentrates
sunlight onto a specific target. There are two main types of reflectors based on their
shape: flat and curved (or canting). The curvature of the reflector allows for improved
focusing and concentration of sunlight, resulting in higher energy densities at the target.
However, it is more complex and expensive to manufacture and requires precise shaping
and alignment [40,41]. Despite the potential drawbacks of the flat mirror configuration,
such as limitations in achieving high concentration ratios and precise sunlight focusing
onto a specific target, the current research model employs this design due to its inherent
simplicity and the potential for future development into a curved reflector model. The
reflector for the present model can be chosen from among geometric shapes such as a
rectangle, circle, or polygon, with the area of the selected shape up to a maximum of 128 m?.
The center of the geometric figure is located at the reflector’s corresponding point in the
field. In this model, the reflector is assumed to have no slope error, resulting in the reflected
rays always being parallel.

3.6. Sun Position

The system used in this study is a Sun-tracking reflector. The configuration of the
heliostat tracking system relies entirely on the position of the Sun and the position of the
reflector. In order to comprehend comprehensively the position of the Sun in relation
to a flat surface on the Earth at any given point in time, it is imperative to possess an
understanding of additional angles grounded on the Earth’s coordinates, including the
following: decline angle (J), hour angles (w), north celestial pole (or NCP) latitude (¢),
solar altitude («5), zenith angle (6,), and solar azimuth (Y;), as shown in Figure 8.

Zenith

Path of the Sun
on the equinoxes

Figure 8. Position of the Sun in relation to the Earth’s surface.
The decline angle equals the following [40]:
0 = 23.455in(360(284 + N)/365) 1)

where N is the day of the year with 1 Janas N = 1.
The hour angle (w) is the angular distance between the Sun’s position at a particular
time and its highest position for that day when crossing the local meridian at the solar
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noon. The hour angle changes by 15° per hour and moves through 360° over the course of
the day. The hour angle is defined to be zero at solar noon, a negative value before crossing
the meridian, and a positive after crossing. Therefore,

w = 15(TSV — 12) )

where TSV is the solar time in 24 h.
The a;, changing hourly and daily, can be calculated in terms of J, ¢, and w by using
the next set equation [41]:

as = sin™~ ! (sin ¢sin & + cos ¢cos dcos w) 3)
Therefore, the zenith angle can be defined as below:
6. = cos ™! (sin ¢sin & 4 cos Ppcos dcos w) 4)

The solar azimuth angle, Y, can be calculated in terms of J, ¢, and w following Braun
and Mitchell’s (1983) [42] formulation:

Ys = C1GQY{ + C5((1 - C1C2)/2)180 (5)

where Y is a pseudo solar azimuth angle, Y/, for the first or fourth quadrant. The calculation
of C; determines whether or not the Sun is within the first or fourth quadrants and above

the horizon: .
if|w] < wwe
Ci=1 or ,—1 otherwise 6)

ifltand/tan¢| > 1

where wyy is the hour angle when the Sun is due east or west and can be obtained as
cos wwg = tané/tan ¢ (7)
Constant C; and C3 can be evaluated by the following:
Co=1if ¢(¢p —6) > 0,—1 otherwise (8)
C3 =1if w > 0,—1 otherwise 9)

3.7. Sun-Shape

The distribution of solar intensity across the Sun disk is non-uniform, exhibiting a
decrease in magnitude towards its periphery. A statistical comparison can be drawn to a
normal distribution with different standard deviations, given that both distributions exhibit
the same root mean square deviation from the central ray [11]. The flux density distribution
of the Sun disk can be modeled as a circular Gaussian pattern. Since the flux spot center
is the origin of the Sun disk system and distributed along the radial direction, the radial
power distribution density function is given as follows [43]:

2

F(r)y=2nrxIxe 22 (10)
where ¢ is the Sun shape error
Therefore, the radial power per length or flux density on radial r is

2

f(ry=1Ixe 27 (11)
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Solar insolation (I) is the quantity of solar radiation received at a certain point on the
surface of the earth. Solar insolation can be calculated using the following formula:

I = Ip(cosb;) (12)

where Ij is the solar constant, assumed to be 1000 watt/ m? for this study. However, this
model can integrate real climate data, specifically using measured solar insolation values,
which can be imported into the model as an ewp file.

