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Concentrated solar thermal technologies play an essential role in the energetic transition which is currently
facing our society. The energy generation in this technology vastly depends on the optical behaviour of the
reflector materials of the solar field. Corrosion of solar reflectors might be an issue in locations with high cor-
rosive environments because an excessive corrosion of the solar mirror could be catastrophic for the profitability
of the concentrated solar thermal plant. This research is focusing on modelling the durability of four different
solar reflector materials exposed outdoors by accelerated aging tests. For this purpose, ten locations suitable for
concentrating solar thermal applications were classified depending on their corrosive aggressiveness. Commer-
cial, free-lead and low-cost reflectors samples were exposed in all the sites to determine the influence of the
corrosion in its durability. Corrosion defects appeared in the solar reflectors during outdoor exposure were
properly reproduced by CASS test. Novel lifetime prediction models were developed for all the solar reflectors
depending on the corrosive aggressiveness of the place. Number and thickness of the paint coatings employed in
the solar mirrors were identified as one of the most important parameters to improve the energy generation of a
CSP plant in corrosive environments. A reduction of the capital invested in the solar mirror purchase is expected
for sites with low corrosivity.

1. Introduction

The increment of the greenhouse gases and the scarcity of fossil fuels
have supposed a revolution in the energy field [1,2]. To tackle the
required transition, renewable energies have been selected as the best
alternative to lead the transformation to a new energy market, less
harmful for the environment [3,4]. Among all renewable energies, solar
technologies are considered as the most promising options because their
environmental impact is almost negligible [5]. Especially, solar thermal
energy (STE) is fundamental in the new energetic market because this
technology is able to dispatch energy at any time of the day, thanks to
thermal storage systems [6-8]. Nowadays, the worldwide installed ca-
pacity of concentrating solar power (CSP) plants is 5.5 GW, from which
42% is installed in Spain [9]. Besides, CSP systems generate 3% of the
electricity generation mix of Spain. In accordance with the International
Energy Agency (IEA) forecast [10], CSP energy is predicted to represent
11% of the total worldwide electricity generated in 2050. In addition,
the International Renewable Energy Agency (IRENA) reported that CSP
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average levelized cost of electricity (LCOE) in 2018 was 0.186 €/kWh,
26% less than in 2017, and it is expected that in 2022 the LCOE will drop
below 0.10 €/kWh [11].

The durability of the materials used in CSP systems is one of the main
aspects to take into consideration during the design of a solar power
plant. Solar plants are usually designed for a lifetime of at least 25 years.
In this context, the solar field reflectors must preserve their initial op-
tical behaviour for the whole duration of the solar plant with minimum
degradation. This component is fundamental for the CSP plant perfor-
mance because it is responsible to concentrate the solar radiation onto
the receiver target. If this material fails, all the energy conversion pro-
cess of the power plant will be affected [12]. Also, the purchase of the
solar reflectors represents around 6.4% of the initial investment of a CSP
plant [13], and their replacement is not contemplated during the life-
time of the facility. Silvered-glass mirrors are usually employed for CSP
technologies due to their suitable optical behaviour and durability.
Innovative low-cost and free-lead mirrors are being manufactured in
order to reduce the capital invested for its purchase and to be more
environmentally friendly. However, its durability is still unknown and
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Nomenclature

Acronyms

CASS Copper-accelerated acetic acid salt spray

CSP Concentrating solar power

DNI Direct normal irradiance

EDX Energy dispersive and X-ray

IEA International Energy Agency

IRENA International Renewable Energy Agency

ISO International Organization for Standardization
LCOE Levelized cost of electricity

LCOM  Levelized cost of the mirrors

MED Multi-Effect distillation

NSS Neutral salt spray

SEM Scanning electron microscopy

STE Solar thermal energy

Symbols

a Solar-weighted hemispherical degradation rate ((—)/year)
af Acceleration factor (—)

Anc.

