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Abstract. The solar tower system is one of the most promising concentrated solar power tech-
nologies that can address climate change issues by meeting energy demand sustainably while
mitigating carbon emissions. The mirrors of the solar tower require a large share of the invest-
ment cost and occupy 4-8 times the ground compared to the mirror surface area. The share of
the plant area cost may become significantly high for regions where the land is not cheap,
especially in developing countries. In this study, a parameter named Energy Utilization Factor
is introduced to quantify the utilization of the ground area in terms of available solar radiation
energy. The variation of the Energy Utilization Factor is studied for a range of design variables
without considering any specific dimensions for the heliostat and the receiver. The annual En-
ergy Utilization Factor is seen to have a maximum value within 15 %, indicating the solar tower
system is only capable of using one-seventh of the available solar resource on the ground.
The maximum achievable Energy Utilization Factor is seen to increase with the tower height,
but reduces with latitude. For a given heliostat field, the Energy Utilization Factor is seen to
have a direct relationship with the amount of mirror area employed per unit ground area.
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1. Introduction

In Solar Tower system the heliostat mirrors located on the ground reflect and concentrate the
available solar radiation on a small absorber surface called the receiver. The receiver is located
at an elevation from the ground called the tower optical height. The amount of energy concen-
trated on the receiver to the amount of solar energy available on the mirrors is termed as the
optical efficiency. The overall performance and the economic feasibility of the solar tower sys-
tem depend on the optical efficiency of the system.

The optical efficiency of a solar tower system depends upon various factors such as the
receiver elevation, the arrangement of the heliostats in the ground, and the specifications of
the heliostat and the receiver. The geographical location also affects the optical efficiency as
the movement of the sun depends on the latitude. Several numerical investigations have been
conducted for the maximization of the optical performance of the solar tower systems. Studies
have been conducted to optimize the arrangement of the heliostats in the field for maximizing
optical efficiency [1, 2, 3]. The arrangement of the heliostats generally follows a particular ge-
ometric pattern in these studies. Numerical investigation by Farges et al., 2018 revealed that,
using a smaller sized heliostat while following a no-blocking heliostat arrangement criterion
can improve the optical performance of the PS10 power plant [4]. Belaid et al., 2020 reported
that, using smaller sized heliostats in the starting rows and utilizing gradually larger sized he-
liostats in the outer rows results in an improvement of the optical efficiency while reducing the
land area requirement [5].
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In these studies, one or more important design variables have been kept as constants.
However, due to the inter-relationship between the design variables, the optical efficiency is
not independent of those design variables that are kept constant. For example, the optimization
of the size or shape of the heliostats should also take into account the dimensions of the re-
ceiver, as the intercept factor is dependent on both.

Carrizosa et al., 2015 conducted a numerical study to minimize the levelized cost of ther-
mal energy of a solar tower system [6]. The heliostat field requires a large share of the overall
investment cost, thus affecting the cost of energy. Along with that, the land area required for
placing the heliostats also affects the cost of energy. The cost of land to the cost of mirror may
vary from 1:20 to 1:100. For smaller values of the ratio, the share of the land cost in the overall
investment cost remains very low. Therefore, the effect of the land cost on the cost of energy
becomes negligible. But, for larger values of the ratio closer to 1:20, the land cost becomes a
significant portion of the overall plant investment cost, thereby affecting the cost of energy
produced. Therefore, optimal placement of the heliostats in the field to ensure maximum optical
performance and proper utilization of the land area is important.

In this study, a new parameter named the Energy Utilization Factor (EUF) has been intro-
duced which is defined as the ratio of energy reaching the receiver to the energy available on
the ground area occupied by the heliostats. The distribution of the mirror area in the heliostat
field is optimized to ensure maximum optical performance. The variation in the optimized En-
ergy Utilization Factor has been studied for a number of design variables including the latitude
and the tower height. Specific dimensions for the heliostat or the receiver aperture have not
been considered and the heliostat mirror is represented with the help of mirror density.

2. System description

The receiver aperture has been considered to be the lateral surface of a cone and is repre-
sented by the tilt angle () from the vertical plane. The height of the aim point from the plane
of the heliostat centers is called the Tower Optical Height (h). The angle made by the reflected
radiation from a heliostat with the receiver aperture normal is denoted by ¢ in this work [7].

The field domain around the tower has been discretized into a grid of 100 m x 100 m
elements. The amount of mirror area in each grid point is defined by the mirror density. The
shading and the blocking efficiency are estimated using the mirror density following the work
of Grigoriev et al. 2022 [8]. The shading (the blocking) efficiency depends on the amount of
projected ground area towards the sun (the aim point) and the projected mirror area. The re-
lation for the calculation of the shading and the blocking efficiency is given by Eq. (1-2).

Nsn = Sinag/(o - cos ) (1)
Nyt = 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. The mirror density (o) is defined as the amount of mirror area per unit
ground area.