The total power of circular Gaussian flux (Pst) over the whole Sun disk is as follows:

/ F(r)dr = 2710 = Pyot (13)
0

and F(r) reaches to its maximum value at 7 = 0.

The disparity between the Sun-shape employed in the present model and previous
literature studies is that the later employed the “elliptical” Gaussian distribution to depict
the reflected image on, whereas in this study, “circular” Gaussian distribution was applied
to generate the Sun disk as the source of solar rays, then projected onto the mirror and
receiver.

3.8. Tracking and Mirror Plane

Vector techniques can be utilized to obtain the tracking angles for each reflector, in
conjunction with their corresponding incidence angles, as shown in Figure 9. The zenith,
east, and north (z, e, n) directions serve as the appropriate coordinates, with an origin of O
located at the base of the receiving tower. Figure 9 shows the proposed Cartesian coordinate
system; point A (zg, 0, 0) corresponds to the location in space where the receiver is placed
and point B (z1, e1, n7) is the location of a mirror close to the ground.

zenith-direction

A

: Receiver at
8 (%00
i

1

i

1

i

i

\

north-direction

i
.............. LDl I e

i
I
:
|
— :
: 3 e l2) //,
Yoi oy §
| PRt ,‘north-direction
g /,?‘o\ A e (-,. IR
1 2249 Y . / Heliostat at
L H. /
€= s,
9 ’ (21, €, ;)

east-direction

Figure 9. Reflector tracking vector.

%
To determine the mirror normal (N), two vectors must be defined: a vector represent-
%
ing the direction of the Sun’s ray hitting the mirror (S) and redirection of the Sun’s ray

5
toward the point A, receiver (R). These three vectors can be represented by the following
equations [44]:

*} A A ~

S = S.i+ Sof + Suk (14)
- ~ ~ N
N = Nui + Noj + Nyk (15)
- N N N

R = R.i+ Ref + Rk (16)
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%
The S—components can be written in terms of solar altitude (xs) and azimuth (Y5) as

S, = sinag (17)
Se = cos agsin Y (18)
S, = cos agcos Y (19)
%
and the R vector is defined as
pug 2 2~ ~
R = <(ZO—Zl)Z—€1]—n1k>/< (zo—zl)z—i-e%—i-n%) (20)

By the law of specular reflection, which must be applied, the angle of incidence is

equal to the angle of reflection. The scalar point between the vectors of S and R results in a
practical expression that involves the incidence angle as follows:

- —
cos20 =S-R (21)

The mirror normal can be found by adding the incidence and reflection vectors and
dividing by the appropriate scalar quantity. This gives

—

N = ((Rz+sz)f+ (Re + Se)] + (Rn+sn)f<) /2c0s 6 (22)

3.9. Cosine Loss

An essential factor contributing to the reduction of solar concentrator efficiency stems
from the inability of mirror to consistently align perpendicular to the incoming solar rays.
In instances where mirrors reflect off-axis, the visible surface area of the mirror from
the perspective of the Sun is diminished in accordance with the cosine of the angle of
incidence [45-47]. The cosine efficiency (#.0s) can be evaluated as the following [48]:

Heos—H = €os = area of Sun disk plane/area of image on mirror (23)

The aforementioned principle is similarly implemented in instances wherein the
reflected ray deviates from perpendicularity with respect to the receiver plan relation with
the cosine efficiency of the mirror:

Heos—R = cos 0, area of image on mirror/area of image on receiver (24)
where 0, is the incidence angle of the reflected rays on the receiver.