G Ratio of non-corroded (or useful) area to the total area (—)

Ac
Arotal

Ratio of corroded area to the total area (—)

Reflective area of the solar field (m2)

Investment expenditures of the solar field considering a
certain material reflector in the year t (€)

M reflecior  Operation and maintenance expenditures of the solar field
considering a certain material reflector in the year t (€)

I, reflector

n Expected lifetime of the CSP plant (years)

R? Adjusted R squared (—)

thamber ~ Time in of the accelerated aging test (hours)

toutdoor Time in outdoor (years)

Po Initial reflectance (—)

p Total reflectance (—)

Perefiector  TOtal reflectance of a certain reflector in the year ¢ (-)
PNC Reflectance in the non-corroded area (—)

Pe Reflectance in the area corroded by spots (—)

ps,s(SW,0;,¢) Solar-weighted specular reflectance (—)
01,4(4,0;¢) Monochromatic specular reflectance ()
psn(SW,0,h) Solar-weighted hemispherical reflectance (—)

the performance of the CSP plant should not be affected for its
implementation.

Corrosion has been identified as one of the main degradation
mechanisms which might affect the durability and the optical behaviour
of solar mirrors [14]. Some CSP plants are located in a corrosive at-
mosphere originated by saline environments. For example, for water
desalination applications, CSP + MED (multi-effect distillation) plants
need to be located near to the coast because it is not profitable to
transport the exhaust steam over long distances due to the fact that
excessive pipe diameters are required for this purpose [15,16]. Addi-
tionally, some places such as the Atacama Desert reported corrosion
environments at night provoked by a sea fog, called “Camanchaca”,
which penetrates into the desert during some periods of the year [17].
Also, there are some CSP plants already built near to the sea where
corrosion issues could appear in the future. For instance, Noor Energy 1
PSC (Dubai) is situated around 50 km from the sea in air-line distance. In
all these situations, reflectors will be subjected to harsh corrosive
environment and it is vital to study their durability in order to predict
the proper performance of the CSP system and anticipate corrective
measures during the installation, operation and maintenance of the
system.

Previous studies about corrosion degradation in industrial environ-
ments were carried out for primary reflectors [18-21]. Those publica-
tions reveal that the corrosion provoked by harmful agents originated in
industrial atmospheres (SO3, NO3, HsS ...) might significantly affect the
optical properties and also the durability of materials. Besides, studies
about metal corrosion (especially copper and silver) in corrosive
ambient are quite useful for understanding the possible corrosive
degradation mechanisms and the sub-products formed in the metallic
layers of the solar mirrors [22-25]. Then, it is also fundamental to es-
timate the lifetime of solar mirrors in places prompt to suffer corrosion
due to high salinity.

One of the most common manners to predict the durability of a
component is by exposing the material for a long time in the place where
the CSP system will be installed. However, in many occasions the
companies do not have enough time to expose material samples for a
long time and decisions such as, which is the most suitable material,
should be taken before starting the construction of the CSP plant. This
problem is solved by using accelerated aging tests which reproduce the
same degradation effects observed outdoors, but in a short period of
time. Many accelerated aging tests have been used in recent works in

order to simulate humidity and corrosive conditions for primary mirrors
[26,27] and most of them are compiled in the Spanish standard for solar
reflectors UNE 206016:2018 [28]. Neutral salt spray (NSS) and
copper-accelerated acetic acid salt spray (CASS) tests stand out above
the rest to reproduce corrosive environments [29]. Actually, CASS and
NSS tests are commonly used in the automotive industry to assess the
durability of their paints in corrosive environments. In both aging tests,
chemical agents are added to the spray solution to create a corrosive
ambient inside the chamber.

Once a proper accelerated aging test which reproduces the same
degradation mechanisms observed outdoors is found, correlation
models to outdoor exposure must be determined to calculate how much
the aging test is accelerating the weathering observed outdoors. Expo-
nential expressions such as Arrhenius, Butler-Volmer or Avrami equa-
tions have been utilized to model the durability of some new
components [30-32], even primary mirrors [33,34]. In these last two
works, the exponential equations showed acceptable agreement with the
experimental data, including proper description of boundaries (such as
the conditions of initial reflectance and converging to O for infinite
exposure time). However, in both cases the study addressed alternative
reflector materials (aluminium and polymer film mirrors), but there is a
lack of knowledge with respect to lifetime predictions of the most
commonly used reflector materials (silvered-glass mirrors).

This work is focused on modelling the lifetime of silvered-glass pri-
mary reflectors submitted to corrosive ambient. The corrosivity class
according to ISO 9223:2012 [35] of several representative sites to build
a CSP plants was determined. Samples of four different solar reflector
materials were exposed in each location. Finally, the durability along the
time was predicted for the different reflectors studied in all the places
where the effect of the corrosion is significant by using accelerated aging
tests.

