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ABSTRACT

Of all Concentrating Solar Power (CSP) technologieslable today, central tower CSP
systems are moving to the forefront as they have the capability to become the technology
of choice for the generation of renewable electricity. The potential of central tower
systems to achieve high temperatures offergath to higher efficiencies, thereby
providing an inherent advantage versus the other CSP systems. Achieving these high
temperatures requires a large number of heliostats, and therefore the heliostats are
considered the most crucial cost element of cetavaér CSP systems amounting up to
50% of a plantdéds total cost. To address
central tower plants to be competitive with that of other energy systems, there is a need
for innovative heliostat designsth&# @ r educe the heliostatsé
performance. One way of reducing this cost is by utilizing lightweight honeycomb
sandwich composites in the heliostat structure, reducing the size of the drive units and
their energy consumption. Howeyeme of the challenges faced in implementing such
systems is ensuring that they are able to cope with the aerodynamic forces imposed upon

them during operation.

Despite the progress in heliostat development, a comprehensive review of literature
revealed alack of work undertaken on investigating the suitability of honeycomb
sandwich composites for use as a heliostat mirror structure. This gap indicated a need to
deliver a better understanding on the interaction between the wind and honeycomb
sandwich compsites employed as a heliostat mirror support structure by investigating

their aerostructural robustness and behaviour characteristics.

The research first studied the flow behaviour and aerodyniaaison a stanehlone
heliostat using computational fluidynamics (CFD), with particular emphasis on the

effect of wind direction and its impact on the aerodynamic loading of a heliostat. This



aspect of loading had not previously been explored in any detail. The model was validated
by comparing the computatignr edi cti ons of the heliosta
with both experimental measurements and numerical results from previously published
work. The study showed that, for a 0° wind incidence atiggegrag and base overturning
moment coefficients decrsaas the tilt angle alters from vertical to horizontal. The lift

and hinge moment coefficienten the other hand, showed an asymmetric behaviour
about the 0° tilt angle with maximum vatueccurring at tilt angles of 30° an@0°.
Increasing wind incidence angle affectb@ wind loading coefficients (drag, lift, base
overturning moment and hinge moment coefficiebisdecreasing their magnitudes at
different ratesA subsequent nelinear regression analysis deliveradcorrelation for

each of the coefficients based on the h
developedThese formulations provide a useful analytical tool for heliostat designers to
determine the wind loads on hedtats and to assess structural foares momentsn the

frame of the heliostat and its reflective surface. In summary, it was shown that wind
incidence had a significant impact on the aerodynamic loads encountered by a heliostat
and, therefore, needs te laccounted for when examining the structural integrity of

heliostats.

Secondly, the study investigated tlerastructural behaviour characteristics af
proposed honeycomb sandwich compebased heliostat structurky performing
numerical fluidstructue interaction (FSI) simulatiorfer several loading conditions at
various tilt and wind i ncidence angl es.
honeycomb sandwich panel showed markedly different behaviour characteristics at
various operationalconditons. From t he results, it was
tilt orientation on the sandwich panel 6s
pronounced as wind velocity increases abb@m/s. This effect becomes more vital and

the differencein the maximum displacement and stress values at different tilt angles



escalates to a maximum at wind velocity of 20 m/s. Moreover, the wind velocity effect
on the heliostat panel for the case of 0° tilt angle was negligible. This is because of the
flow uniformity (the projected area of the reflector directly facing the wind is at its
minimum) that leads to a significant decrease in the wind loading effect on the panel at
this tilt orientation for all wind velocities {80 m/s).The study showed tha@tcreasing

wind incidence angle affected the recordeakimum displacemermind stress results by
reducing their magnitudes at differentratéshi s i s due to the f ac
projected arealirectly facing the wind decreases with the increase irdwicidence

angle. This consequently reduces the eftddhe blockagecausing a decrease in the

wind loading effect on the heliostéts the wind incidence angle gradually increases from

45° t090° (the projected area of the reflector continues to dsejdor all tilt angleghe

wind incidence angle influence on the maximum displacement and stress values gradually
increased and the values notably decreéises reaching its minimum & = 9 0A. T
implies that the heliostat panel at 90° wind incideaagle, regardless of any tilt angle,

is not significantly influenced by wind loadings at wind velocities of 20 m/s and below.
The study also showed thathen wind strikes the heliostat structure at 0° and 45°
incidence angles, the shielding effect causgdhe supporting components and torque
tube was <clearly noticeabl e. When the I
surface, the maximum displacement and stress values were slightly lower compared to
the ones recorded when the flow acted on theolelt at 6 s mi rror surf
operational conditions studied, it was concluded that the worst case was found to be at a
tilt angle of 30° under the effect of wind flow at 0° to the heliostat surface with a velocity

of 20 m/s. Despite this obsenati, it was found that the heliostat managed to maintain

its structural integrity according to relevant optical and material failure standards.

