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Abstract. In solar tower systems, the mirrors located on the ground reflect and concentrate
the solar radiation on the receiver to increase the enthalpy of the heat transfer fluid. The mirrors
can be placed surrounding the tower or limited in a direction, based on which the receiver is
chosen to be external or cavity type, respectively. The overall performance of the system
largely depends on the choice of the arrangement of the mirrors and the choice of the receiver.
In this study, the angular extent of the heliostat field around the tower is studied at different
latitudes. The field domain is discretized into square grids. The cosine and the attenuation
efficiency are evaluated based on the position of the grid element and the aim point. The re-
ceiver aperture is idealized to be the outer surface of a cone and is denoted by the tilt angle.
The interception efficiency is predicted with the angle made by reflected radiation on the
slanted receiver aperture surface. No specific dimension for the heliostat is assumed and the
amount of mirror area is expressed with the help of mirror density, which facilitates the predic-
tion of the shading and the blocking efficiency. The amount of mirror area in each discretized
field location is optimized for maximizing the optical performance. The results indicate that,
with increased latitude in the northern hemisphere, the heliostat field tends to be limited to-
wards the northern direction.
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1. Introduction

The solar tower system is seen as one of the most potential technologies to meet the thermal
requirements of various industries and sustainably mitigate carbon emissions. Developing the
solar tower system is capital intensive, which puts a premium on ensuring the maximum pos-
sible performance of each sub-system. The performance of the solar tower depends on the
ability of the optical subsystem to concentrate the incoming solar radiation on the receiver and
subsequently, on the capability of the receiver cooling fluid to extract the heat.

The optical subsystem consists of the heliostat field and the receiver aperture. The optical
efficiency of the system is the fraction of the incoming solar radiation that is intercepted by the
receiver aperture after being concentrated by the heliostat field. Several studies have been
conducted to optimize different design variables of the optical subsystem with the target of
maximizing the optical performance and/or reducing the cost of produced energy. Optimization
of geometric variables has been performed to optimize the heliostat layout in the field for max-
imizing the annual optical performance of the PS10 power plant, Seville, Spain, or Gemasolar
power plant, Seville, Spain by multiple researchers [1, 2]. Numerical studies have been con-
ducted to find the best heliostat size or the optimum mix of heliostat sizes for the aforemen-
tioned power plant configurations to maximize the annual optical performance [3, 4]. For the
Gemasolar power plant, the receiver dimension and the heliostat field layout variables have
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been optimized to improve the annual optical performance and to study the effect on the lev-
elized cost of electricity [5, 6].

Literature review indicates that an ample amount of research work has been conducted to
develop methodologies for the optimization of several design variables relating to heliostat field
layout and/or receiver design variables. Although one or more of the important design variables
such as the heliostat size, the receiver dimension, the receiver aperture tilt angle, and the
receiver acceptance angle have been kept exactly equal to the power plant considered. It is
worth pointing out that, the outcome of the studies may have been affected by the choice of
the design variables that are kept constant.

The choice of the receiver depends on the layout of the heliostat field. Whereas an external
type receiver is to be employed for a surrounding heliostat field; the directional type heliostat
field can be coupled with a cavity type receiver. The cavity type receiver reduces the radiative
and convective heat losses for having a small aperture opening to the environment. Addition-
ally, the stagnation effect of hot air inside the cavity volume for a tilted cavity aperture reduces
the convective heat loss to the environment [7]. Therefore, the optimal distribution of the mirror
area in the heliostat field is of paramount importance from the optical and thermal performance
perspective. In this study, a generic approach has been taken to understand the optimal dis-
tribution of the mirror area, and the tilt angle of the receiver aperture ensuring maximum optical
performance of the system. Particular dimensions for the heliostat and the receiver aperture
have not been assumed. The angular extent of the heliostat field is studied for a range of
latitudes and tower heights in this work.

2. System description

The field domain is discretized into a grid of square shaped elements. The receiver aperture is
located at an elevation equal to tower height (h) from the ground level. The receiver aperture
is idealized to be the outer surface of a cone with half angle a, which is the tilt angle. The
discretization of the heliostat field and the tilt angle of the aperture facilitated the calculation of
the cosine, the attenuation, and the interception efficiency [8].

2.1 Mirror density

The shading and the blocking efficiency can be estimated using the mirror density, which de-
pends on the ratio of the projected ground area to the projected mirror area towards an ob-
server positioned along the solar radiation (reflected radiation) for shading (blocking) [9]. The
mirror area in each discretized field location is expressed with the mirror density rather than
considering any specific dimension for the heliostats in this work.

Nsn = Sinag/(o - cos 6) (1)
Ny = sina; /(o - cos 0) (2)

where the angle of incident radiation with the mirror normal is denoted by 6. The elevation
angle of the sun and the elevation angle of the aim point from the heliostat are denoted by a;
and a,, respectively. At each discretized field location, mirror density o denotes the ratio of the
mirror area (AA,,) to the ground area (A4,). The field domain is discretized into a grid of 25 m
x 25 m following a detailed sensitivity study. Thus, each ground area element has an area
(AAg) of 625 m?.