3.10. Atmospheric Attenuation

During the trajectory from the mirror to the receiver, the reflected rays undergo
the influence of atmospheric attenuation. The attenuation losses are contingent on the
separation between the heliostat and the receiver. Moreover, these losses are subject to
certain meteorological conditions, such as visibility. The atmospheric attenuation efficiency
(#atm) can be ascertained via the following expression [49]:

_{0.99321 —0.0001176 D + 1.97 x 10~8 D?, D < 1000
Tatm = { exp(—0.0001106D) , D > 1000 @5

where D is the distance from reflector to receiver. However, if other parameters related
to visibility assessment, like cloud cover, dust, and humidity, are available, they can be
directly used to evaluate attenuation loss.
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3.11. Flux Density Distributions and Energy Calculation on Receiver

In order to display the flux distribution and calculate the energy incident on the
receiver using the HCTPM model, the Sun disk and the mirror shape are projected onto the
receiver system, as shown in Figure 10a.The flux density of a curve incident on different
planes can be evaluated under the assumption that the flux density changes by cosine loss,
and the losses due to atmospheric attenuation between the heliostat and the receiver. Thus,
the flux density of any radial curve on the heliostat (f () ;) and receiver (f(r)y) plane can
be calculated using the following equations:

f(r) g = Neos—n % f(r) (26)

F(r)r = Hatm X Meos—R X Heos—H X f(1) (27)

1227891W e
4 0.90
3 Io.75
2

; 0.60
0 0.45
il 0.30
2
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Figure 10. Flux density distributions and energy calculation on receiver. (a) projected curve on
receiver plan (b) mesh surface of flux density (c) flux density color gradient (d) top view.

Subsequently, the level of each curve is adjusted according to its flux density and from
the mesh surface. The parts of the mesh that lie outside the boundaries of the projected
mirror shape and the receiver plane are trimmed away before calculating the volume under
the surface of the mesh to obtain the energy incident on the receiver (Figure 10b). Different
flux densities are represented by a color gradient, with areas of the receiver surface that do
not receive any energy indicated by the lowest color level (Figure 10c). A top view of the
results is illustrated in Figure 10d.

In cases where the results on the mirror are considered, the process can be applied
similarly. The difference lies in the fact that the mesh surface of the energy on the mirror is
generated from the flux distribution that only considers the cosine loss on the mirror, then
this mesh surface is trimmed according solely to the boundaries of the mirror plane.

The HCTPM were constructed in the Grasshopper® canvas (Figure 11) and visualized
in the Rhinoceros® (Rhino 7) screen (Figure 12). The Grasshopper canvas serves as the
main workspace where users develop parametric designs through visual programming. It
allows components to be dragged and connected, forming algorithms that define complex
geometries. These components, each representing operations like geometry creation, data
processing, or mathematical functions, are connected by wires that pass data between them.
Each component has inputs and outputs, facilitating the flow of information within the
design. Several types of components are used, ranging from primitive components that
create basic shapes (points, lines, surfaces) to complex data manipulation tools that handle
lists and trees. For added flexibility, Grasshopper allows custom scripting with Python or
C#, enabling more advanced functionality beyond the default components. Grasshopper
employs a sophisticated data tree system to manage complex parametric data, enabling
simultaneous processing of multiple datasets. Once the design is complete, it can be “baked”
into Rhino 7, turning the parametric geometry into a static model for further manipulation.
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4. HCTPM Model Validation

The model validation in this study was conducted by comparing the simulation results
with previous literature, examining the energy balance, and assessing the trends, feasibility,
and outcomes in response to changing parameters.

4.1. Radius of Sun Disk and Standard Deviation Employed in the Gaussian Distribution

In the HCTPM model, the size of the Sun disk and the Sun-shape error (standard
deviation) significantly influence the solar energy received, which serves as a fundamental
factor in the energy analysis. Accurate determination of these parameters is crucial, as
they directly affect the simulation outcomes and the overall energy yield calculations. The
radius of the Sun disk and the standard deviation employed are interrelated parameters
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within the context of circular Gaussian distribution. The radius of the Sun disk refers
to the radius of the circular projection of the Sun on a plane perpendicular to the vector
representing the Sun’s position. Essentially, it establishes the boundary where the solar
power per unit area becomes zero at any given point and time. This boundary, however,
is contingent on the value of the standard deviation employed in the Gaussian equation.
When the Sun shape error is small, it indicates a narrower power distribution along the
radial axis, resulting in a reduced boundary area and low total power. Conversely, a larger
Sun-shape error value corresponds to a broader power distribution along the radial axis,
leading to an expanded boundary area and higher total power. Notably, determination
of Sun shape error requires empirical measurements in specific environmental contexts,
including, time of day, geographical location, and prevailing weather conditions. In this
study, we explored the sensitivity arising from variations in the radius of the Sun disk and
Sun shape error variables, specifically by varying the Sun shape error value within the
range of 1 to 2. This range is commonly employed in the literature as an initial parameter
range for general initial design considerations.