Taking the worst case operational condition as a bast,given that the mechanical

properties of honeycomb mbased sandwich composites are highly dependent upon the



honeycombds geometric configuration (e.g
wall thickness (t)) and the core thickness (B)comprehensive parametric study was
performed to investate the effedthat each of these parametersdmashe aerestructural
behaviour characteristics of the honeycomb sandwich comgmsed heliostat. The

study was carried out for three different core thicknesses (D) with various honeycomb
configuratons.Fr om t hi s the study revealed that
geometry significantly affected both the strength and stiffness properties of the sandwich
compositebased heliostat structyrnidustratingthat it is attainable to control suitably the
strength oft h e h e honeymmbaandivieh panetlo achieve superior mechanical

properties by varying the cell ds confi gul

These variations in the heliostatdos str
generalized model that camnapt ure the iinfluence of e ac
geometrical parameters on the heliostat
failure and weight reduction) . Having a
structural performance, der the worst case operational condition and based on the
desired siteds maximum recorded wind spe
hurdles of establishingnaFSI mo d e | for each of the hone)
parameters. This, in turn, rudewn the implementation time and keeps off unnecessary
computations. In this sense, and given that this approach is one of the prominent tools for
modelling complex notinear relationships, particularly in situations where the
development of phenomenologl or conventional regression models becomes
impractical or cumbersome, artificial neural network (ANN) technique was utilized to
establish a novel predictive model that predicts the structural performance of the
honeycomb sandwich composhiased helidsat based on its honey

parameters. The results showed that the established ANN model was capable of



accurately predicting the structural performance of the honeycomb sandwich composite

based heliostat.

Finally, a rigorous investigatiowas carried out on the utilization of particle swarm
optimization (PSO) algorithm to establish a novel predietipnmization model that
predicts and optimizes the structural performance of honeycomb sandwich composite
based heliostats. The model cougles ANN predictive model with the PSO algorithm

for determining the optimum honeycomb core configuration leading to minimum self
wei ght of the heliostatds sandwich comp
performance requirements (i.e. optical andtenal failure). It was shown that the
proposed integrated ANIRSO model, which was encompassed as a-fusadly
graphical user interface (GUI), delivers a useful, flexible and-gffieient tool for

heliostat designers to predict and optimize thectiiral performance of honeycomb

sandwich compositbased heliostats as per desired requirements.

In summary, the work presented is a significant milestone in the quest to develop cheaper
lightweight heliostats that are strong and capable of withstandimg) vads and other
environmental conditions, and a major step on the way to move central tower CSP

systems to the forefront to become thehnologyof choice for energy production.
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Chapter 1: Introduction

By 2030, the world is projected to consume 4tvivds more energy than today (Dorian

et al., 2006). As fossil sources of energy are starting to diminish, the search for alternative
energy solutions has become vital. Among diverse energy resources, sotpr isrby

far the largest exploitable resource (Lewis and Nocera, 2086)sun emits energy at an
extremely high and relatively constant rate. The estimated rate of energy produced by the
Sun is about 3.8x#® megawatts (MW). While only a fraction reashearth (around
1.8x13* MW), the amount of solar energy striking the earth in one hour (423jdi0es

(J)) is more than thenergy consumed by humans in an entire year, which is around
4.1x1G° J (Philibert, 2011; Foster et al., 2010)all of this energy could be converted
into usable forms on earth, it would be
demand (AFQubaisi et al., 2009)This rapidly growing demand, in addition to the
unt apped solar ener gyo6s f dsbolar ppwert generatiora | ,
technologies to grow faster than any other renewable technology. According to a forecast,
solar energy power generation systems should be able to provide upttordrad the
worl déds t ot a hftereoce (Phylipert, @)mahiledproven fossil reserves
represent 150 years (coal), 58 years (natural gas) and almost 46 years (oil) of consumption
at current rates, tremount ofsolar energy received in one year can cover the total energy

consumption of 6,000 years (Philibe214)