0 =AA, /DA, (3)
2.1 Local optical efficiency

The instantaneous optical efficiency of an individual heliostat is the ratio of radiation focussed
on the receiver aperture to the solar radiation intensity at that time instant. The instantaneous
optical efficiency depends on the optical efficiency factors such as the reflectivity (p), the cosine
(Mcos), the attenuation (14, ), the interception (1;,,¢), the shading (n,y,), and the blocking (1)
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Nins = P " Ncos " Natn " MNint * Nsh " Mb1 (4)

In this work, an ideal situation is assumed with p = 1. The cosine efficiency is calculated
from the dot product between the unit vector of the sun and the unit vector of the mirror normal.
Using correlations given by Leary & Hankins, 1979 the attenuation loss can be predicted with
sufficient accuracy based only on the slant range of the heliostat [9]. The interception efficiency
is predicted with the help of the image spread in the vertical direction [7].

Nint = €OS ¢ )

where ¢ is the angle made between the reflected radiation from a heliostat and the receiver
aperture normal. 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 7.

Nioc = 211vms nins/Nins (6)
2.2 Field optical efficiency

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 YN AAg “Ip - At) - Nipg (7)

where “” denotes the index of the field location. The amount of ground area associated with
the mirror density g; is denoted by AA,. The multiplication of AA, and g; indicates the amount

of mirror area. The total annual energy concentrated on the receiver aperture by all the field
locations is the addition of annual energy (E,ny,;) of each location. The time interval between

two instants of calculation is denoted by At and taken as 4 minutes in the study.

N
Eannfieta = 2,25 Eannj (8)

where N, 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. (9).

N oc
Eann,avl = Zj=l1 (O-] ’ AAg I - At - Nins) (9)

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

N oc N oc
Nfield = Eann,field/Eann,avl = Zj:ll (O-j 'nloc,j)/zj':l1 0j (10)

where the field optical efficiency for the given heliostat field is denoted by 7;.;4. For the cal-

culation of insolation un-weighed field optical efficiency, the beam radiation intensity I, is as-
sumed to be constant for all time instants.

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. To ensure the highest optical performance for a
heliostat field, the optimal distribution of the mirror density is required. An optimization routine
is developed to maximize the field optical efficiency for a given total mirror area (4., )- FOr
a given A,,;ror the denominator of Eq. (10) is constant, resulting in the objective function:

OF:max % 5(07 * Mioc, ) (11)
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3.1 Mirror density optimization

The input to the optimization routine is a matrix of local optical efficiency values, calculated for
all the field locations in the domain at discrete intervals of mirror density. The optimization
routine is divided into 2 segments — primary construction 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 the ordering of
the field locations with the maximum local optical efficiency, the number of field locations is
determined to construct the required mirror area A,,iror -

In the iteration stage, the effect of the addition and the subtraction of the mirror density
from 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. (10) by
the maximum extent

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

In each stage of the iteration, the mirror density is added to one field location and removed
from another field location. In this way, the mirror area gets assigned to higher optical potential
field locations from lower ones. After each iteration, the field optical efficiency is calculated 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 improvement in the average mirror density. The value of these parameters has been
decided to be 10 and 102 respectively.

3.2 Energy Utilization Factor

The Energy Utilization Factor (EUF) can be defined as the amount of solar radiation energy
reaching the receiver to the solar radiation energy available on a certain land area. In this work,
EUF for an individual field location can be calculated from Eq. (12).

EUF} = Eann,j/(AAg Ip- At - Nins) = Nioc,j * 9 (12)

For the overall heliostat field associated with average mirror density (0,,4), the field aver-
age energy utilization factor (EUFy;¢;4) can be determined using the following formulation.

N oc
EUFfield = Eann,field/ijl1 (AAg “Ip At - Nipg) = Nfield " Oavg (13)

4. Results and discussion

The local optical efficiency is a function of the latitude, the tower height, and the tilt angle of
the aperture, along with the mirror density. Therefore, the optimized distribution of the mirror
density and the corresponding EUF is dependent on the choice of these variables.

4.1 Spatial distribution of EUF

Parametric analysis and optimization are conducted at different tower heights, at latitude 20
°N for A,iror = 0.4 km2. The tilt angle of the aperture is varied from 0-90°. For a given tower
height, the mirror density is optimized for each of the 91 tilt angle values. The optimum tilt
angle for each tower height, the maximum field optical efficiency, the average mirror density
of the optimized heliostat field, and the EUFy;,,4 are given in Table 1.
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Table 1. Variation of field average EUF with the tower height for Amiror = 0.4 km?, at latitude = 20 °N

Tower height (m) aopt(o) nfield(%) aavg EUFfield(%)
50 6 63.25 0.0512 3.23
100 11 66.32 0.01 6.63
150 17 67.61 0.1324 8.95
200 22 68.44 0.1408 9.63
250 27 69.17 0.1492 10.32
300 32 69.82 0.1587 11.08

The spatial distribution of the EUF for individual field locations for tower heights 100 m and
300 m is shown in Fig. 1 for latitude 20 °N and 4,,,;,+or = 0.4 km?2. With increased tower height,
the cosine efficiency improves, resulting in an overall increase in the local optical efficiency.
With a taller tower, a greater amount of mirrors can be placed in field locations near the tower
without hampering the blocking efficiency. Therefore, the heliostat mirror field becomes more
compact with increased tower height as seen in Fig. 1. With increased average mirror density
and an improved field optical efficiency, the field average energy utilization factor increases
with the tower height.