Figure 13 illustrates the relationship between the percentage of energy obtained from
the Sun disk at various radii (ranging from 50% to 100% of total power) and the Sun
shape error. This analysis was conducted under a solar insolation value of approximately
1000 W/m?. It is evident that the percentage of power increases linearly as the radius
expands within the power percentage range of 50% to 75%. However, beyond the 75%
power range, this relationship deviates from linearity, a deviation that becomes particularly
pronounced as the power approaches 100%.

w B w ()]
1 1 1 L

Sun Disk Radius (m)
N

0 T T T T T 1
40 50 60 70 80 920 100

% of Total Power

--o=1 o=1.5 o=2

Figure 13. The proportion of energy from the Sun disk for varying Sun shape errors: Latitude = 23°,
Date = 21 June, Time = 12.00, Position = [N 0°, D 30].

The energy of the Sun disk with a Sun shape error in the range of 1-2 converges to
100% when the radius of the Sun disk is approximately 6 m. This observation indicates
that the optimal size of the Sun disk for a Sun shape error within this range can be set to
a maximum value not exceeding 6 m. However, selecting a value smaller than 6 m will
result in a reduced energy value for the Sun disk. Notably, Sun disks with higher Sun shape
errors exhibit greater sensitivity to changes in size compared to those with lower Sun shape
errors.

The Sun disk image from this study was compared with the results of Guo and
Wang [43], which used the same values for “Solar isolation” and “Sun shape error,” as
shown in Figure 14. It was found that the Sun disk with a radius of 4.4 m in this study
(Figure 14c) exhibits similar characteristics and energy levels to the Sun disk from the
mentioned literature, even though the radius used in this study captures 95% of the total
energy. Using a radius that is too small for this Sun shape error (Figure 14a) shows
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that the outer boundary of the Sun disk is clearly defined from the background due
to significant trimming of the outer part, resulting in a noticeable reduction in energy.
However, increasing the radius to capture nearly 100% of the energy does not significantly
alter the appearance of the Sun disk compared to the literature, and the energy levels
remain similar.

(a) (b)

6 4 2 0 2 4 6
r=3.2,12742.6 W
85% ato=1.5

(c)

6 -4 -2 0 2 4 6
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Figure 14. Compare the image of the Sun disk from this study with previous research [43].

This study also compares the receiver image resulting from Sun disks of various sizes
and energy levels from other models in previous research [50]. As shown in Figure 15,
the projected image on the receiver in this study has characteristics and size similar to
the results of the HFLCAL model, which is based on the Gaussian and Tonatiuh models
that employ the ray-tracing method. The findings suggest that the model developed in
this study demonstrates a comparable level of accuracy to existing models, showcasing
its reliability. Additionally, the model’s flexibility is highlighted by its ability to adapt to a
range of scenarios. This adaptability is influenced by the specific attributes of the Sun disk
and the configuration of mirrors and the receiver, allowing for versatile application across
various conditions.

HCTPM

HFLCAL Tonatiuh This study

Sun disk radius: 1 m '
Sun Position: ! .
Zenith = 70° Azimuth = 170°
Total energy: 1000 W =h
Receiver height: 100 m i
Receiver tilt angle: 90°

Figure 15. Comparing the result image on receiver with existing models.
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4.2. Examining the Accuracy of HCTPM Model via Energy Balancing

The energy from the Sun disk that strikes the mirrors and the receiver, assuming no
spill losses and no energy losses during transmission or absorption by various surfaces,
should remain constant, equating to the initial energy from the Sun disk. In this study, we
analyzed the deviations from energy balancing when the energy received by the mirrors
and receiver diverges from the expected values.