The incoming solar radiation can be utilized to produce useful electricity through a variety

of technologies, categorized into two main systems: photov@Ra&irsystems based on
converting photons in sunlight to electricity via the photovoltaic effect, and thermal
systems that oper at e tharsal poger systeen€@npared 0 h e a
photovoltaic systems, solar thermal energy conversion systemsraiglered to be the

most promising available solar power generation technologies due to their higher solar to

power conversion efficiencies (up to 35 percamipared to PV technologies tipabvide
1



efficiency of 10 to 15 percenand relatively low cosper unit produced energy (Uzair,
2018; Goswami, 2015). As demonstrated in Figurthdsesolar thermal technologies
can be classified into two main categories: -goncentrating and concentrating solar

systems.

Solar Thermal
Systems

Non-Concentrating Concentrating
Systems Systems
Line Concentratorg Point Concentrators

Flat Plate Collecto —>< Linear Fresnel > Parabolic Dish >
Evacuated Tube —>< Parabolic TrougPD Solar Central Tow@
Collector

Figure 1: Classification of solar thermal technologies

Flat plate and evacuated tube collectors (Figure 2), which fall under the former category,
are rarely used for electricity generation, since their maximum operaigonpérature is
usually lower than 120 °C and the resulting efficiency is very low (Kosmadakis et al.,
2013). The most common and prevalent technique for power production employing solar
thermal technology is the concentrating solar power (CSP) techndl®fy. systems
concentrate the direct solar irradiation to produce high thermal energy density and
temperature using various arrangements of optical lenses and mirrors. Based on the
optical configurations, CSP systems can be divided into two main catedimeeand

point concentrating systems.



(a) Flat plate collector (b) Evacuated tube collector

Figure 2: Non-concentrating solar thermal systems

(Mahendran, 2016)

1.1 Line-focus concentrating systems

This type ofconcentrating systems capture the sun's energy with large mirrors that reflect
and focus the incoming radiation onto a linear receiver tube located at the focal axis of
the reflector. Linear Fresnel and parabolic trough collectors, shown in Figures 3 and 4

are the two most popular liffecus CSP technologies.

Linear Fresnel collectors (Figure 3), consisting of long rows of siaxjetracking flat

or slightly curved mirrors, concentrate the solar beam radiation ditecadownward
facing linear receivethat heats up a circulating fluid (Philibert, 2011). The resulting
vapour is fed to a turbine that produces electricity through a gendrataily, when

Fresnel thermal plants were designed, the purpose targeted was low to medium
3



temperature applicatns, such as heat generation for commercial or residential demand
and water treatment. The currestatus of the technology surpassed the first level, and
now ismore often designetb produce highemperature heat for larggeale industrial

heat processeam utility-scale electricity generatioZliu et al., 2013
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Figure 3: Linear Fresnel collector schematic

(https:/lwww.energy.gov/eere/solar/articles/lineancentratoisystembasics
concentratingsolarpower)

Parabolic trough collectors (Figure 4), on the other hand, consist of parallel rows of
singleaxis trackingeflectors curved in one dimension (isemicylindrical) to focus the

solar beam radiation onto a receiver tube located along the focal line of each parabola
shaped reflector. The mirror arrays can be more than 100 m long with the curved surface
5 m to 6 m across (Philibert, 2011). The reeeiwube converts the solar radiation
projected onto it into thermal energy by heating up a working fluid that runs through the
tube. This heated fluid is then pumped down to a conventional thermal power generation
system to produce electricity. Usuallyheetmalstorage unit is included in the parabolic
trough power plant configuration to stabilize the power production and operate during the

night as well.
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Figure 4: Parabolic trough system schematic

(https:/lwww.energy.gov/eeisolar/articles/lineaconcentratoisystembasics
concentratingsolarpower)

