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Abstract

Understanding heliostat durability under typical operating conditions is crucial for ensuring
long term stability of the heliostat field within a concentrated solar energy plant. Not only
from the perspective of impact to available power input/output to the system but also in regard
to economic impact to operation and maintenance (O&M) and plant replenishment.
Knowledge of localized climatic and environmental conditions are important in both heliostat
design and installation for a given plant location. Heliostats deployed to semi-arid areas will
experience strongly contrasting conditions to those in humid sub-tropical coastal
environments. In our study into these impacts to the heliostat fields designed for the National
Solar Energy Centre (NSEC) at Mayfield West, Newcastle we observe significant impact
from the coastal environs and surrounding industry to the mirrored glass surface as well as the
supporting structure and actuators. In this study we use scanning electron microscopy (SEM)
to examine corrosion to the second surface mirrors. We observe failure to the rear mitigation
layer(s) of the mirror can occur during installation or as a result of imperfections during
manufacture. These defects provide sites for corrosion initiation at the reflective silver (Ag)
layer. Over time the corrosion spot grows and after 4 years of field deployment has been
observed up to 35mm in diameter. We further illustrate environment effects impacting the
supporting structure and discuss design changes implemented to minimise influences from the
local conditions.

1. Introduction

Second surface heliostats are primarily used throughout the world in both research fields and
large installations. An alternative is the primary surface mirror usually using a polished
aluminium sheet attached to a flexible substrate. However second surface mirrors have gained
favor due to the protection offered by the glass superstrate. Protecting the reflective layer
from damage due to corrosion, impact damage or delamination comes at a cost of reduced
overall reflectivity due to the inherent absorbance of the superstrate. To minimise the impact
from self-absorption the superstrate used is typically fabricated from a low Fe float glass (aka
solar glass) which affords low amounts of trace elements and improved transmission. The
samples examined in this study are second surface reflectors on 3mm glass superstrates
providing significant structural strength whilst minimising undesirable absorbance loss.

The reflective layer in second surface mirrors is typically Ag due to its very high reflectivity
across the solar spectrum (Hummel, 1981). The disadvantage of using silver is its
susceptibility to corrosion in the presence of salts and other air/environ pollutants (Schutz,
1997), (Sutter, 2014), (Mills, 1980). Three paint layers and a copper layer are usually applied
to protect the silver layer. The copper layer acts as bonding layer between the silver and the
paints and protects the paints from UV light transmitted through the thin silver (the silver
layer thickness is usually around 150nm). The paint layers comprise:

e corrosion mitigation layer;
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e diffusion barrier; and

e UV barrier.
While these layers are robust their integrity can be compromised with time leading to
corrosion. In this study a glass mirror without copper layer and only two protection paints has
been examined. A cross sectional schematic of the glass structure used in this study is
presented in Figure 1.
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Figure 1. Cross section of heliostat mirror used in Newcastle

Selecting a suitable site for the solar field is critical in design and planning of a solar energy
plant. In addition to considering the available solar resource (solar radiation received per unit
area) it is also important to consider the local environment to ensure a longevity of the field.
Building a solar R&D facility in proximity to major populations centres is preferred for
numerous reasons i.e. access to skilled employees, reduced losses in power line transmission
and political/economic rationale (Schlecht, 2012), (Beath, 2012). However, in Australia a
majority of these sites occur along the coastal fringe or in vicinity to heavy industry and
mining, potentially reducing the serviceable lifetime of the entire concentrated solar power
(CSP) plant not only the heliostats.

At the NSEC in Newcastle we have a unique opportunity to investigate the durability of a
field in a coastal environment that is in the proximity of both mining and industry. Notably,
local environmental conditions are relatively harsh in comparison to an ideal site and indeed
similar sites in a global context. Over the past calendar year (2014) the Newcastle site has
experienced temperatures over the range —1 °C through to 45 °C with extended periods of dry
weather and/or rain. In addition, the NSEC site is approx. 6km inland from the coast and co-
located in a highly industrialised area of Newcastle (Mayfield West) (refer to Figure 2b). A
study of airborne particulates in the lower hunter region is currently being undertaken by the
Environmental Protection Agency (EPA) and CSIRO (Oceans and Atmosphere Flagship) on
behalf of the NSW State Government. The study’s progress report published in June gave
historical data for airborne particles being collected 500 m from the National Solar Energy
Centre. On average from 1998-2009 16% of the airborne particulates of <2.5um (PM2.5)
were salt compounds originating from ocean sources. Other significant compounds identified
in the study were secondary sulphates and automobile emissions (Hibberd, 2013).

