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Abstract
In this paper, the problem of optimizing the heliostats field configuration of a Solar

Power Tower system with heliostats of different sizes is addressed. Maximizing the effi-
ciency of the plant, i.e., optimizing the energy generated per unit cost, leads to a difficult
high dimensional optimization problem (of variable dimension) with an objective function
hard to compute and non-convex constraints as well. An heuristic algorithm greedy-based
is proposed to solve the problem. The numerical experiments show the advantages of com-
bining heliostats of different sizes, in particular, if different prices apply, which is a very
reasonable assumption.

Keywords: solar thermal power, multi-size heliostat field, greedy algorithm.
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1 Introduction
Solar power tower (SPT) system is known as one of the most promising technologies

for producing solar electricity due to the high temperatures reached that resulte in high
thermodynamic performances; some reviews on solar thermal electricity technology are
[1, 11, 25, 30, 31, 36]. An SPT system is here considered to consist of two elements: a
tower and a field of heliostats. Direct solar radiation is reflected and concentrated by the
heliostats field in a receiver placed at the top of the tower. At the receiver, the thermal
energy is transferred to a heat transfer fluid to produce electricity through a conventional
thermodynamic cycle. The heliostats field is considered of a group of mirrors having
two-axis motion to reflect the direct light from the sun to the aim point on the receiver
aperture.

The optimal design of an SPT system consists of determining the tower height, the
shape and dimensions of the receiver aperture in the tower (tower optimization) and the
location of the heliostats (field optimization) so as to maximize the energy per unit cost,
see [29]. In this paper we focus only on the optimization of the multi-size heliostat field
using a pattern-free method and combining two heliostat sizes.

The optimization of the field is a challenging problem due to two issues already pointed
out in [16]. Firstly, the problem is of very large dimension, with hundreds (or even
thousands) of variables and non-convex constraints [5]. Secondly, the objective function
is nonsmooth, of black-box type and multimodal, see [8, 13, 28, 29], whose evaluation is
very time consuming, mainly due to the so-called shading and blocking effects [11].

With the purpose of design the heliostats field, very frequently a geometrical pat-
tern is imposed, i.e., the heliostats locations are assumed to follow a fixed distribution.
It is commonly assumed that heliostats follow a radial-stagger pattern, as can be seen
in [6, 9, 10, 23, 22, 35, 37], other distributions as spiral [26] or grid [32], are also used.
These distributions are usually optimized using different parametric approaches, or used
as starting solutions in a sequential optimization procedure, see [4, 6].

All the papers we are aware of assume all heliostats with identical size, this size being
given as detailed for instance in [26]. Choosing all heliostats of one single size may not
lead to optimal fields, as already pointed out in [15]. Moreover, the cost of an SPT
system is dominated by the heliostats field as said in [17] and [20]. While there are some
authors that have taken into account different heliostat geometries in order to improve
the heliostats performance and cost (hexagonal [34], bubble [20], minimirror array [17],
other geometries [21, 24, 38]), the design of heliostats fields using different heliostat sizes
remains, as far as the authors are aware of, unexplored.

In this paper we consider two heliostat sizes, from now on called as large-size and small-
size. The choice of the size of the heliostats may dramatically affect the performance of
the field and also its cost. This is illustrated in Table 1 and Figure 1: the same algorithm
is used to locate heliostats of small-size (points in Figure 1, left) or large-size (squares
in Figure 1, right). In Table 1 we have a comparison of these fields where we find the
number of heliostats (Nhel), the Annual Energy generated (E), the Cost of the heliostats
(Ψ), when both sizes have the same price, and the ratio Annual Energy/ Total Cost (F ).
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(a) Small-Size Heliostats

−100−50050100
0

50

100

150

200

(West) y coordinate (East)

(S
o
u
th

) 
x
 c

o
o
rd

in
a
te

 (
N

o
rt

h
)

