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The distribution of temperature on a Solar Power Tower (SPT) plant receiver directly affects the lifespan
of the structure and energy generated by the plant. Temperature peaks and uneven distributions can be
caused by the aiming strategy enforced on the heliostat field.

A non-optimised aiming strategy can lead to suboptimal energy generation and, more importantly, to
risk of permanent damage to receiver components from thermal overloading due to sharp flux gradients.

In order to reduce damage to receivers and optimise the energy generation, an aiming strategy is
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developed which homogenises the flux distribution on a flat plate receiver in a SPT plant.
Results of a near real-time optimised aiming strategy are presented, demonstrating applicability to SPT
plants of any size and shape, whilst also considering inclement weather conditions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Research into renewable energy sources has continued to in-
crease in recent years, and in particular the research and applica-
tion of solar energy systems. Concentrated Solar Power (CSP) is a
method of solar energy collection, where the energy from the Sun is
concentrated by a field of heliostats onto a central receiver. In Solar
Power Tower (SPT) plants, this receiver is mounted atop a tower,
and the resultant thermal load is used to drive a steam generator.
This allows high temperatures to be achieved and is an increasingly
investigated method into renewable energy production, see
Refs. [7,10,23,25].

The SPT plant is usually formed of at least one central tower,
with a field of heliostats located in front of the receiver side of the
tower. These heliostats are able to rotate, in order to track the
movement of the Sun and focus the light onto the receiver surface.
The chosen aiming point for the heliostats on the receiver surface
will have an effect on the production of energy, as well as an effect
on the lifetime of the materials used in the receiver surface, due to
thermal stresses. Therefore, the aiming strategy used by an SPT
plant is of importance when seeking to achieve the optimal energy
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production, whilst minimising risk of damage to components.

The aiming strategy commonly used in research into the opti-
misation of SPTs assumes that all heliostats in the field aim at the
centre of the receiver, see Ref. [11], a summary of various recent SPT
optimisation techniques can be found in Ref. [7]. This assumption
allows for easier computation of the flux distribution across the
receiver surface and reduces complexity of the adjustment of the
heliostats.

Using a central aim point for all heliostats leads to a large heat
flux at the centre of the receiver and large flux gradients towards
the edge of the receiver, which can cause strong heat loads and can
lead to damage over time and therefore costly repairs [19—22,26].

An uneven flux distribution across the receiver surface also
lowers the efficiency of the energy transfer to the thermal fluid
within the receiver [17,26]. Therefore, maintaining an even distri-
bution will increase the efficiency and allow for greater energy
production.

Some research has been conducted where more complex aiming
strategies are considered for different receiver types [5,8], as well as
closed-loop feedback mechanisms to provoke changes in aiming
strategy [9,18]. Applications of alternate optimisation algorithms
for the aiming strategy have also been exhibited [16,21,22,26] and a
summary of optimisation techniques collected [6].

The distribution of reflected energy from the heliostats onto the
receiver is assumed to be a Gaussian, as in Refs. [11,23]. The dis-
tribution can be written in the form:
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In these definitions, it is assumed that the heliostat is at (x,y)
and aims at (u,v), and W is the vector from the heliostat to the
receiver. The cosine efficiency, feos, is given by:
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where 7’ is the solar vector with || 7| = 1.

The cosine efficiency is a number between 0 and 1; f; is equal to
cosf, where § is the angle between the vector from heliostat to
receiver and the vector normal to the receiver.

The fraction of reflected energy reaching the receiver, known as
the spillage efficiency, can be found by integrating this distribution
across the area of the receiver surface.
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where S denotes the aperture area.
Converting this to polar coordinates with u = pcos¢ and
v = psin ¢, gives:
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where r is the radius of the circular receiver and
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The spillage efficiency, fsp(x,y, ®), is thus found by means of an
exact integral over p and then a numerical approximation over ¢;
see Refs. [14,15] for more information.

In order to reduce damage to receiver components and to
optimise the energy reaching the receiver, multiple aim points
across the receiver surface in a grid can be considered, as depicted
in Fig. 1: a set of possible points within the receiver is given, and the
solver must choose, for each heliostat and time instant, the most
appropriate aiming point.

The field of heliostats would then be split, so that a proportion of
them aim at each point. The result of this would be to smooth the
flux gradient across the receiver surface and to reduce the peak
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Fig. 1. Aim point grid.

heat flux at the centre.

Another effect of this strategy would be to increase the amount
of energy that is being lost due to spillage, where aiming towards
the edge of the receiver causes some of the energy to miss
completely.

The goal of this study is to design an aiming strategy that
minimises the flux gradient across the surface of the receiver,
whilst minimising the spillage and maintaining a minimum
amount of energy.

2. Changing aim point

In order to model the distribution of energy across the receiver
surface when we consider an aiming point offset from the centre,
the bounds of integration in (8) need to be altered, as shown below.