EUF
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Figure 1. Spatial distribution of EUF with tower height for Amiror = 0.4 km?, at latitude = 20 °N, for h =
100 m and a,,, = 11°(left), and h = 300 m and a,,, = 32° (right)

4.2 Parametric analysis of EUF ;.4

The field optical efficiency and the average mirror density are dependent on the optimum dis-
tribution of the mirror density, which in turn is affected by the latitude, the tower height, and the
total mirror area. The variation of the EUFy,, is studied for latitudes between 0° to 50 °N, for
Amirror = 0.1 km? to Ao = 1 km2. Fig. 2 shows the variation of the field optical efficiency,
the average mirror density, and EUFy;.;4 With the tower height at latitude 10 °N. With increased
tower height, the optical efficiency potential increases which permits the allocation of a greater
amount of mirror area near the tower. As a result, the field optical efficiency and the average
mirror density improve with the tower height. Consequently, the EUFy;,4 is seen to increase
with the tower height. For larger A,,,;,+or, greater amount of mirror area is forced to occupy low
optical efficiency field locations away from the tower, as a result, both the field optical efficiency
and average mirror density are seen to decrease at a given tower height.
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Figure 2. Variation on maximum field optical efficiency (left), average mirror density (middle) and field
average EUF (right) with tower height for multiple Amirror, at latitude 10 °N

Fig. 3 shows the variation of field optical efficiency, the average mirror density, and
EUFjie14 With the tower height for different A, at latitude 40 °N. With increasing latitude
the cosine efficiency contours start to become biased towards the northern direction (south)
for the locations in the northern hemisphere (southern hemisphere). At this comparatively high
latitude, the high cosine efficiency field locations to the far north of the tower suffer from high
shading and blocking loss, hindering the allocation of high mirror density. On the other hand,
the optical efficiency potential combining cosine and blocking efficiency is much lower in the
southern zone of the field, for 40 °N compared to the same at latitude 10 °N. The effect of low
optical efficiency potential at higher local mirror density values results in lower average mirror
density for the optimized configuration for higher latitude locations, as seen in Fig. 3.

From Fig. 2 and Fig. 3, the difference in the field optical efficiency values is not significant
between the two latitudes. However, a lower latitude location can achieve a high average mir-
ror density for a given mirror area. Therefore, as depicted in Fig. 2 and Fig. 3 the average EUF
for a given heliostat field area can be higher for a lower latitude location.
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Figure 3. Variation on maximum field optical efficiency (left), average mirror density (middle) and field
average EUF (right) with tower height for multiple Amiror, at latitude 40 °N

4.3 Marginal increase of EUFy;c1q VS Ggyg

Both the average mirror density and the energy utilization factor for an optimized heliostat field
are seen to increase with the tower height. The optimum values of the average mirror density
and the energy utilization factor for each tower height and field size combination are plotted in
Fig. 4. Each curve in the graph consists of 6 scatter points corresponding to each tower height.
The almost linear relationship between the energy utilization factor and the average mirror
density is nearly independent of the latitude. Therefore, selecting the average mirror density
for a heliostat field automatically determines the achievable energy utilization factor.
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Figure 4. Marginal increase in the EUF with marginal increase of average mirror density at (a) latitude
=10 °N, and (b) latitude = 40 °N

5. Conclusion

The cost of the land area for a solar tower system may become significant in the overall in-
vestment cost based on plant location and land availability. Therefore, efficient utilization of
the land area is of utmost importance. In this work, the mirror area distribution in the heliostat
field is optimized to reach the maximum optical performance. A new performance parameter
called Energy Utilization Factor (EUF) is introduced which indicates the portion of energy
reaching the receiver from that is available on the ground occupied by the heliostat mirror field.
Therefore, EUF indicates the proper utilization of the ground area in a solar tower system. The
EUF of a field location is seen to have an inverse relationship with the distance from the tower
in general, although it depends on the direction of the location with respect to the tower base.
The field average value of EUF is seen to increase with a taller tower. The study is conducted
for multiple latitudes by optimizing overall heliostat mirror areas between 0.1 km? to 1 km?. The
EUF is seen to be higher for lower latitude locations than for higher latitudes, with the maximum
value remaining within 15 %. As the outcome of the optimization, the average mirror density
for a heliostat field is also determined. The EUF and the average mirror density are seen to be
related almost linearly, irrespective of the latitude. Therefore, the proper utilization of the
ground area is directly dependent on the average mirror density employed for the heliostat field
of a solar tower system.
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