2. Materials and methods

This section addresses a description of the different reflector mate-
rials used in this work, the procedures to expose the samples in outdoor
conditions and to classify the sites depending on their corrosive
aggressiveness, the accelerated aging test performed to properly repro-
duce corrosion, and the analysis carried out to assess the degradation of
the reflectors. Also, the empirical expressions to achieve a model be-
tween outdoor exposure and accelerated aging test are explained.
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Fig. 1. Scheme of the silvered-glass reflector with 3 back paint layers
(RLA1 material).

Finally, the procedure is described to perform an economic analysis to
compare the cost of the materials tested, taking the price of the com-
mercial one as a reference.

2.1. Reflector materials

Silvered-glass mirrors were selected for this work rather than
aluminium ones. The reason is that the vast majority of CSP plants use
silvered-glass mirrors because their initial optical performance is
significantly higher [36] and they have shown excellent durability. Four
silvered-glass reflector types manufactured by a highly experienced
company were included in this study. These reflectors are composed by a
silver reflective layer protected on the front by a thick glass layer and on
the back by a copper layer and several paint coatings. Samples of 10 x
10 ecm? (2 mm thickness) were cut from real-size facets of each material
to be exposed in outdoors and tested in the accelerated aging experi-
ments. All the samples had one original edge, coming from the real-size
facet, and three cut edges.

The silvered-glass reflector materials studied are described as follow:

The commercial one (named RLA1), whose protective back system is
composed by three paint layers with a thickness of 28, 33 and 35 pm
(from the prime, intermediate and top coats, respectively) (Fig. 1). The
cost of this material is taken as reference in the economic analysis (see
Section 2.6).

o A reduced prototype of the commercial one (named RLA1R), whose
paint layers are thinner in comparison with its commercial coun-
terpart (the paint layers have a thickness of 22, 27 and 28 pm). Its
cost is similar to RLAI.

e Aninnovative low-lead reflector (named RLA3) with two paint layers
in which the lead content is negligible (the thickness of the paint
layers are 31 and 35 pm). The price of this reflector is quite more
expensive compared with RLAL.

o Alow-cost reflector (named RLA4R) with only two paint layers (both
with a thickness of 30 pm). This reflector is estimated to be 3%
cheaper than RLA1.

Composition and thickness of the glass, silver and cooper layer was
the same for all the materials.

2.2. Outdoor exposure test

Five samples of each reflector material were exposed in 10 repre-
sentative sites with different climatic conditions. The places chosen to
install the reflector samples were 3 in Europe (Tabernas and Almeria in
Spain, and Odeillo in France), 5 in North-Africa (Missour, Erfoud,
Zagora, Ouarzazate and Temara in Morocco), and 2 in South-America
(Atacama Desert and Chajnantor in Chile). In the Northern
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Fig. 2. Example of the reflector and metallic samples in the outdoor exposure
test benches.

Table 1
Characteristics of the sites where reflectors samples were exposed.
Site Coordinates  Climate Distance Altitude Outdoor
to the (m) exposure
coast in time
straight (months)
line (km)
Almeria (36.8°N, Semiarid 0.5 0 34
(Spain) 2.4°W)

Tabernas (37.1°N, Semiarid 30 404 33
(Spain) 2.3°W)

Odeillo (42.5°N, Continental 100 1550 36
(France) 2°E)

Missour (32.8°N, Semiarid 290 1161 36
(Morocco)  4.1°W)

Erfoud (31.5°N, Arid 380 822 36
(Morocco) 4.2°W)

Zagora (30.3°N, Arid 360 727 36
(Morocco) 5.8°W)

Ouarzazate (30.9°N, Arid 260 1126 24
(Morocco) 6.9°W)

Temara (33.9°N, Semiarid 0 0 24
(Morocco) 6.9°W)

Atacama (24.1°S, Arid 60 965 36
Desert 70°W)
(Chile)

Chajnantor (23°S, Arid 270 5200 36
(Chile) 67.8°W)

hemisphere’s locations, the samples were located in a south facing rack
with a tilt of 45° (marked in yellow in Fig. 2), which are typically
selected in this kind of studies [37]. The samples exposed in
South-America were facing north direction instead of south. During
three years, one sample per material was yearly collected to be analysed
in the laboratory. The characteristics of the different sites are summa-
rized in Table 1:

