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Introduction

Solar Power Plants
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Previous Studies

- Heliostat location
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Energy 137 (2017)

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier.com/locate/energy =3

Optimisation of aiming strategies in Solar Power Tower plants @mmﬂk

Thomas Ashley *°, Emilio Carrizosa ®, Enrique Fernindez-Cara b

* MUS - Instituto de Matemdticas de In Universidad de Sevilla, Spain
® Dep. EDAN e IMUS, Universidad de Sevilla, Spain

ARTICLE INFO ABSTRACT

Trticle history The distribution of temperature on a Solar Power Tower (SPT) plant receiver directly affects the lifespan
Received 1 March 2017 of the structure and enetgy generated by the plant. Temperature peaks and uneven distributions can be
Received in revised form caused by the aiming strategy enforced on the heliostat field.

20 June 2017
Accepted 28 June 2017
Awailable online 30 June 2017

Anon-optimised aiming strategy can lead o suboptimal energy generation and, more importantly, ©
tisk of permanent d. from thermal averl to sharp flux gradients.

In order o reduce damage W receivers and optimise the energy generation, an aiming strategy is
develaped which homogenises the flux distribution on a flat plate receiver in a SET 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 Lid. All rights reserved.

Keywards:
Solar thermal pover
Aiming strategy

Integer programming

ﬁ Ashley, Thomas; Carrizosa, Emilio; Fernandez-Cara, Enrique; Optimisation of aiming strategies in
Solar Power Tower plants. Energy, 137C, pp. 285-291 (2017). Q1 IF: 5.537




.

Literature review

@ Besarati et al. Optimal heliostat aiming strategy for uniform distribution of heat flux on the receiver
of a solar power tower plant. Energy Conversion and Management 84 (2014) 234—243.

@ Kun wang et al. Multi-objective optimization of the aiming strategy for the solar power tower with a

cavity receiver by using the non-dominated sorting genetic algorithm. Applied Energy 205 (2017)
399-416.
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Aiming Strategy - Radiation Distribution

Spillage efficiency

Proportion of reflected energy captured by receiver, from
heliostat located at z,y

27 z,
fsp(7,9,0) = fi(z,y,0 / /ewp 2‘?3p’¢’ ?)J)) dpdg

where 7 is the radius of the circular receiver and

fo(p, ¢, 2,y) = fa(pcos ¢, psing, z,y).
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Aiming Strategy - Optimisation

Maximise energy

Binary integer linear programming used to maximise the
energy reaching the receiver, with multiple aiming points
considered

Receiver Height (m)
°
°
)
)
)
O

-3 -2 -1 0 1 2 3
Receiver Width (m)
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Aiming Strategy - Optimisation

Maximise energy

Binary integer linear programming used to maximise the
energy reaching the receiver, with multiple aiming points
considered

Maximise Z Rpazha
heH
acA
Subject to:

S zpa <1 Vh € H,

a

Cu £ > Thazha <C* Vi€ A,
heH
acA

> Thatha ST+ D Th.%ha  Vij € Awithi#j
heH heH
a€A a€A

Zha €{0,1} Vh € H, Va € A
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Aiming Strategy - lllustrative Example

SPT plant details ettt e,

— Name: PS10, Sanlicar la
Mayor
— Heliostats: 624

— Number of aiming points:
25
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Aiming Strategy - lllustrative Example

— Name: PS10, Sanlicar la 1/ e o o o e
Mayor N

— Heliostats: 624 S,

— Number of aiming points: I\e
25

3 -2 -1 0 1 2 3
Receiver Width (m)
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Aiming Strategy - lllustrative Example

SPT plant details
— Name: PS10, Sanlicar la
Mayor

— Heliostats: 624
— Number of aiming points:

o ° (<) o o (]
25 |
1 ° ) [e) o ®
Computational aspects JNe e o o e
— Python
y 23 —2 -1 0 1 ) 3
- Gurobi Receiver Width (m)

— 30s time limit
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Morning: Sun in the East

— Cosine efficiency high

in West

— Spillage efficiency low

in East
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Aiming Strategy

Morning: Sun in the East

Cosine efficiency high
in West

Spillage efficiency low
in East

Receiver Height (m)

-3 -2 -1 0 1 2 3
Receiver Width (m)
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Aiming Strategy - lllustrative Example

Noon: Sun overhead

— Similar efficiencies

— Energy contribution
important
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Noon: Sun overhead

— Similar efficiencies

— Energy contribution
important
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Aiming Strategy - Il

rative Example

Afternoon: Sun in the West

— Cosine efficiency high in
West
- Spillage efficiency low in
East 500
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Afternoon: Sun in the West