1.2 Point-focus concentrating systems

In the case of thpoint-focus concentrating systenthe sun igracked along two axes
andthe incoming solar radiation is focuseda single point receivem view of the fact
that the solar beam radiatiois concentratedt a point instead of along a lingese
systens canachieve far higher temperaturesmparatively owing to the concentration
of a larger fraction of the solar irradiatiomhe two most common poirtocus CSP

technologies are parabolic disbllectors and solar central tower systems

Considered to be the oldest solar technology, parabolic dish collectors (Figare 5)
comprised oparaboloidshaped mirrorghat concentrate the direct solar radiation onto a
receiver mounted at the focal pointedchdish. The entire apparatus tracks the sun in

two axes, with the dish and receiver moving in tanderh.e di s h Gapturaséhe e i v e

high temperature thermal energy into a fluid that is either the working fluid for a receiver
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mounted Stirling engine/generator module, or is used to transport the energy to ground
based processé€kovegrove and Stein, 201.2A single parabolidish gstem has the
potential to produce from approximately 10 kilowatts to approximately 100 kilowatts of
electricity (Goswami, 2015Eachparabolicdish is a complete powgroducing unit,

and may function either independently or as part of a grodmkd#d modulesThe
modular usability of solar dish systems allows large scale applicatibtnsan output
capacity that can reach up to 1.5 megaw@g/) (Zhang et al., 2013)n addition to
electricity generation, parabolic dish collect@e also usedn desalination plants
utilising the reverse osmosis (RO) processd#&diver energy input to thes y st e mé s

pumping and heat recovery sectitfrair, 2018)

“//Solar Radiation

Power Plant

Figure 5: Parabolic dish system schematic

(Uzair, 2018



Central tower systems (Figure 6), which alabh into theclassification ofpoint-focus
technologies, are comprised of a field of flat mirrors, also known as heliostats, that track
the suralong two axeand reflect and concentratee solar beam radiati@nto a central
receiver located at the top of a large tovildre receiver heats up and transmits heat to a
heat transfer fluid due to the incoming solar radiation fllixe heated fluid is then
pumped down to conventional thermabwer generation systems for electricity
production.A thermatstorage unit is normally included in the central top@werplant

for power production stabilization and oaton during the night as welCentral tower
CSPsystems can achievegh operatingemperatures of the order of 1000°C or even
higher. Hence, a central tower plant is suitable for thermal electric power production in

the range of 11000 megawattdMW) (Goswami, 2015).

Receiver

Steam Condenser

=

Turbine

Heliostats
Generator

Figure 6: Solar central towersystem schematic

(Tiba et al., 2014)



1.3 Central tower CSP systems Current status, challenges
and improvement opportunities

Of all CSP technologies available today central tower systems are moving to the forefront
andtheyhave the capabilitio become the technology of choidefar et al., 200)3The
potential of solar central tower systems to achieve high temperaifieesa path to
higher efficiencies, thereby providing an inherent advantage versus the other CSP
systems However, achieving these high temperatures requires a large number of
heliostats fFigure 3. A 100 MW central tower power plant would require nearly one
million square meters of glass heliostats, corresponding to approximately 10000 100 m
heliostatgMancini, 2000. Due to this large number of reflectohgliostats represent the
largestcost element of central tower CSPy st e ms : al most 50% of
(Kolb et al., 2007)This significant influence has encouraged the development of new

i nnovative heliostat designs and soluti ol
affecting its tracking performaein order for the cost of energy frarentral toweplans

to be competitive with that of fossil fug§lancini, 2000;Pfahl et al., 2017).

Figure 7: Heliostat fieldin solar central tower power plant

(Pfahlet al., 20%)



1.3.1 Heliostat primary elements

Reducing the cost of heliostsat e qui res a ful | under stand,]
elements and the effect of each component on the cost of production. In general, a typical
heliostatmainly consists othe followingcomponentsteflective mirror module,mirror

support structuredrive mechanismpylon and foundation (ground connectioand

tracking control system (Téllez et al., 2014) as shown in Figure 8.