For this analysis, the Sun disk at solar noon on the summer solstice is simulated
to impact mirror positions at [N 0°, D30] and [NE 45°, D 30], with reflections directed
towards a receiver situated at a height of 25 m and a tilt angle of 60°. Both the mirrors and
the receiver have an area of 64 square meters each. Subsequently, the Sun shape error is
adjusted within the range of 1-2, and the Sun radius is varied within the range of 1-3 m.
This ensures the complete projection of the Sun disk’s image on both the mirrors and
the receiver, with shape alterations but no spill losses. Furthermore, attenuation loss is
excluded from consideration in this study. The resulting deviations can be elucidated by
referring to Figure 16 as described below.
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Figure 16. Analysis of energy balancing deviation on mirror and receiver.

It was found that the deviation values in all cases, whether at the mirrors or the
receiver, ranged from —2.5% to 1%. The smallest average deviation occurred on the
receiver reflecting from the mirror positioned at [N0°, D30], while the largest deviation
was observed on the receiver reflecting from the mirror positioned at [NE 45°, D 30]. The
larger deviations may result from the elliptical shape of the image, which differs from the
circular shape of the Sun disk, potentially causing inaccuracies in the volume calculations
for energy determination. Additional evidence supporting the relationship between the
deviations and the shape of the image is that the projected images of the Sun disk on the
mirrors in both cases were also elliptical but more circular in appearance. Therefore, the
deviations were moderate and quite similar.

The deviation from energy balancing tends to increase as the Sun shape error decreases.
This phenomenon may be due to the lower Sun shape error leading to a higher flux density,
concentrated at the center of the image, thus increasing sensitivity to deviations. However,
for more circular projections, this effect is less pronounced compared to elliptical projections.
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Additionally, an increase in the radius of the Sun disk tends to result in greater deviations,
which are particularly noticeable when the projection has an elliptical shape.

4.3. Examining the Trends, Feasibilities, and Outcomes in Response to Changing Parameters

This section analyzes whether the trends in the model’s outcomes align with reality.
The shape and size of the Sun disk of the summer solstice at latitude 23° N are set to constant
values, with a Sun shape error of 1.5 and a radius of 5.7 m (consistent with the results
analyzed in the Sun disk analysis section). These are projected onto a rectangular mirror
with an area of 64 square meters, placed at a fixed distance of 30 m from the receiver. The
rectangular shape of the mirror facilitates the observation of the impact angles at various
positions. The image on the mirror is then reflected onto a square receiver with an area of
64 square meters, positioned at a height of 25 m and with a tilt angle of 60°. Subsequently,
the mirror’s position and the time of light exposure are varied, and the resulting images on
the receiver are recorded from different scenarios, as shown in Figure 17.

AM 10 AM 12 AM 14 AM 16 AM

0 75

0.60
0.45
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I0.15
0.00

Figure 17. Responses of model parameter varying.
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From the results, the alignment with reality can be explained as follows: When the
mirror is positioned directly north of the receiver, the shape of the Sun disk appearing
on the receiver remains a fairly complete circle, due to the narrow reflection angle from
the mirror to the receiver. As the mirror’s position deviates further from the north (both
westward and eastward), the shape of the projection on the receiver gradually transforms
into a more elliptical shape, with the orientation of the elliptical axis depending on the
mirror’s direction. This transformation from a circular to an elliptical shape as the mirror’s
position changes does not alter the amount of received energy (assuming no spill occurs),
but it reduces the flux density. Changing the time of exposure does not affect the shape
of the Sun disk projection, but it does influence the edges of the projection as seen on the
receiver, which is a reflection of the mirror’s image. Additionally, the received energy and
flux density on the receiver vary with time.
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4.4. Examining Effect of Mirror Shape and Spill Loss

One of the significant advantages of the HCTPM model is its flexibility to adjust the
size and shape of the mirror, which allows for a variety of projections on the receiver
beyond just circular or elliptical forms. This adaptability is demonstrated in Figure 18.
The simulation parameters, including the date, time, and receiver characteristics, remain
consistent with the previous sections, with the Sun shape error and radius set to 1.5 and
5.7 m, respectively, to highlight the influence of the mirror shape more clearly.

0.5 W/H 20W/H
Recta ngle Rectangle

Circle Triangle Square Pentagon

0.45

NE20° 0.30
IO415

0.00

Figure 18. Projected images on receiver with different mirror shapes.