Heliostat Field Layout N
hel

= 71

(b) Large-Size Heliostats

Figure 1: Circular region with heliostats of two different sizes

Size Nhel E (GWHth) Ψ (u.c.) F

Small 812 6.7228 0.5650 8.3213
Large 71 15.9619 1.3783 17.4656

Table 1: Field Performance

In this paper we address multi-size heliostats fields, i.e. heliostat fields with different
heliostat sizes. The rest of the paper is organized as follows. In Section 2, we describe
the main ingredients affecting the behavior and performance of the SPT system. Our
methodology to solve the problem is explained in Section 3. In Section 4, we apply the
optimization algorithm and analysis tools to a typical plant design and finally, in Section
5, our main results are summarized and some perspectives for further work are presented.

2 Problem statement
In this Section, the SPT system considered in the paper is described. We explain

the meaning of the variables involved in the optimization process and the constraints
that have to be satisfied. The cost and energy functions, that are the two elements to
be considered in the objective function, and the optimization problem we are going to
address are also described.
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2.1 Decision variables

For simplicity, we assume that the tower and receiver dimensions are given, see Section
5 for some remarks on how to address the full (tower and field) optimization problem.

The heliostats locations, given by the coordinates (x, y) of their centers, and the
heliostat sizes d, are the variables to be used. All heliostats are assumed to be rectangular,
although they can have different dimensions. We assume that the set D of all the possible
heliostats dimensions is finite and given.

From now on we will denote by Ω the collections of coordinates of the centers and
sizes of the heliostats, namely (x, y, d). We denote by |Ω| the cardinality of Ω i.e., the
total number of heliostats. The set Ω is described as follows, where Nhel denotes the total
amount of heliostats in the field, S denotes the set of heliostats coordinates and D the
set of heliostat sizes:

Ω =
{

(xi, yi, di) for i ∈ [1, Nhel] with (xi, yi) ∈ S and di ∈ D
}
.

2.2 Constraints

The annual energy function, defined below, is calculated through an annual and daily
integration process. We will denote by ΠT (Ω) the power input at time T for a given SPT
configuration. Usually, when designing a SPT plant, a fixed time is used to evaluate the
plant operation. This time is known in the literature as the design point denoted by Td.
Let ΠTd

(Ω) be the power input obtained at the design point, where a minimal power input
has to be achieved, that is:

ΠTd
(Ω) ≥ Π0 . (1)

Due to technical reasons, the heliostats must be located within a given region S0 ∈ R2.
This defines a constraint on the heliostat locations:

S ⊂ S0 . (2)

The heliostats located in the field have to move freely avoiding collisions with other
heliostats. Consequently, we have to consider other constraints forcing the heliostats not
to overlap. These constraints should depend on the heliostats size:

||(xi, yi)− (xj, yj)|| ≥ δi + δj for i 6= j , (3)

where δi, δj > 0 are given parameters related with the heliostats size di and dj respectively.

2.3 Functions

The cost and annual energy are the functions involved in the optimization problem.
The cost function C takes into account the investment in power plant equipment (tower,
receiver and heliostats), purchasing of land and civil engineering costs:

5



C(Ω) = K + Ψ(Ω), with Ψ(Ω) =
∑
d∈D

cd
∣∣{i ∈ [1, Nhel] : di = d

}∣∣ , (4)

where K is a constant including all fixed costs and cd are positive constants representing
the price of each heliostat of size d ∈ D.

The annual energy input function E takes the form:

E(Ω) =

∫ T

O

Π̃t(Ω) dt , (5)

where Π̃t denotes the polinomial fitting of the power input reached by the system at each
time instant t.

The power input values of the system are calculated by adding the power values reached
by each heliostat located in the field, detailed as follows:

Πt(Ω) = I(t)η(t)fref

Nhel∑
i=1

ϕ(t, xi, yi, di,Ω) . (6)

Here I(t) is the so-called instantaneous direct solar radiation, η(t) is a mesure of the
radiation losses, fref is the heliostat reflectance factor and ϕ represents the product of
the efficiency factors (usual in this framework), that is, ϕ = fat fcos fsb fsp .