In order to identify the corrosive aggressiveness of the sites, the
corrosivity class of each location was determined according to the ISO
9223:2012 standard [35]. For this purpose, 3 replicates of metal cou-
pons (10 x 10 cm?) of steel, copper, zinc and aluminium were exposed
for 1 year at the same exposure sites (marked in red in Fig. 2), together
with the reflector samples. Previously, in the laboratory, these coupons
were weighted with a high precision balance to determine the initial
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Fig. 3. Example of transformation of a picture of a reflector sample to a binary image with an image treatment software.

weight of the samples. After 1 year of outdoor exposure, the metals were
collected, cleaned and weighted again in the laboratory. With this pro-
cedure, the sites were classified depending on the average weight loss
per year of the metal coupons in 6 different categories (C1, C2, C3, C4,
C5 and CX), where C1 means a site with slight corrosion and CX means a
place with an extreme corrosive environment.

2.3. Accelerated aging test

The same corrosion defects happening outdoors must be reproduced
through accelerated aging tests to obtain a suitable correlation [38]. In
this way, a previous test campaign involving up to 12 different aging
tests (NSS, damp-heat, CASS ....) was carried out with the same solar
reflector in order to determine the most reliable test for simulating
corrosion [39]. According to the results obtained, the CASS was chosen
to reproduce corrosion because the same defects observed on exposed
samples (such as corrosion spots or edge corrosion) were simulated in a
short period of time (see subsection 3.2). An additional erosion test [37]
applied on the back side of the reflectors might be recommended before
the CASS test to provoke a pre-damage in the back paint coatings to
reproduce the combined effect of erosion and corrosion, simulating the
extreme ambient conditions of desert sites which are also close to the
coast. This combined test was not considered in this work because it is
exclusively focused on corrosive environments, but it is highly recom-
mended for further studies.

CASS test was applied in accordance with the UNE 206016:2018 and
ISO 9227:2017 standards [28,29]. The samples were sprayed with an
aqueous solution mixed with [NaCl] = 50 g/l and [CuCly] = 0.26 g/1.
The pH of the solution remains between 3.1 and 3.3. The test was carried
out with a temperature, T, of T = 50 °C and relative humidity, RH, of RH
= 100%. The samples were tested for 2040 h and each 5 days (120 h)
they were taken from the CASS chamber for analysis. Two days were
needed to characterize all the samples and during this period they were
kept under ambient conditions. After the two days of analysis, the re-
flectors returned to the chamber for another 5 days of aging.

2.4. Analysis techniques

Several optical analyses were periodically carried out both in the
outdoor test (yearly) and in the accelerated aging test (weekly) to assess
the parameters used in the correlations. The main parameter to deter-
mine the optical quality of a solar reflector is the reflectance [40].
Consequently, the prediction model proposed in this work is based on
this parameter. The reflectance of a mirror , p, might be affected by the
appearance and growth of corrosion spots because the reflection in
corroded zones is significantly lower than in non-corroded zones [41].
For this reason, the p depends on the value measured both in the useful
area (non-corroded)py., and in the area corroded by spots, p.. The
reflectance measured in both zones is weighted by the corresponding

areas, as it is represented in Eq. (1).

p=p Anc _Ac
e A'l‘oml ¢ ATmal

@

Where:

p denotes the total reflectance
pnc denotes the reflectance in the non-corroded area
Axe denotes the ratio of non-corroded (or useful) area to the total

Total

area
pc denotes the reflectance in the area corroded by spots

A‘:Cll denotes the ratio of area corroded by spots to the total area

As p is negligible (the reflectance of the corrosion spots can be
assumed to be close to zero), Eq. (1) can be simplified to Eq. (2):