Mirror
module

Support
structure

Drive

Pedestal

Tracking
control system

Foundation

Figure 8: Heliostat main elements

(Téllez et al., 2014; Mancini, 20p0

1.3.1.1 Reflective mirror module

Consisting of one or multiple concaved f
concentrate the reflected sunlight onto the central receiver (Téllez et al., 2014). Ideally, a
reflector would have a low specific wetgand maintenance costs, high durability, and

9
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high optical performance. In most recently developed heliostatsored glass and
reflective films are the most suitable current options for heliostat reflq&takl et al.,

2017) Between the twaforementioned optionsnd despite their high specific weight
glass mirrors are considered the default reflector, as they are relatively inexpensive, have
high reflectanc€0.930.94) durable(20-2 5 vy e a r s, @&nd ladcdptedsby adusgtry

(Pfahl et al, 2017 Téllez et al., 2014

1.3.1.2 Mirror support structure

Stateof-the-art central tower CSP plagenerally use Hype heliostats with stedlased

support structurand glass facets (Pfahl et al., 20Téllezetal.,2004The hel i os't
mirror supporstructureoften comprisesf multiple cross beams mounted to a horizontal
torquetubeBot h t he torque tube and the pyl on
coupledto each other by the drive system for azimuth and elevation movement (Pfahl et
al., 2aL7). To accommodate differences in thermal expansion between the glass facets
and the metallic support structutiee mirrors are often connected to the support structure
either viaflexible pins and pads diexible adhesivegPfahl et al., 201,7RumseyHill et

al., 2019.

1.3.1.3 Drives (rotation of mirror panel)

Composed of a transmission system and a power source, drives are the reason for
controlling and providing the heliostat structure with tleeessary rotatioria order to

direct the solar irradiation to the specified point location. In most of the exisiingtats,

the drivebs rotation is about two axes t
Based on the power source specifications, different transmission solutions can be
considered for providing the heliostat with the necessary torque aruityetofulfil the

tracking mode. Two of the commonly employed technologies are the rotary

10



electromagnetic motors and the hydraulic actugwtker linear or rotary{Téllez et al.,

2014).

Rotary electromagnetic motors provide multiple advantagesudmg satisfactory
performance in heliostat motion control, exceptional maintenance characteristics and
lifetime, and flexible motor characteristics in terms of power capabilities. In addition to
this, massroducing rotary electromagnetic motors will pd® opportunities to

mini mze the heliostatbdés tot al cost (T®I |

Hydraulic actuators consist of hydraulic pumps, serawes, rotary hydraulic motors or
telescopic cylinders and the control system. In comparison to the rotary electromagneti
motors, hydraulic actuatoese relatively more expensivEhis can be related to the fact
that fluid characteristics, sealing, and wear resistivity are all important factors that must

be considered in maintenance (Téllez et al., 2014).

1.3.1.4 Pylon and foundation (ground connection)

Whether implemented with a concrete foundation or mounted on an -ghmwed

ball asted frame (Pfahl et al ., 2017) , he
that requires fair consideration because it chains the tagliosthe ground (Téllez et al.,

2014). For large heliostats, a concrete foundation is the most common option due to its
reasonable cost. Generally, a concrete foundation consists of a dmated concrete
base attached to t meyamdéyej201d)tThis apmoaghead @sot a l
be achieved by inserting the pedestal into a gralriliid hole that filled with concrete.

For an extensive network of smaller heliostats, concrete foundations are economically
unfavaurable and alternatives sudiis the abowground ballasted frame structure
presented by eSolar® and ground anchors (Téllez et al.,, 2014) are often preferred.
However, ground anchors are not suitable for all ground types and require a great deal of

effort to avoid heliostat rotationbaut the vertical axis (Pfahl, 2013). Additionally,
11



providing stability for the heliostat requires digging deep holes based on the heliostat size.
Therefore, implementing this approach on large heliostats will increase the material costs,

since long pedeasls are needed.

1.3.1.5 Tracking control system

This element involves all mandatory sensors, controllers, processors, limit switches, and
encoders in order to provide the desired
drive accurately into the propfacet position. Various control strategies are identified by
the mechani smés technology and tracking
step, hydraulics and synchronous. Based on the employed inverter type, controlling the
dri veds mo tcomplished laynwo bnedesa aurrent or torque. The control
algorithm can be carried out by applying a setimmed control system for heliostat
position control (closetbop) or by providing an accurate calculation of the solar

orientation (Téllez et al., 2@).

1.3.2 Review of existing heliostat technologies

Over the past several year s, in the fi el
designs and prototypes have been developed with different sizes, features, and design
specifications. In the following section, current heliostat designs known &mther are

presented with particular emphasis on the special design features of each heliostat.