In particular, fat = fat(x, y) is the atmospheric efficiency, [2, 13]; fcos = fcos(t, x, y)
is the cosine efficiency, [13]; fsb = fsb(t, x, y, d,Ω) is the shadowing and blocking effi-
ciency [10, 33, 36], and, finally, fsp = fsp(t, x, y, d) is the interception efficiency or spillage
factor [12, 19, 18].

We do not give here a deep detail of the model used to compute the annual energy
of the plant. We use the NSPOC procedure, which is described in [14] and we refer the
reader to [2, 12, 13, 36] for further details.

2.4 Optimization Problem

In this problem the number of heliostats is not fixed in advance. Even fixing the
number of heliostats, the huge number of variables, around 3, 000 in recent commercial
plants [7], and the high computation time needed to evaluate the energy function, due to
the shadow and blocking effects, make this problem very difficult to solve as pointed out
in [11].

The optimization problem we are addressing can be written as follows, when the energy
generated per unit cost is considered as objective function:

(P)



max
Ω

F (Ω) = E(Ω)/C(Ω)

subject to ΠTd
(Ω) ≥ Π0

Ω ⊂ S0 ×D
||(xi, yi)− (xj , yj)|| ≥ δi + δj
for i 6= j .
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The heliostat efficiencies are dependant on the heliostat surface and its position in the
field, as can be appreciate in (6). Hence the heliostats performance is different depending
on their size. Our goal is to solve problem (P), that is to design a multi-size field of
heliostats trying to maximize the annual energy generated per unit cost.

3 Field optimization
Our goal is to solve problem (P), that is to design a field of heliostats when different

heliostat sizes are involved as optimization variables. We are going to describe in this
Section the algorithm that we present to solve the problem.

The heuristic algorithm presented in this paper, is called the Expansion-Contraction
Algorithm. As initial step the algorithm generates a large-size heliostat field following
another algorithm called Greedy Algorithm. Then two phases, expansion and contraction,
are applied into this initial field and repeated until no improvement is obtained in the
objective function. At the Expansion Phase, the field is filled with small-size heliostats
and at the Contraction Phase the best heliostats are selected according to their annual
efficiency.

As we have already mention the algorithm presented in this paper is based on an
algorithm called Greedy Algorithm and designed to locate heliostats when considering
only one heliostat size. This algorithm have been presented in [8], where the tower and
receiver are also considered as variables in the optimization process. It is a greedy-based
algorithm that sequentially locates the heliostats one by one on the best feasible position
in the field at each step k, that is, the location where the annual energy of the whole field
is largest, until the power constraint is reached. The algorithm is briefly described in next
subsection.

When different heliostat sizes are involved in the location problem the cost function
become an important factor, as it is related with the heliostat size. In the Expansion-
Contraction Algorithm different heliostat prices are taken into account for the different
heliostat sizes.

As far as we are aware of, no paper addresses problem (P), which allows heliostats to
be of different sizes. Moreover, our approach is different from others in the literature for
single-size heliostats in several aspects:

• There is no need of a starting configuration, i.e., no initial field is needed.

• A pattern-free strategy is used to locate heliostats (e.g. we do not assume that the
field has to possess a radially staggered shape).

• The number of heliostats is selected according to the power input requirements,
avoiding oversizing the whole heliostat field.
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In the next subsections we are going to give a brief introduction to the Greedy Algo-
rithm (see [8] for more details) and a complete explanation of the Expansion-Contraction
Algorithm.

3.1 Greedy Algorithm

As the Expansion-Contraction Algorithm is based on the Greedy Algorithm, we are
going to give a brief description of the Greedy Algorithm (see [8] for more details).