Presented in this work is a preliminary study of the effects of the local environment on the
second surface mirrors located at the NSEC in Newcastle, New South Wales. While we focus
on the corrosion of the silver reflective surface as this primarily contributes to significant
solar power losses, we also observe climatic and environmental impacts to heliostat assembly
(frame, actuators, and fixtures/hardware).
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2. Results and Discussion

2.1.  Field Survey and Assessment

The CSIRO NSEC site accommodates two solar fields: Field 1 (170 heliostats), and Field 2
(396 heliostats). Heliostats deployed in Field 2 were the primary focus of this study, the
layout of which is shown in Figure 2 a) (below).
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Figure 2. a) relative corrosion in NSEC solar field; b) proximity of site to local industry

After 3.5 years since commissioning heliostats are showing signs of corrosion in the silvered
mirror surface. Whilst most of the corrosion occurs nearest the centre-hub there are significant
numbers of small spots forming across the entire surface, although predominately closest to
the frame and centre-hub. Currently the area of the mirror affected by corrosion is very minor
(<1% total area) although there are indications these areas are increasing linearly and is
observed to correlate with local climatic conditions as a function of time. Overlayed on Figure
2 a) are three zones giving an indication of the extent to which corrosion has been observed
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on the silvered surface. The area around the base of the tower shows the highest number of
corrosion spots per mirror in the field. The larger corrosion spots found in the field, some up
to 35mm in diameter, are observed in this zone. The precise origin for this is still under
investigation, however a qualitative assessment indicates a link to stress induced fatigue to the
rear mitigation layers as a result of the shorter focal lengths for heliostats in this zone.
Weakening of the rear coatings may lead to fissures in the mitigation layers providing a site
for ingress of contaminants, concentrated locally.

In our observations, the zone of mirrors with the least amount of corrosion is likely protected
from airborne particles by the inner and outer mirrors. Here the focal length of the mirrors is
longer resulting in less stress to the mirror coatings. Almost as much corrosion was found
throughout the outer third zone, which is not unexpected as they are significantly exposed to
prevailing winds, collecting a large amount of particulate matter and the most dew of an
evening. Work is also underway observing the dust accumulation and soiling on the heliostats
and the relationship to the observed degradation. Initial reflectivity measurements support this
proposed mode of degradation with the same zones of corrosion corresponding with high to
low reflectivity loss due to soiling of the glass surface.
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Figure 3. Field 2 heliostat. Inset images indicate various sites of corrosion discussed

2.2.  Optical Imaging of Materials Fatigue

A representative image of a heliostat is depicted in Figure 3, from the Western perimeter of
Solar Field 2. Images were obtained early in the morning on a cloudy day to maximise
visualisation of various aspects and environmental conditions under observation.
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Further to our observations of rear-silver mirror corrosion, visible in Figure 3, inset A and B,
Is the centre-hub which is the primary mirror support structure for the heliostat frame. Whilst
not the primary focus of this study it has been observed that substitution of materials used in
initial frame fabrication now incorporate zinc chromate plated nuts on a stainless hub attached
to zinc plated ribs. Subsequently under the environmental conditions onsite, corrosion has
initiated over a short period of time leading to advanced corrosion of the hardware fitting
(nuts), Figure 3 inset B. A microstructured pinhole in the mitigation layer can be observed in
Figure 3 inset C. This particular example is visible by eye on one of the heliostats in a more
advanced state of corrosion. The paint layer has begun to delaminate due to significant
conversion of the second surface mirror from Ag to AgClI. Typically the point at which the
paint layer has failed in too small to see with the naked eye. Imaging by SEM has shown the
holes are usually of the order of tens of micrometres.

Inspection of the same region from the front surface (Figure 3, inset E) indicates the
progression of corrosion as a result of failed mitigation layers. Note the smaller spots starting
to cluster around the initial site of corrosion. We have observed corrosion spots tend to cluster
which suggests larger area fatigue in the surrounding barrier layers from the initial point of
failure. The amount of corrosion on this mirror is indicative of those found around the
perimeter zone of the field. The large clusters depicted in Figure 3 (inset E) are more typical
of the central zone. The mirror in Figure 3 was intentionally imaged in the early hours to
capture the dew formation shown in Figure 3, inset D. Note the front surface pattern
corresponding with the heliostat support structure and the same pattern is observed on the rear
of the mirrors. The moisture residue readily dissolves any contaminant salts on the front
surface and rear of the mirrors providing a precedence method for ionic transport leading to
corrosion via fractures or penetration points in the barrier layers.