A
P :/)Nc'ﬁ 2
And as /ﬁﬁiz can be written as (1 — ﬁ ), then:
Ac
P:PNc'(l _ﬁ) ®©)]
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To compute p over time, two main parameters need to be obtained.
Firstly, several reflectance measurements were periodically performed
in the non-corroded area in order to calculate the p,.. The solar-
weighted specular reflectance, p; 4(SW,0;¢), is the most representative
parameter to assess the optical behaviour of a solar mirror. According to
Ref. [42], the solar specular reflectance can be indirectly calculated by
measuring the monochromatic specular reflectance, p;, 4(4,0;,¢) and the
solar-weighted hemispherical reflectance, psn(SW,6;h). While p; 4(4,6;
¢) was measured at 4 = 660 nm, 0; = 15° and ¢ = 12.5 mrad with a
portable specular reflectometer model 15 R-USB manufactured by D&S,
psn(SW,0;h) was calculated by measuring the spectral hemispherical
reflectance, p) n([Ae,A],0;h), at A = [320, 2500] nm and 6; = 8° with a
spectrophotometer model Lambda 1050 manufactured by Perkin Elmer
[43,44], and applying the weighting formula included in the ISO
9050:2003 standard [45] with the solar spectrum from the ASTM
G173-03 standard [46]. Monochromatic specular reflectance was
measured in 5 different points of the solar mirror, randomly distributed
on the reflector area exempted of corrosion. These measurements were
performed both before and after the tests by the same operator and
maintaining the same ambient conditions to minimize the measurement
uncertainties. The same methodology was utilized to quantify the
solar-weighted hemispherical reflectance, but measuring 3 points
instead of 5.

Secondly, a picture of the whole sample surface was taken to

A‘:fﬂl. In this picture, it was possible to distinguish between the

corroded area originated by the appearance and growth of corrosion

determine
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spots and the corroded area which came from the original and cut edges.
In this study, only the corrosion caused by the corrosion spots was taken
into consideration because the degradation originated in the cut edges is
not realistic from real plant conditions, in which all the edges are pro-
tected. The corrosion of the cut edges also affects to the original edges.
Therefore, corrosion provided from the edges is not taken into account.
The real image was converted into a binary picture with an image
processing software to calculate the corroded area. Corrosion was
detected in black, while non-corroded area was observed in white
(Fig. 3). Moreover, microscopic pictures were taken with an optical
microscope model Axio XSM 700 manufactured by Zeiss in order to
follow the evolution of the microscopic defects appearing along the
surface.

In addition, the characterization of the degradation mechanism was
accomplished. Scanning Electron Microscopy-Energy Dispersive and X-
ray spectroscopy (SEM-EDX) were performed with a SEM manufactured
by Hitachi, coupled with a QUANTAX -EDX system manufactured by
Bruker. The reflectors were scanned with electron beams in order to
obtain high-resolution black and white images which allow the study of
the surface morphology. Besides, this technique is able to provide the
elemental analysis of the surface studied. A cross section of one reflector
sample was carried out just in the area of a corrosion spot to be analysed
in the SEM-EDX. The elemental composition of the corroded area was
determined. The results obtained in the corroded area were compared
with the non-corroded area in order to identify the chemical agents that
provoked the corrosion of the silver reflective layer.

2.5. Correlation approach

A degradation model was established to estimate p throughout the
time in real operating conditions (Eq. (3)) by using the results obtained

in the CASS test and outdoor exposure. As it is noticed in Eq. (3), p de-
Ac

Atorat”

pnc might decrease along the time in outdoor exposure because of

other environmental effects which deteriorate the glass surface, such as
erosion, UV degradation, soiling deposition. The effects of the degra-
dation mechanisms different to the corrosion were considered by
measuring every year the reflectance evolution in the useful area of the
samples exposed in outdoors. Supposing that py. has a linear degrada-
tion rate over the time (it has been shown in other works that another
main degradation mode is erosion of the glass surface and this effect can
be regarded as linear [47,48]), then, py. will be:

pends on two fundamental parameters, py. and

Pne =Po — A loudoor (4)

Where:

po denotes the initial reflectance

a denotes the solar specular reflectance degradation rate.

toutdoor denotes the time in outdoor

With regards to the second term of Eq. (3), ﬁ, the corrosion data
obtained in the CASS test was plotted as function of the time to achieve
the most suitable fit which simulates the tendency of this parameter.
According to the experimental results (see section 3.4), it was assumed
that the area corroded by spots can be described by the Avrami equation
(Eq. (5a)), which gives the fraction of corroded area after a certain test
time in the ageing chamber:

Ac

— 1 — ¢ Pltchamber)’ (5a)
A’l'oral
Where:
A’;C” denotes the ratio of area corroded by spots to the total area.

t.hamber denotes the time of the accelerated aging test
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b and c are two fitting constants obtained through the accelerated
aging test data.