Consider the Gaussian distribution of the reflected energy as
centered at the origin, and that the receiver is offset by aim point
offset:
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where T(¢) is given by the solution of the equation
RR=7+ 13 — 2Trocos(f — ¢).

We shall assume that the heliostat is always pointing within the
receiver boundaries, if it is to be included in calculations (i.e. unless
it is turned away for safety or other reasons and is then not pro-
ducing output).

The spillage efficiency in (9) then becomes:
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Multiplying the spillage efficiency, fs(t,x,y,®), by the solar
radiation at a specific time point and by other losses inherent in the
system gives us the total energy that reaches the receiver at time t.
This value is for one heliostat, aiming at a specific aimpoint.

3. Optimisation

In this section our goal is to optimise the selection of aiming
points and grouping strategies for the heliostats in a fixed field, in
order to maximise the energy produced under some homogeneity
constraints on radiation. In the first instance, we will consider a
fixed field of heliostats and optimise the aiming strategy at multiple
time instants across a day, in order to incorporate the effect of
shadowing and blocking of the heliostats. These constraints have
been incorporated using a Binary Integer Linear Programming (BILP)
technique, so that the optimal grouping strategy can be found to
maximise the energy received.

There are various optimisation techniques that could be applied
to solve this problem, including heuristic methods such as Ant
Colony or Genetic Algorithm techniques, however the BILP technique
was implemented in this case. BILP techniques lead to the optimal
solution within a finite time period, whereas this is not guaranteed
with purely heuristic methods and is therefore not the best choice
for this problem. Applying the BILP technique with a heuristic time
limit allows a solution to be obtained quickly, whilst the gap be-
tween the obtained solution and the optimal solution will be be-
tween a defined upper bound.

Changing the aim point of a heliostat from the centre of the
receiver to another point affects the amount of energy reaching the
receiver by changing the slant range (that is, the modulus of W), the
spillage efficiency, the cosine efficiency and the light distribution
across the surface.

Let A be the set of aiming points on the receiver surface and let H
be the set of heliostats aiming at the points in A. Let us define an
optimisation procedure for any fixed time instant, t.

For heH, aA, set z,, to the boolean variable defined as:

P 1, if heliostat h is allocated to aiming point a (12)
ha =10, otherwise.

The reflected radiation pattern rﬁa is the radiation point value at
aiming point b received from heliostat h aiming at aiming point a.
The total integrated radiation, Ry, is the total radiation received
across the receiver from heliostat h aiming at aiming point a.

We therefore look to maximise the total incident energy on the
receiver:

Maximise »  RpaZna- (13)
ah

We constrain this objective function by requiring that no he-
liostat may be looking at more than one aiming point on the
receiver, but may be stowed in case of high winds or potential
damage to the receiver or mirror.

This gives the constraint:

>z <1 VaeA (14)
n

We also constrain the received energy at the aiming points:

C. <Y rpzng <C° VbeA, (15)
h,a

where C* is a fixed maximum energy and C. is a fixed minimum
energy. These constraints prevent the receiver being subject to
excessive temperatures (which could cause permanent damage)
and also ensure that a minimum amount of energy is being
collected at each aiming point.

In order to approximate a uniform distribution of energy across
the receiver, we will look to also constrain the range of energy
received between any two aiming points by imposing

i ; J
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where 7 is a given constant.
This can also be written in the form
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which is equivalent to the following set of linear constraints:
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The optimisation problem to be solved at each time instant t can
then be summarised as follows:
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The optimal aiming strategy for a SPT plant is dependent on the
time of day, as well as the day of the year. For an optimal aiming
strategy to be achieved, it must be optimised at a rate that will
capture the changing radiation pattern over time.

In terms of the optimisation problem, both the objective func-
tion and the constraints will change as functions of time, caused by
the variable incident radiation and physical constraints on the SPT
plant. A rapid change in incident radiation at one point on the
receiver surface, for instance caused by passing clouds, could
potentially cause damage, indicating that frequent updates to the
aiming strategy are needed.

As there is no guarantee that the optimal aiming pattern will
remain optimal, or even feasible, over time, the optimisation pro-
cedure must be repeated frequently, using knowledge of local
weather to constrain the problem in real-time.

The next part of this paper applies this optimisation method to a
SPT plant and demonstrates its efficiency with near real-time
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Fig. 3. Aiming points.

updates to the optimal aiming strategy during operation of the
plant.

4. Results

For comparison against other research, we apply the afore-
mentioned optimisation procedure with a grid of 25 aiming points
to the PS10 plant in Sanlucar la Mayor, Seville [1]. Observe that in
this field all heliostats are identical, but the presented approach
works for fields of heliostats with different sizes, such as those
considered in Ref. [13].

The aiming points allocated to the heliostats are colour coded
according to the colours shown in Fig. 3 and the location of the
heliostats within the SPT field are shown in Fig. 2, where the x-axis
goes from East to West.