This algorithm is a greedy-based procedure that sequentially locates the heliostats
one by one on the best feasible position in the field at each step k. As the heliostat
cost is independent on the heliostat location, we can consider as objective function the
annual energy function, E. The heliostats are located freely, without any pre-arranged
distribution. Only two geometrical constraints, already mentioned, have to be taken into
account to locate the heliostats: the field shape constraint (2) and the heliostat center
constraints to avoid collisions, see (3). The annual energy is modified at each step as well
as the shading and blocking effects that the new heliostat is causing in the field. Once a
new heliostat is located and the shading and blocking effects are incorporated, the process
is repeated.

Note that to be consistan we use the same notation (x, y, d) although in this specific
case the size d is not considered as an optimization variable. Obviously, the first problem
(P1) involves locating the first heliostat center when only the field shape constraint is
considered:

(
P1
){ max

(x,y)
E({(x, y, d)})

subject to (x, y) ∈ S0 .

This problem has an easy-to-handle objective function, as plotted in Figure 2(a). In
return, when we have already located k−1 heliostats and we have obtained a field Ωk−1 ={

(x1, y1, d), . . . , (xk−1, yk−1, d)
}
that fulfill (2) and (3), the problem

(
Pk
)
described below

is difficult to solve, since non-convex constraints are involved and the energy function has
a complex shape due to the shadowing and blocking effects, see Figure 2(b).
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(a) Step (k = 0)

(b) Step (k = 20)

Figure 2: Annual Energy
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Let us introduce the notation Ωk = Ωk−1∪{(x, y, d)}, where (x, y) denotes the variable
with respect we maximize in problem

(
Pk
)
, since the heliostat size d is fixed for the

moment. Now, we focus on the problem of finding the optimal location of a new heliostat
in
(
Pk
)
problem:

(
Pk
)


max
(x,y)

E(Ωk−1 ∪ {(x, y, d)})

subject to (x, y) ∈ S0

||(xi, yi)− (x, y)|| ≥ 2δ
∀(xi, yi, d) ∈ Ωk−1 with 1 ≤ i ≤ k − 1 .

As shown in Figure 2(b), when k > 0 this is a multi-modal problem with non-convex
constraints. A multistart procedure is used to avoid local minima. The multistart al-
gorithm begins with Nini different random feasible solutions of the fixed size. The best
solution is obtained taking into account the annual energy given by each configuration.

3.2 Expansion-Contraction Algorithm

The Expansion-Contraction Algorithm is designed for heliostat location problems with
different heliostat sizes, we are going to consider two sizes, denoted by large-size and
small-size as we have already mentioned. The algorithm starts with a feasible large-size
heliostats field that reaches the power input constraint (1) and then makes a series of
Expansion-Contraction phases of the field using small-size heliostats. The two different
phases: Expansion and Contraction, are explained below.

The Expansion Phase consists of oversizing the initial field using small-size heliostats
until a certain power input value Π+

0 , greater than Π0, is reached. Small-size heliostats
are more versatile, they are expected to fill-in holes between large-size heliostats and to
reduce spillage losses in lateral regions, reaching higher energy values.

Once the oversized mixed-field is calculated, the heliostats are arranged according to
their annual energy values per unit area. The best heliostats are sequentially selected at
the Contraction Phase and the final number of heliostats of the mixed-field is given by
Constraint (1).

These procedures, oversize and selection, are well-known in these type of problems
because they are used in common field design strategies with fixed pattern to determine
the final amount of heliostats, [4, 10, 23, 37, 26].

The Expansion-Contraction Algorithm is described in Algorithm 1. As initial data the
power values Π0 and Π+

0 are required. In the initial step the field Ω0 reaching the power
value Π0 is designed using Greedy Algorithm. The field efficiency at each step F (Ωk) is
denoted by Fk, and during the process the best field obtained and its objective value are
stored in Υfield and Υobj respectively.

We denote by Ω+
k , respectively Ω−k , the fields obtained at each Expansion, resp. Con-

traction, phase at step k. The algorithm continues up to the maximum number of itera-
tions, kmax or when no improvement in the objective function is obtained; and returns as
solution the best field obtained Υfield according to its objective value Υobj.
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Algorithm 1 Expansion-Contraction Algorithm
Require: Π0 and Π+

0

Ω0 ←
{

Create initial field using Large-size heliostats with Greedy Algorithm.
Stop when Π0 is reached.