Exponential equations can be transformed into a linear expression by
using Naiperian logarithms. The interception with the y axis determines
the In b and the slope of the line represents the parameter c. Then, Eq.
(5a) can be rewritten as:

1
In({In[ ——————— | =In b+ c-In tumper 5b
n(n(l_Ac/ATam’>) nb+cn tygm (5b)

It is assumed that the fitting parameters b and c obtained from the
CASS test are also valid to model the corrosion evolution in outdoor
conditions. But the corrosion process in outdoor evolves in a much
slower time-scale. This effect is taken into account by including the
acceleration factor, ay, in Eq. (5a).

The ay is defined as the ratio between the time necessary to obtain a
stated proportion that an aging test accelerates a degradation mecha-
nism in comparison with outdoors. In this case, aris obtained as the ratio
of the time in outdoor exposure to the time in the CASS test, for the same
area corroded by spots:

ap = Toutdoor (6)

tehamber

Then, considering Eq. (6) in Eq. (5a), it can be rewritten as Eq. (7).

A b (’nu;{h)m )
C l-e¢ ! %)

A Total

With Eq. (7), the evolution of the area corroded by spots can be calcu-
lated throughout the time for any primary mirror by obtaining the pa-
rameters b and c in the CASS test and the acceleration factor between
any location and the CASS test. If ;A< is replaced in Eq. (3) with the term

Aotal
obtained in Eq. (7), the following expression is found:

L <,>
a
p=pyc-e @®)

Finally, combining Eq. (4) and Eq. (8) leads to a model that simulates
the evolution of the reflectance of a solar reflector p, throughout the
time for any location:

q
f
P=|Po—a towdoor | - | € (9)

2.6. Economic analyses

In order to evaluate the influence of the reflector material perfor-
mance in the feasibility of the CSP plant, an assessing parameter is
proposed, named levelized cost of the mirrors, LCOM. By similarity with
the levelized cost of electricity (LCOE) [49], the LCOM is the ratio be-
tween the costs of the solar field mirrors divided by the energy delivered
by the mirrors over the lifetime of a CSP plant, as it is indicated in Eq.
(10).

10)

LCOM ( € ) _ Z;l:n] (Lereftector + M setector)
kW-h Zz:l (/71. reflector -DNI, D)
Where:

I, reflector denotes the investment expenditures of the solar field
considering a certain material reflector in the year ¢, in €
M, refiecior denotes the operation and maintenance expenditures of the
solar field considering a certain material reflector in the year ¢, in €
P, reflector denotes the p of a certain reflector in the year t.
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Table 2
Average mass loss per square meter for the four metals coupons after 1 year of
outdoor exposure and average corrosivity class of the sites.

Site Average mass loss (g/m?) Average corrosivity
R . class
Zinc  Cooper  Aluminum  Steel
Almeria 8.78  43.4 1.19 346 Cc4
Tabernas 379 153 0.45 132 Cc3
Odeillo 3.30 5.61 0.09 8.59 Cc2
Missour 5.05 7.62 0.14 43.4 Cc2
Erfoud 401 198 0.30 65.7 Cc2
Zagora 244 515 0.03 28.3 C2
Ouarzazate 3.75 7.15 0.47 19.4 Cc2
Temara 398 190 4.83 7769 CX
Atacama 541 205 0.64 210 Cc3
Desert
Chajnantor 3.50 6.38 0.27 103 Cc2

DNI, denotes the yearly sum of direct normal irradiance in the year t,
in kW-h/m.2

D denotes the reflective area of the solar field, in m.
n denotes the expected lifetime of the CSP plant.

2

The profitability of using low-cost materials instead of the com-
mercial one is calculated by the relative LCOM. This parameter notices
the percentage saved in the LCOM when some novelty reflector is
compared with the commercial one (RLA1), and can be described by the
next expression:

n n
21:]’/. rattMigiar Z[:l,rrtﬂyrmr+Ml.n:ﬂmlm'
g g
Z,ﬁl/’: rLAL"DNL-D ZH/),_ reftector DNIi-D.
g
EH/:. RLALHM RiaL

Z;;l Prrear-DNI-D

Relative LCOM (%) = x100  (11)

A relative LCOM equal to 0% means that the reflector material type
does not affect the financial aspects of the plant. If the relative LCOM of a
certain reflector material is higher than 0% it means that a saving in the
cost of the energy reflected is expected with respect to the commercial
material, and if it is lower than 0%, just the opposite.