0 = Ay /DAy, )
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2.2 Optical performance modeling

The annual optical efficiency of the heliostat field is the ratio of the annual energy concentrated
on the receiver over the year and the annual solar radiation energy available on the heliostat
mirrors.

Nfield = Eann,field/Eann,avl (4)

where the field optical efficiency for the given heliostat field is denoted by 714 and Ny, is

the number of field locations that constitute the heliostat field. The amount of solar radiation
energy available on the mirrors over the year is given by Eq. (5).

Nioc
Eann,avl = Z (0-] ’ AAg Iy - At - Nins) ()
j=1
Nioc
Eann,field = Z Eann,j (6)
j=1

The total annual energy concentrated on the receiver aperture by all the field locations is
the addition of annual energy (E,,, ;) of each field location given by Eq. (6). The time interval
between two instants of calculation is denoted by At and taken as 4 minutes in the study.
For the calculation of insolation un-weighed field optical efficiency, the beam normal radiation
I, is assumed to be constant for all time instants. The annual energy concentrated on the
receiver by a field location is the addition of the energy collected over all the time instants.

Eann,j = (nloc,j Y AAg “Apn * At) * Nins (7)
where “/’ denotes the index of a particular field location. The amount of ground area associated
with the mirror density o; is denoted by AA,. The multiplication of A4, and g; indicates the
amount of mirror area. The insolation un-weighed annual optical efficiency for a given field
location is termed as the local optical efficiency in this work and is denoted by 1;,..

Nins

Nioc = Z nins/Nins (8)
1

The simulation has been conducted for N;,,; time instants over the year, at At = 4 minutes
time interval. The instantaneous optical efficiency of an individual heliostat is the ratio of ra-
diation focussed on the receiver aperture to the solar radiation intensity at that time instant.
The instantaneous optical efficiency depends on the reflectivity of the mirror (p), the cosine
(Mcos), the attenuation (1,¢y,), the interception (1;,¢), the shading (n,5), and the blocking (1y;).

Nins = P " Ncos *Natn " MNine * Nsn " Nbi (9)

In this work, an ideal situation is assumed with p = 1. The cosine efficiency denotes the
effective mirror area intercepting the incoming solar radiation. The attenuation loss can be
predicted with sufficient accuracy based only on the distance of the aim point from the heliostat
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[10]. The angle made by the reflected radiation from a heliostat with the receiver aperture
normal is denoted by ¢ in this work. The interception efficiency is predicted with the help of the
image spread on the receiver aperture in the vertical direction only [8].

Nine = €0S ¢ (10)

3. Methodology

The local optical efficiency of a field location depends on the mirror density, as the shading
and the blocking efficiency are functions of it. Optimal distribution of the mirror density is re-
quired to achieve maximum optical and system performance of solar towers. Using the values
of Egnnavi @nd Eqny rieta from Eq. (5) and Eq. (6) respectively, the objective function of the
optimization code has been derived for a given total mirror area and given by Eq. (11).

Nioc

OF: maxZ(aj-moc,j) (11)
j=1

3.1 Mirror density optimization

The local optical efficiency at each grid element is calculated for discrete values of the mirror
density and the generated matrix is used as the input to the optimization program developed
in the MATLAB software. The optimization routine is divided into 2 segments — primary con-
struction of the field, and iterative procedure of allocating mirror density. In the primary stage,
the maximum local optical efficiency of each field location and the corresponding local mirror
density is chosen. Following that, the required total mirror area (A,,i-0r) IS Constructed by
selecting the best field locations in terms of local optical efficiency and maintaining the con-
straint of A,,irror-

In the iteration stage, the changes to the objective function for the addition and the sub-
traction of the mirror density for each of the primarily selected field locations are evaluated.
The iterations proceed in the following method:

1. Mirror density is added to field location which increases the numerator of Eq. (4) by the
maximum extent

2. Mirror density is removed from the field location which reduces the numerator of Eq.
(4) by the minimum extent

The optimization program in this way removes the mirror area from one field location hav-
ing low optical performance potential and assigns the mirror area to the high optical perfor-
mance field location, in each iteration. After each iteration, the field optical efficiency is calcu-
lated for the new mirror density distribution.

The convergence of the optimization routine is dependent on two criteria. The primary
criterion is the minimum improvement in the field optical efficiency, and the secondary is the
minimum increase in the average mirror density. In the current study, the value of these pa-
rameters has been decided to be 10* and 107 respectively.

3.2 Angular extent of the heliostat field

For a heliostat field with optimal mirror density distribution, the angle made between the east-
ernmost heliostat location and the westernmost heliostat location via north having tower base



Paul and Kedare | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

as the center is termed as the angular extent of the heliostat field. In this study, the angular
extent of the heliostat field is denoted by yy;.;4. Therefore, a heliostat field with yy;;q < 180°
would be limited towards the northern direction and can be identified as a directional field.