— Cosine efficiency high in
West

- Spillage efficiency low in
East

Receiver Height (m)
o
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Aiming Strategy - Inclement Wea

Cloud cover

Efficiency loss due to cloud cover investigated utilising
stochastic linear programming techniques

@ Ashley, Thomas; Carrizosa, Emilio; Fernandez-Cara, Enrique. Optimisation of Aiming Strategies in
Solar Tower Power Plants. AIP Conference Proceedings 2033, 040005 (2018)
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Solar Energy 190 (2019) 525-530
Contents lists available at ScienceDirect =
SOLAR
ENERGY
Solar Energy = ‘il
N
journal homepage: www.elsevier.com/locate/solener N
Continuous optimisation techniques for optimal aiming strategies in solar I )
e
power tower plants e
Thomas Ashley™*, Emilio Carrizosa®, Enrique Femnindez-Cara”
2IMUS - stinngo de Matemdricas de la Universidad de Sevilla, Spain
“Dep EDAN and IMUS, Uriversidad de Sevilla, Spain
ARTICLE INFO ABSTRACT
o— Optimising the aiming stategy is crucial for Salar Power Tower plants, in order to maximise the mergy gen-
Solar energy erated, whikt alm preventing catastrophic damage to receiver components. In this work, a bi-objective opti-
Bi-abjective continuous optimzation ‘misation model is developed to find optimal aiming srategies for a Solar Power Tower plant. The primary
Adming strate gy objective to maximise the radiation captured by the receiver is offset by a secondary objective to minimise the
Operations research deviation from a desired target distribution, which is designed by solar plant operators to improve plant effi-

ciency. A numerical method is proposed to solve the optimisation problem, and an illustrative example is pre-
sented to show functionality of the model and the numerical method. Conclusions are drawn on the model
presented, extensians are considered and cumrent work is discussed.

@ Ashley, Thomas; Carrizosa, Emilio; Fernandez-Cara, Enrique. Continuous optimisation techniques for

optimal aiming strategies in solar power tower plants. Solar Energy Volume 190, 15 September
2019, Pages 525-530. Q1 IF: 4.674




Aiming Strategy Il - Model

Instead of fixing aiming point coordinates:

Continuous aiming point

Radiation reaching point (u,v) on receiver ) from heliostat
h € H aiming at p;, € Q given by F,, ,(h,ps)

where,
) a non-empty bounded open convex set Q) C R?.

Total radiation reflected by heliostat 4 aiming at p;, given byJ

f(hvph) = fFu,v(h7ph)dQ-
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Aiming Strategy Il - Model

Objective function

A weighted penalised objective function is considered

Z Fu v h ph EZ(,ZZ ds2
heH

Max Athph /

heH

pn €
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Aiming Strategy Il - Model

Objective function

A weighted penalised objective function is considered

2
Max 43 f(hpn) = (1= 4) [ | 3 Funlhopn) ~ B | d0
heH heH
pn € €
For numerical purposes, the objective function must be
approximated as J

Q< ’
P): A Z fsp(haph)_<1_A>’I| Z Z Fui,vi (haph) - EZ?T%]

heH i=1 LheH
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AS Il - Algorithm

Gradient ascent

First-order iterative optimisation algorithm iterates Py,
towards a (local) optimum

Pri1 = Pr + e Va(Pr)

Projection

Objective function constrained by p;, € Q requires
projection function P to return the solution to )

Pri1 = P(Pry1)

where, for each P, P(P) denotes the component-wise
projection of P onto .
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Aiming Strategy Il - Algorithm

Adaptive step size using modified Armijo’s Rule, with scaling
parameter ¢

Vk,h = Vk—1,h * €

Step size convergence
Iterative line search used until maximum found

9(Pr) > g(Py_1)
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Aiming Strategy Il - lllustrative Example
SPT plant details

— Name: PS10, Sanlicar la
Mayor

Heliostats: 624

I = 900

A: 100 values € [0, 1]

Target Distribution:
homogeneous

Computation

— Python
— Bespoke solver
— < 10s per run
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Aiming Strategy Il - lllustrative Example

Single timepoint with A = 0,9 J

AP Location Evolution
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Aiming Strategy Il - lllustrative Example

Single timepoint with A = 0,3 J

AP Location Evolution
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Aiming Strategy Il - lllustrative Example
Pareto Front