F0 ← F (Ω)
Υobj ← F0

Υfield ← Ω0

k ← 0
while k ≤ kmax do

Expansion Phase:

Ω+
k ←

{
Oversize Ωk using small-size heliostats with Greedy Algorithm.
Stop when Π+

0 is reached.
Contraction Phase:
Ω−k ←

{
Sort Ω+

k according to: Individual Annual Energy/ Heliostat Surface.
Select the best heliostats until Π0 is reached.

Update:
k ← k + 1
Fk ← F (Ω−k )
Ωk ← Ω−k
if Fk ≥ Υobj then

Υobj ← Fk

Υfield ← Ωk

end if
end while
return Υfield

Note that at the Contraction Phase, the heliostats are sorted according to their “In-
dividual Annual Energy/ Heliostat Surface” value. As we have already mention, in the
next section we are going to study some results varying the heliostat price. We use the
heliostat surface as a factor to compare the heliostats instead of the cost function as it is
independent of the heliostat price selected.

This phase follows a sequential procedure because once an heliostat is deleted of the
already sorted list, the values associated with the remaining ones have to be recalculated
and sorted again because the deleted heliostat modifies the blocking and shadowing effects
of its neighbors. This process can be done selecting carefully the active neighbors in order
to avoid calculating the annual energy of the hole field and extending the computational
time.

4 Results
The Expansion-Contraction Algorithm described in Section 3.2 has been implemented

in Matlab c©, using the fmincon routine to solve the involved local optimization subprob-
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lems. As we have already mention, we work with only two different heliostat sizes, called
small-size and large-size. Large-size heliostats are the usual heliostats used in the litera-
ture (120.3380m2 called Sanlucar120), much bigger than small-size heliostats (4.3495m2).
The specific values for each heliostat size and the optimization parameters used are shown
in Table 2.

Parameter Default value Reference

Location and Time

Emplacement Sanlúcar la Mayor (Seville) [27]
Latitude 37o26′ N [26]
Longitude 6o15′ W [26]
Design Point Td March 21 Day 12 Hour assumed
Design direct normal irradiation DNI 823.9 W/m2 assumed
DNI model cloudless skies assumed

Tower and Receiver

Tower optical height h 100.50 m [26]
Aperture radius ra 6.39 m assumed
Aperture slope ξ 12.5 [26]
Minimum radius of the field 50 m assumed
Receiver Technology Saturated Steam [27]
Thermal receiver minimal power input at Td 45.50 MWth assumed

Large-size Heliostat

Name Sanlucar120 [26]
Heliostat width 12.84 m [26]
Heliostat height 9.45 m [26]
Heliostat optical height z0 5, 17 m [27]
Heliostat minimal security distance δ heliostat diagonal+δ0 assumed
σoptical 2.9 mrad [26]

Small-Size Heliostat

Heliostat width 3.21 m assumed
Heliostat height 1.355 m assumed
Heliostat optical height z0 5.17 m [27]
Heliostat minimal security distance δ heliostat diagonal+δ0 assumed
σoptical 2.9 mrad [26]

Field

Slope of the field 0o assumed
Field shape semicircle assumed
Maximum size 1566869.33 m2 assumed

Table 2: Parameter Values

The power input required at the design point Π0 is set to 42.96 MWth. The value for
the upper limit Π+

0 is set to 54.59 MWth, corresponding to a 27% increase from Π0.
When trying to achieve the same power input, the number of heliostats depends on the

heliostat size used. The number of small-size heliostats needed to achieve the same power
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input at the design point than a large-size heliostats field is excessive, as can be see in
the next example. A field consisting of 624 large-size heliostats achieves a power input of
45.53 MWth at Td while a field consisting of 4700 small-size heliostats occupying the same
surface achieves a power input of 12.70 MWth at Td. Therefore, the small-size heliostats
field is not sufficient to achieve the same power input at Td as a large-size heliostats field
when occupying the same surface.