4. Results and discussion

The local optical efficiency of a field location is a function of the tower height, the latitude, and
the tilt angle of the aperture. Therefore, the optimal mirror density distribution becomes a func-
tion of these variables too. Parametric study and optimization are performed for different tower
heights (h) and latitudes while the tilt angle of the aperture is varied between 0-90°. For every
latitude and tower height combination, the mirror density is optimized for all 91 values of the
tilt angle. The tilt angle at which the maximum field optical efficiency is reached is noted as the
optimum tilt angle (a,:)-

The variation of the maximum field optical efficiency (7r;c;q), the optimum tilt angle (a,:),
the average mirror density (g4,4), and the angular extent of the heliostat field (yy;e;q) With the
tower height (h) for a mirror field area (A4,,,iror) Of 0.1 km? at latitude 10 °N is given in Table 1.
With increased tower height, the local optical efficiency potential near the tower improves due
to a combined increase in the cosine efficiency and the blocking efficiency. Therefore, a greater
amount of mirror area can be allocated near the tower without a detrimental increase in the
blocking loss and shading loss. Additionally, the tilt angle of the aperture can also be increased
to ensure a better interception of the image for the increased mirror density near the tower. As
a result, with increased tower height the field optical efficiency increases accompanied by the
rise in the average mirror density. At 10 °N, the sun remains on the northern side of the east-
west plane for a considerable amount of time annually. Therefore, the annual cosine efficiency
of the field locations to the south of the tower is also of similar magnitude compared to the
northern section of the tower. Consequently, the resulting heliostat field surrounds the tower
as evidenced by yfie;q = 360°.

Table 1. Variation of angular extent of heliostat field with tower height at latitude 10 °N

h (m) Nieta(%) Aope(°) Oavg Yrieta(®)
50 67.76 11 0.0845 360
100 69.95 22 0.122 360
150 71.80 32 0.1473 360

To understand the effect due to the solar trajectory, the investigation is extended to higher
latitude locations. Table 2 shows the variation of the maximum field optical efficiency, the op-
timum tilt angle, the average mirror density, and the angular extent of the heliostat field with
the tower height for a mirror field area of 0.1 km? at latitude 50 °N.

Table 2. Variation of angular extent of heliostat field with tower height at latitude 50 °N

h (m) nfield(%) aopt(o) aavg }’field(o)
50 73.41 06 0.0498 154
100 74.01 10 0.0608 150
150 74.25 14 0.0618 150

With increased latitude in the northern hemisphere, the trajectory of the sun becomes
slanted to the southern direction from the east-west plane resulting in better annual cosine
efficiency for the northern side of the heliostat field. As other optical efficiency factors have
none or mild directional character, so, the local optical efficiency is dominated by the cosine
efficiency. As a result of the mirror density optimization, a greater amount of mirror area is
allocated to the northern section of the field due to their higher optical performance potential.
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Consequently, it results in a limited view directional type field for latitude 50 °N. Fig. 1 in the
following shows the optimal distribution of the mirror density for latitudes 10 °N and 50 °N. The
heliostat field occupies a larger ground area at latitude 50 °N due to its lower average mirror
density compared to 10 °N. The reason for this occurrence can be understood by the inability
to allocate high mirror density at any northern field locations due to higher shading and blocking
losses at 50 °N, compared to 10 °N.
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Figure 1. Spatial distribution of optimum mirror density for Amiror = 0.1 km?, h = 100 m at (a) latitude =
10 °N, and (b) latitude = 50 °N

5. Conclusion

In this study, the mirror density is optimized to ensure maximum optical performance, and the
angular extent of the heliostat field about the tower is studied. The optimal distribution of the
mirrors depends on the latitude and the tower height. Lower latitude locations are capable of
achieving a denser heliostat field requiring less ground area compared to the high latitude
locations. From the outcome of the analysis, the heliostat field designer can select the number
of mirrors to be placed in each field zone. The placement of mirrors can follow any particular
geometric pattern like radial staggered, cornfield, Fermat spiral etc., or without any geometric
pattern, as long as the optimum mirror density in the field zone is satisfied. Results indicate
that an external type superficial receiver is suited for lower latitude locations as the optimized
heliostat field is surround. But, with increased latitude, the angular extent of the heliostat field
starts to reduce. Higher latitude locations indicate the potential of utilizing the cavity receiver
with the directional type field, thus achieving a higher receiver efficiency. But the cavity type
receivers impose a limit on the maximum size of the heliostat field due to their limited view
angle. Thus, smaller heliostat fields with short towers and cavity receivers might be suitable
for higher latitude locations. On the other hand, solar tower systems with large heliostat fields
might be ideal for lower latitude locations, as superficial external type receivers can be em-
ployed.
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