@ 100 values of A
- a . lel7 Pareto Front
e Minimising e
target o iha,
distribution 5 - o
deviation % 167 BN ~<”::{‘::’. 4
o a o 2 o od8 ¢
e Maximising total 2 R -L:‘,‘:f:-... :
2 166 S e Al g R
energy ) g . .'.:.; ...fo °
& . . N Y
165 . %
Computation '
° Multi modal 1'65.64 2.66 2.68 2.70 272 2.74 2.76

Total Radiation (wm2) le7

— 30 runs

@ < 10 iterations
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Dynamic Continuous Optimisation Applied to Renewable
Energy
Thomas Ashley, IMUS - Instituto de Matemsticas de la Universidad de Sevilla, Spain. tashleyfius.es

Emilioc Carrizosa, IMUS - Instituto de Matemiticas de la Universidad de Sevilla, Spain. ecarrizosafius.es

Enrique Fernindez-Cara, Dep. EDAN and IMUS, Universidad de Sevilla, Spain. carafius.es

April 26, 2019

Abstract

Dynamic optimisation provides complex challenges for optimal solution, but
greatly increases applicability when considering time dependent situations. In this
work, a constrained dynamie optimisation problem is analysed and subsequently ap-
plied to the resolution of a real-world engineering problem concerning Solar Power
Tower plants. We study the existence of solutions and deduce an appropriate op-
timality characleusatmn in this appl.led framework. Two iterative algorithms are

Aata Tin

certad and o

Ashley, Thomas; Carrizosa, Emilio; Fernandez-Cara, Enrique. Dynamic Continuous Optimisation
Applied to Renewable Energy. (Under Review)
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Aiming Strategy Il - Model overview

J(p) = Maximise A/ //Rthp, dudv)dt—

heH
=) [ [ P0m.0 B i
R hen
with A € [0, 1].
Subject to:

T
| @l -vrae<n whem

/// ZatF“” P, )) dudvdt < 7

heH

pp(t) €Q  VheH, te|0,T)
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Algorithm | - Penalisation

Maximise J(p / G(t,p(t

Subject to

pGPad, M(p) <o

New methods and results in the optimisation of solar power tower plants 26 / 40



Algorithm | - Penalisation

Maximise J(p / G(t,p(t

Subject to
pc Pada M(p) <o
. 1
Maximise 7, (p) = J(p) — 5 [(M(p) )

VJ.(px) = VI (py) - ; (M(p) - 0), - VM(py)
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Algorithm Il - Augmented Lagrangian

2
Lu(pi ) 1= J(p) = Y (Mi(p) = i, Ais 1)
i=1
where,
z-ﬂ—l—i\z\z if 2+puB8>0
V(o Bip) = 4 2 -
—5\/B|2 otherwise,
w> 0.
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Algorithm Il - Augmented Lagrangian

2
Lu(p:A) == J(p) = Y ¥(Mi(P) = 03, Aiz 1)
i=1
where,
1, .
2 B+ o|oP i 24820
V(o Bip) = 4 2
—5\/6|2 otherwise,
w> 0.

Minimise sup L,(p; )
PEPo

Subject to: A€ E, A > 0.

New methods and results in the optimisation of solar power tower plants



Aiming Strategy Il - Algorithms

Gradient Ascent

Aiming points p’x,“ found by gradient ascent with projection

Po,n

Py =Py + VG (D).
pil =Pon (), Py =pk +TFVIL(PY)

where T'* = diag(+F,...,7%).

Adaptive step size with . -
modified Armijo’s Rule W= & €€(0,1)

New methods and results in the optimisation of solar power tower plants 28 / 40



Aiming Strategy Il - Illustrative Example

PS10 SPT plant ]

Variable | Value | Description

H 624 | Heliostats

T 10 Time points

Vo 0.5 | Velocity limit

FEior 2.2e6 | Flux gradient limi

€ 0.9 | Armijo’s constant

Yo 0.1 Initial step size

1 le5 | Penalty constant

A 0.7 | Weighting parame

o1 0 Velocity constrain.

09 le4 | Flux gradient constraint

New methods and results in the optimisation of solar power tower plants 29 / 40



AS Il - lllustrative Example

PS10 SPT plant J

Variable | Value | Description

H
T
Vo
Etar
€

Y0
W

A
g1
02

624
10
0.5
2.2e6
0.9
0.1
leb
0.7
0
led

Heliostats
Time points Computation
Velocity limit — Python

Flux gradient lim
Armijo’s constan
Initial step size
Penalty constant
Weighting parameter
Velocity constraint

Flux gradient constraint

— Bespoke solver

— Solution in
< 2,5min

New methods and results in the optimisation of solar power tower plants



Aiming Strategy Il - Illustrative Example

Incident radiation across a day
T T

900 T T

800 [

500 [

Incident Radiation (Wm2)

g
3

200 [-

Time (hour)