The results obtained using the Expansion-Contraction Algorithm are shown in Table 3.
Multi-size fields with better efficiency values than the initial single-size heliostats field
are presented. The GPS10 heliostats field, obtained using the algorithm described in
article [8], is used as starting point of the Algorithm 1. Any heliostats field could be
used in its place, multi-size or single-size field. In order to compare the results we use the
reference plant PS10 achieving Π0, this field configuration is similar to a solar commercial
plant located in Seville, see Figure 3(a).

As we mention in Section 2, we denote by F the energy per unit cost. In order
to represent the reduction in heliostat price according to their size, we denote by F1,
respectively F2, the energy per unit cost when considering a reduction of 20%, resp. 40%,
on the small-size heliostat price. Small-size heliostats are expected to have a cheaper
price than large-size heliostat because of its smaller surface, the price associated with
their structural support, pedestal and foundation will be smaller see [20] and [3].

Field Nhel small-size Large-size ΠTd
(Ω) (MWth) E(Ω) (GWHth) F (Ω) F1(Ω) F2(Ω)

PS10 592 0 592 42.9619 121.5665 54.4701 54.4701 54.4701

Ω1 2680 2167 513 42.9346 120.8271 54.2190 55.1923 56.2012
Ω2 3574 3094 480 42.9688 121.1273 54.3391 55.7445 57.2218
Ω3 3886 3418 468 42.9533 121.0970 54.3498 55.9055 57.5528
Ω4 4018 3555 463 42.9451 121.1211 54.3655 55.9864 57.7069
Ω5 4081 3620 461 42.9576 121.2041 54.3833 56.0351 57.7877

Table 3: Results

The Reference Field and the initial field used are shown in Figure 3. In Figure 4 the
expansion and contraction process of Ω0 are detailed. The heliostats marked in red are
the heliostats sequentially selected to be eliminated due to their low “Individual Annual
Energy/ Heliostat Surface” values. The evolution of this algorithm is presented in Figure 5,
where the different fields obtained during the process are shown.
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Figure 3: The reference Field and the Initial Field
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Figure 5: Expansion-Contraction Algorithm Results (1)
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The algorithm is stopped because of time limitations at Ω5, yielding an improvement
on the field efficiency of 2.87% when applied a reduction of 20% on the small-size heliostat
price, and an improvement of 6.09% with a reduction of 40%.

Multi-size fields with better efficiency values than the initial single-size heliostats field
are obtained. These numerical experiments show the advantages of combining heliostats
of different sizes, in particular, if different prices apply, which is a very reasonable as-
sumption.

5 Concluding remarks and extensions
An algorithm for optimizing an SPT heliostats field has been proposed, in which both

the location and the size of the heliostats are simultaneously considered. The advantages
of using Multi-Size heliostats fields are numerically illustrated. The Algorithm proposed
tends to locate large-size heliostats in the most efficient regions of the field, and small-size
heliostats, which are more versatile, in the borders and fill-in the holes.

Using the Expansion-Contraction Algorithm multi-sized heliostats fields are obtained
with better annual energy values per unit cost that single size heliostats field, showing
the usefulness of multi-sized fields.

The algorithm has been applied with two different heliostat sizes in order to show the
feasibility of multi-size fields. Following the idea of the procedure presented in this paper,
heliostat fields with two or more heliostat sizes can be generated.

In practice not only the heliostats field, but also the tower must be designed. This can
be done following an alternating algorithm, as suggested in our paper [8]: one sequentially
optimizes the field layout for a given tower design and, then, the tower design is optimized
for the previously obtained field layout.

Finally, the pattern-free strategy used in this paper can be extended to cover many
other situations:

• Ground irregularities in the field.

• The effect of tower shading.

• Variable (stochastic) meteorological data.

• Multiple Receivers and/or Multi-Tower plants.

• Other related factors.
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