1.3.2.1 ATS 150

Designed in 1984 by Advancddhermal Systems, Inc., the ATIS0 heliostat (Figuré)

has been successfully operated for the last 20 years in Albugudd@A. Wth a
reflectivity of 94%, ATS1 5006s refl ecti ve afandthéfacetsppr o
made of silvered glass second surface mirrors bonded to formed sheet metdhback.

mirrors areattachedand supported by a steel support structuré ¢basists of several
12



cross beams which are mounted to a horizontal torque tube. The torque tube and the pylon

together are connecteddach other by the drive systéMancini, 2000)

One of the issues related to this model is the cost of a unit, wipobpsrtionally related

to its weight. The heliostat has a total weight of 6385%gund 87% of the ATS50
(e.g.,reflective mirror modulepack support structure, torque tube and pedestad)
manufactured from steel components (4006 kg)mambrs (1518 kg) (Kolb et al., 2007).

This weight requires expensive drives with high torque capabilities to provide accurate

sun tracking.

Figure 9: ATS 150 heliostat
(Mancini, 2000)

1.3.2.2 ASM-150

In 1995, Babcock Borsigfower Environment developed a circular heliostat with a total

reflective area of 150 fnalso known as ASM50 (Figure 10). The reflector is made of

13



a 0.9 mm thin glass mirror and metal stretchesmbrane with a reflectivity that can
reach up to 94%. With total weight of 3,300 kg, the heliostat azimuth drive is based on
an electrically driven turntable with absolute position encoder. As for the elevation drive,
it is electric driven spoke wheel with absolute position encoder. The -A=Mis
controlled usng a pulsevidth modulated 4quadrant servo controller using measured sun

vector as an input (Mancini, 2000).

Although the stretchethembrane facet of the ASNBO0 heliostat proved to be
mechanically sound, the polymer mirror quickly degraded due to wteayUV) damage

and the faceip stow position led to haihduced membrane denting (Kolb et al., 2007).
Moreover, the circular shape of the heliostat, considering a field of heliostats arranged

close to each other, is not favourable due to the gaps betaeb heliostat.

Figure 10: ASM-150 heliostat
(Mancini, 2000)
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1.3.2.3 PSI 120and Colon 70

Inabensa, Instalaciones Abengoa, S.A. manufactured in 1996 a heliostat named PSI 120
(Figure 1H). With a reflective surface areat22.1 nt and reflectivity of 93%, the facet

IS constructed by fixing a mirror to a steel frame with Isteds on the facets jig table
(Mancini, 2000)Despitetheh e | i catisfetordicalperformanceits cost remains

very high due to the heliostt 6 s wei ght of approxi mately
from the steel structure and the mirror. This heavy frame requires expdrsa®with

high torque capabilitiedMoreover, and iace the objective of heliostats is to reflect as
much solar raidtion as possible with minimal losses, the hollow in the middle of the

mirror is wasteful andinfavourable.

With the intention of reducing the costabensa, Instalaciones Abengoa, S.A. managed
to manufacturen 1997 another heliostat design: the Colod (Figure 11b). The facet
specifications are almost identical to PSI 120 with the exception of the reflective surface
area being reduced to 69.3 and both azimuth and elevation drives being modified.
Despite the cost being reduced in comparison to the PSI 120, this lower cost is size

dependent and uncompetitive for large solar thermal power plants.

(a) Front and back view of th& Sl 120heliostat

15



(b) Front and back view of th&€€olon 70heliostat

Figure 11: PSI 120and Colon 70heliostas
(Mancini, 2000)

1.3.2.4 SAIC

SAIC Energy Products Division developed a mtdtiet stretched membrane heliostat
(Figure 12) in 1998. Th&0,000 kg heliostat consists of 22 round mirror facets; each
measuring 3.2 meters in diameter and fixed to a steel frame. The reflective surface is
made of bacisilvered standard glass adhesively applied to stretched membrane (stainless
steel ring weldeda stainless steel membrane). The total reflective area is approximately

170.72 M with a reflectivity reaching 89.6% (Mancini, 2000).

Several drawbacks have been identified wi
is to reflect as much as podsitof solar radiation with minimum losses. The circular
shape of the heliostat mirrors in SAIC, considering a field of heliostats arranged close to

each other, is not favourable due to the gaps between each reflective surface. Another

16

































































































































































































































































































































































































































































































































































































