Incident
radiation
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Aiming Strategy Il - Illustrative Example

Height

New methods and results in the optimisation of solar power tower plants
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Aiming Strategy Il - Illustrative Example

AP Location Evolution
T —s T
0

Height

Height
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Aiming Strategy Il - Illustrative Example

3 AP Location Evolution

3 AP Location Evolution

Height

Height
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Incident Radiation (Wm2)

800

200

100
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Aiming Strategy Il - Illustrative Example

AP Location Evolution

AP Location Evolution

Height

Height
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Aiming Strategy Il - Illustrative Example

AP Location Evolution

AP Location Evolution

Height

Height
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Aiming Strategy Il - Illustrative Example

AP Location Evolution

AP Location Evolution

Height

Height
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Applied Energy 235 (2019) 653-660

Contents lists available at ScienceDirect

Applied Energy

S Journal homepage: www.elsevier.com/locate/apenergy

Heliostat field cleaning scheduling for Solar Power Tower plants: A heuristic | )
approach

Thomas Ashley™", Emilio Carrizosa®, Enrique Femandez-Cara”

* MU - Inssituto de Maeniticas de ko Universifad d Sevilla, Spain
®Dep. EDAN and IMUS, Universidad de Seilla, Spain

HIGHLIGHTS

* An integer linear programming technique is applied o optimise cleaning srategy.
® The model is mbust and applicable to any concentrating solar field shape and size.
® Clustering analysis is applied to reduce problem dimensionality.

@ Local heuristics are used to improve routing sub problems.

ARTICLE INFO ABSTRACT
Keywarde Sailing of heliostat surfaces due to local climate has a direct impact on their optical efficiency and therefore a
Sclar energy

direct impact on the pmductivity of the Solar Power Tower plant. Cleaning techniques applied are dependent on

Rauting problems plant construction and current schedules are normally developed considering heliostat layout paterns, pro-

Sehertuline

ﬁ Ashley, Thomas; Carrizosa, Emilio; Fernandez-Cara, Enrique. Heliostat field cleaning scheduling for
Solar Power Tower plants: A heuristic approach. Applied Energy 235 (2019) 653-660. Q1 IF: 8.426




Cleaning Strategy - Problem formulation

Objective

Maximise received energy across a defined length of time by
optimising the cleaning schedule
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Cleaning Strategy - Problem formulation

Objective

Maximise received energy across a defined length of time by
optimising the cleaning schedule

@ Consider a 3 Stage optimisation process
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Cleaning Strategy - Problem formulation

Objective

Maximise received energy across a defined length of time by
optimising the cleaning schedule

@ Consider a 3 Stage optimisation process

— Clustering optimisation
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Cleaning Strategy - Problem formulation

Objective

Maximise received energy across a defined length of time by
optimising the cleaning schedule

@ Consider a 3 Stage optimisation process
— Clustering optimisation

— Schedule optimisation
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Cleaning Strategy - Problem formulation

Objective

Maximise received energy across a defined length of time by
optimising the cleaning schedule

@ Consider a 3 Stage optimisation process
— Clustering optimisation
— Schedule optimisation

— Local search heuristics

New methods and results in the optimisation of solar power tower plants



Cleaning Strategy - Schedule Example

Period1 Period2 Period3 Period4

ete

Schedule pa

— Schedule length:
16 periods

Period5 Period6 Period7 Periods

— Number of
groups: 52

Period9 Period12

855885

— Groups per day:
4

Period13 Period14

methods and results i ation of solar power tower pla



Cleaning Strate Schedule Example

Period1 Period2 Period3 Period4

Period5 Period6 Period7 Period8
L S585058 S o 0999900 ssssses

Period9 Period10 Period11 Period12

Period13 Period14 Period15 Period16
S e

s,
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Cleaning Strategy - Schedule Example

Period1 Period2 Period3 Period4

Period5 Period6 Period7 Period8

Computational aspects
— Python

— Gurobi Solver

Period10 Period11 Period12

— 10min time limit

Period13 Period14 Period15 Period16

PO i

New methods and results in the op




Cleaning optimisation

— Multi-depots/vehicles

— Unmanned aerial vehicles (UAVs)

o Large-dimensional optimisation problem
e Vehicle routing problem with multiple trips VRPMT
o Multiple moving depots (charging vehicles)

Energy Storage

— Market price

— Thermal losses

Integrated optimisation

— Thermal modelling
o Numerical model of receiver components
— Coupled model
o Integration into dynamic aiming strategy optimisation

New methods and results in the optimisation of solar power tower plants 40 / 40
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