By maintaining a constant mirror area of 48 square meters and altering the mirror
shape, the mirror was positioned to yield circular and elliptical projections on the receiver
at positions [N 0°] and [NE 20]. It was observed that the Sun disk’s shape projected onto
the receiver remained consistent irrespective of the mirror shape. However, the edges of
the projection, defined by the mirror’s shape, varied accordingly (as indicated by the white
dashed lines).

This characteristic is particularly advantageous as it enables the assessment of spill
losses on both the mirror and the receiver when the size and shape of the mirror are
modified. Such evaluations are instrumental in optimizing the design of mirrors, ensuring
appropriate shapes and sizes for different mirror positions.

The analysis of spill loss on both the mirror and the receiver was conducted by
configuring the Sun disk to have a larger size and broader energy distribution (Sun shape
error = 2 and radius = 6). The mirrors were then positioned at [N 0°] and [NE 30°], and
the resulting spill loss was systematically recorded as the mirror size varied between 10 to
90 square meters and the mirror shape was altered between a 0.7 W/H ratio rectangle and
a circle.

The results indicate that increasing the size of the mirror significantly reduces the spill
loss on the mirror itself, with this trend being consistent regardless of the mirror’s shape or
position. However, increasing the mirror size leads to a higher spill loss on the receiver,
particularly when the mirror’s position deviates significantly from the north. Analyzing the
total spill loss reveals that it tends to decrease as the mirror size increases (with the receiver
size remaining constant). Nevertheless, this decreasing trend becomes less pronounced as
the spill loss on the receiver increases, which is notably evident when the mirror’s position
deviates further from the north (Figure 19a,b). When the mirror is positioned directly north,
the majority of the total spill loss is attributable to the spill loss on the mirror. These findings
can benefit the determination of the optimal mirror and receiver sizes in other scenarios.
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Figure 19. Spill loss analysis. (a) NE30° with rectangular mirror (b) NE30° with circular mirror
(c) NO° with rectangular mirror (d) NO° with circular mirror.

The above analysis demonstrates one advantage of the HTPCM model, which is its
ability to analyze the shape of the mirrors as well as the suitability of the mirror size in
relation to the receiver size. The appropriate sizing of both the mirrors and the receiver
increases the energy efficiency in the design while also reducing the investment costs.

5. Conclusions

This study demonstrates the advantages of the HCTPM model in simulating solar
energy distribution for concentrated solar power (CSP) systems. The HCTPM model
leverages the strengths of previous models, allowing users to observe the flux distribution
of projected images on both the Sun disk on mirrors and receivers. By tracking the changes
in curves on various components, the model reduces the amount of data required for
analysis, thereby saving computing resources while maintaining calculation accuracy.

The HCTPM model is highly flexible, accommodating various parameters such as
date, time, and project location. It can incorporate real climatic data if available. Parameters
related to the Sun disk, mirrors, and receivers can be easily adjusted, enhancing the model’s
applicability to different scenarios. When compared with other models, HCTPM shows
consistency in both energy quantification and the characteristics of the Sun disk. This
includes models based on ray-tracing and Gaussian principles. The accuracy of the HCTPM
model, verified through energy balancing tests, shows deviations within 2.5%. This minor
deviation may result from the assumption that the energy level remains constant across all
points on the curve, even if the curve shape deviates from a circle. However, this deviation
is negligible compared to spill losses.

Unlike other models, HCTPM can analyze spill losses on both mirrors and receivers. It
can also adjust the shape of mirrors, which aids in further analysis of blocking or shadowing
effects due to different mirror arrangements in the field. Although initially designed for
heliostat systems with flat mirrors and planar receivers, the parametric design of HCTPM
allows for potential future development. It can be adapted to evaluate flux distribution
from other concentrating devices such as parabolic dishes or troughs and curved receivers
capable of omnidirectional light reception. These results pave the way for further research
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and development, potentially expanding the application of the HCTPM model to a broader
range of solar energy collection devices and configurations. The ability to simulate and
optimize complex solar energy systems accurately will play a crucial role in the ongoing
efforts to make solar energy a more viable and efficient renewable energy source.
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