2.3.  Surface Microscopy of Advanced Corrosion Mirror Samples

A schematic of a typical heliostat used in this study was presented in Figure 1. A pristine
heliostat mirror sample was cut and polished and the resultant contrast SEM cross sectional
micrograph is depicted in Figure 4.

Mag= 1.00KX EHT = 15.00 kV Date :11 Nov 2013
WD = 10.0 mm Signal A=CZ BSD Photo No. =2

Figure 4. Cross section (left) and EDX micrograph (right) of pristine mirror surface/coatings
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The darker grey area at the bottom of the figure is the glass substrate with the Ag reflective
layer visible as a thin bright-grey layer directly above. A porous bilayer barrier system is
clearly visible, with no indication of any additional reflective elements (Cu, Cr). Composition
of the porous layer was examined using EDX, where a map indicates multiple compounds to
minimise permeation of moisture and air. Depicted in the above figure are compositional
maps for Zn and S, although the analysis revealed multiple species (Zn, S, Si, Ca, Ti, Al),
with a distinct outer layer comprising TiO2. The primary role of this layer appears to be non-
specular reflection and scattering of incoming radiation, consisting of a much more
compacted composition to reduce ingress within sub-layers.

EHT = 15.00 kv Date :1 Jul 2p14
Signal A =CZ BSD Photo No. =/
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Figure 5. Inset cross sectional SEM of advanced corrosion in mirror Ag layer

To critically assess the corrosion progress, samples from the field were obtained and dissected
through the centre of visible corrosion spots. Analysis by SEM and energy dispersive X-ray
spectroscopy (XPS) facilitated determination of corrosion and identify the path of ingress
through the barrier film (see Figure 5). Enlargement of areas of interest (labelled A, B and C.
above) depict specific stages of corrosion progress. Inset A depicts a region where an inter-
layer gap has formed between the glass substrate and the inner barrier layer as a result of gas
evolution (H2) during Agis) — AgCls) conversion. This is typical of areas close to the initial
point of corrosion. Delamination of the barrier bilayers away from the substrate at this initial
point is a common observation. Inset B is an illustrative region undergoing Ag corrosion.
Further examination of the region via EDX identified the bright region between the silica
substrate and the inner barrier layer to contain primarily Ag, Cl, Na and Si Confirmation of
the absence of CI in the region at inset C was acquired by scanning EDX across multiple
sections and identifying Cl present only in the regions of advanced corrosion (inset A and B)
In regions of advanced corrosion we observe growth of AgCI crystals and expansion of the
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layer volume by as much as 400% c.f. initial thickness. Aggressive corrosion results in
catastrophic delamination of the protective layer (vide supra), and a reduced or complete loss
of surface reflectivity (vide infra).
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Figure 6. Total reflectance of a pristine solar mirror over the visible region. Inset specular
reflectance from various points on a corrosion spot using a handheld reflectometer.

To quantify the loss in specular reflectance from surface corrosion, reflectivity data was
collected across a cross-section of a typical corrosion region (see Figure 6). Total reflectance
from 250 nm — 800 nm was obtained using an integrating sphere (Perkin Elmer model
LAMBDA 950). While true overall specular reflectance is difficult to measure on these
samples, we can measure at four fixed wavelengths: 410nm, 530nm, 635nm and 850nm. On
average the specular reflectance of pristine Solar mirrors were 94.5% at 635nm. The inset to
Figure 6 shows the same measurement at 635 nm using a handheld spectrometer for a mirror
currently in service in Field 2, exhibiting 91% reflectance which is typical for field
operational heliostats due to soiling and particulate accumulation. The data above indicates
specular reflectance for the second surface mirror declines rapidly at sites of corrosion
Reflectance declines rapidly with increased amounts of Ag corrosion to a point where the
initial site of corrosion is semi-translucent in the absence of Ag. Total surface corrosion
constitutes a small area of the total mirror (approx. 1% for the heliostats observed), the impact
to overall plant performance and available capacity is critical and the subject of ongoing
studies of the NSEC Fields.

3. Conclusions

Preliminary outcomes of lifetime and durability assessment of heliostats from the NSEC
Facility were discussed. We have identified that critical consideration of local environmental
conditions is very important during design and planning of solar plant, even R&D facilities.
Further consideration of the materials applied in heliostat design is also of importance,
combined with ongoing site assessment and facility O&M. Presented are observed effects
after approx. 4 years of service for heliostats in Field 2, and although indicating relatively
minor impact to practical facility performance, there are significant economic implications for
solar plant development. Improvements to second surface mirrors through additional
protective layers (i.e. Cu) or composition changes in porous layers should be considered for
sites experiencing exposure to high salt or pollution deposition.
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