The optimisation procedure is coded in Python, using the Gurobi
optimisation package [2]. The optimisation problems to be solved
are difficult in short time scales, due to the large number of boolean
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variables. However, running an integer programming solver with a
short time limit of 30 s was found to approximate the optimal so-
lution closely and leads to near real-time satisfactory updates to the
aiming strategy.

The values for the maximum, minimum and range constraints
used in the analysis for this paper were calculated in order to reflect
working values that an SPT plant would define, based upon physical
limits of the components. For this purpose, the problem is solved to
optimality, without considering any constraints, to find the
maximum energy at over the aiming points. The problem is then
constrained to 25% of this maximum and optimised in 30s, with the
resulting range then constrained to 15% of its value and used to find
the constrained result.

The results in Figs. 4—9 show the computed optimal aiming
strategy and energy distribution, for three different times across a
day. During the first solar hour of the day, shown in Fig. 4, the
heliostats located on the West side of this Northern hemisphere
plant have the smallest cosine angle, and are therefore aiming at
the receiver edges. The heliostats on the East side have a larger
cosine angle, and are therefore aimed at the centre of the receiver.

This result concurs with the distribution found in (1), where
having a smaller cosine efficiency causes the distribution of energy
on the receiver surface to be larger. The heliostats aiming at the
centre have the worst efficiency, and are aiming there to not lose as
much energy. The heliostats with better efficiencies are therefore
aiming elsewhere, as they don't lose as much energy by looking
towards the edges.

To demonstrate the use of near real-time updates, we can look at
the evolution of the aiming strategy over smaller timesteps. This
will utilise SPT plant operators knowledge of local weather condi-
tions and predictive technology to recalculate the optimal solution
and react to changing weather conditions.

Passing clouds over a large heliostat field cause groups of he-
liostats to become less efficient, which will therefore change the
optimal aiming strategy. The effect of clouds on CSP technology is of
importance in the efficiency of a SPT plant, and has prompted the
development of technology to predict the quantity and location of
clouds, see Refs. [3,4,19]. Standard procedure in order to prevent
thermal shock to the receiver when a cloud passes by, is to aim
heliostats away [19], which will reduce overall energy collected.

Using the location and size of a cloud in the optimisation pro-
cedure outlined in this paper allows an SPT plant to further opti-
mise aiming strategies in near real-time, by re-optimising the
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strategy whilst taking into account constraints such as cloud pas-
sage. The size, shape, and location of a cloud may be changed
within the code, where the heliostats that are covered are assumed
to suffer a 70% drop in efficiency. An example of cloud imple-
mentation is furnished in Fig. 10. Figs. 11 and 12 show a comparison
of the optimal results for 12pm, with and without a cloud, where it
can be seen that the presence of a cloud alters the optimal aiming
strategy.

Our approach consists of solving an Integer Linear Programming
problem, which makes no assumption on the heliostat field layout.
Therefore, it is also applicable to irregularly distributed heliostats,
such as those generated with the Greedy Algorithm developed in
Ref. [11]. This is demonstrated in Figs. 13 and 14 for the irregular
field in Ref. [11].

5. Conclusions

An aiming strategy has been developed to optimise the energy
collected by an SPT plant at a near real-time scale, considering
multiple constraints based upon physical requirements. This pro-
cedure has been demonstrated at multiple time points across a day
and considered cloud effects and changing the shape of the helio-
stat field, showing that the procedure may be applied to any plant
design and can be used to react to inclement weather whilst
maintaining optimal energy production.

A linear integer problem with a short time limit was solved
using an integer programming solver, without the use of additional
preprocessing. It is expected that better results may be obtained if
the solver is given a reasonably good starting solution, obtained by
an ad hoc procedure which exploits the problem structure.

The energy distribution and aiming strategies presented are a
theoretical representation of SPT performance, and should be
validated against practical results from experiments with a SPT
plant. This validation should be completed with the cooperation of
a SPT plant operator and investigate the effects of implementing
different aiming strategies and compare them with theoretical
results.

The effect of inclement weather on the optimal aiming strategy
employed has been demonstrated here to show capability of the
model developed, and further research should be conducted to
investigate what different types of inclement weather do to the
aiming strategy.
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Changing the location and quantity of aiming points on the
receiver surface will affect the optimal solution. Increasing the
number of aiming points may lead to a solution which provides a
smoother distribution and higher energy generation, but it will
increase the computational time considerably. Further research
into the optimisation of aiming strategy and aiming point locations
at the same time should be considered, where a variety of opti-
misation techniques could be compared.

An interesting extension of the present work is the case in which
there are multiple receivers [12,24], where the aiming strategy
must be optimised using aiming points distributed across multiple
locations. If the plant design is already given, the model considered
in this paper extends in a straightforward manner to this problem.
If, on the contrary, the plant is to be designed, an alternating
approach can be considered to optimise both the aiming strategy
and the heliostat locations within the field.
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