3. Results and discussion

This section includes the results of the corrosivity class of every site
where reflectors samples were exposed, the characterization of the
degradation mechanism happened during the corrosion and the evolu-
tion of the reflectance and corrosion both in outdoor exposure and in
CASS conditions. Finally, the lifetime prediction of the optical behaviour

Corrosion spots
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and an economic study of the primary mirrors in corrosive environments
were modelled along the time.

3.1. Corrosivity class of the tested sites

The corrosivity coupons were collected after 1 year of outdoor
exposure and weighted in the laboratory. Average mass loss per square
meter and the corresponding corrosivity class of all the sites studied are
compiled in Table 2.

As it is shown in Table 2, the sites which are near to the coast (see
Table 1) present higher corrosivity classes than the rest. Temara is an
extremely corrosive site because the test bench was installed just in front
of the sea. Primary mirrors exposed in Temara were corroded after
several months because the corrosion penetrated through the cut edges
and the primary mirrors were totally destroyed in less than one year of
outdoor exposure [50]. Consequently, the results of Temara are not
considered in this work because the corrosion took place in the cut edges
and this kind of corrosion is not representative for real solar fields of CSP
plants (where edges are properly protected). Then, Almeria is the place
with major corrosion (C4) followed by Tabernas and Atacama Desert
(C3). Regarding C2 and C1 sites, it was determined that the corrosion is
not a main degradation mechanism (at least for the testing time
considered in this work) and the influence of this effect might be
considered negligible. For this reason, only sites with a corrosivity class
equal to or higher than C3 are studied in this work, that is, Almeria,
Tabernas and Atacama Desert.

3.2. Characterization of the degradation mechanism: corrosion

Fig. 4 represents two pictures of corroded samples of RLA4R re-
flectors, one after three years of outdoor exposure in Almeria and
another after 360 h in the CASS test. Both samples showed similar
degradation mechanisms, such as corrosion spots and corroded edges.
These defects appeared in the reflector as a consequence of the corrosion
of the reflective silver layer. In the case of the cut edges, the silver was in
direct contact with the corrosive agents, and for this reason it was
perceived a great corrosion in these zones. However, the corrosion spots
appeared because the corrosive agents penetrate through the paints
layers (either by a physical damage suffered due to outdoor exposure or
by the permeability of the paints) until reaching the silver layer. In this
second situation, the quality, thickness and number of paint layers are
fundamental to avoid the appearance of corrosion spots.

A previous study was performed to identify the chemical changes
occurring in the silvered reflective layer of a reflector when the samples
were submitted to saline environments in Newcastle (Australia) [51]. It

Corroded edge

Fig. 4. Pictures of corroded samples of RLA4R reflectors: a) after approximately 3 years of outdoor exposure in Almeria, b) after 360 h in CASS conditions.
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Fig. 5. SEM-EDX analysis of a cross-section in a non-corroded silver layer before any test, (a) and (b), and in a corroded silver layer after 360 h of the CASS test, (c)

and (d).

was appreciated that the corroded parts of the reflectors possessed traces
of chloride ions in the silver layer which could be associated to the
corrosion of the material.

In this work, SEM-EDX analyses were carried out to reflector samples
subjected to CASS conditions in order to verify that the same degrada-
tion mechanism happening outdoors is reproduced in the climate
chamber. Fig. 5 illustrates the SEM-EDX analysis of a cross-section
performed both in a non-corroded silver layer (at the initial status,
before testing) and in a corrosion spot appearing after 360 h of CASS
testing. The upper picture shows the SEM image of a non-corroded silver
layer (a), where the dark area corresponds to the glass section, the bright
area corresponds to the silver layer and the granulated area corresponds
to the prime coat (see Fig. 1). The EDX spectrum measured in the region
of the silver layer (yellow rectangle) is represented in the image b). The
same procedure was performed for the corroded silver layer, where the
SEM image is depicted in c) and the EDX results are represented in d).

The SEM-EDX analysis demonstrated the appearance of chloride ions
in the silver layer after the CASS test. Cl~ ions reacted with the silver to
form silver chlorides which significantly reduced the optical properties
of the reflector. Also, it is very important to highlight that no copper was
found on the sample after CASS testing. It is concluded that the copper
acted as sacrificial anode, protecting the silver layer against the corro-
sion until its own dissolution. Once the copper was removed, the silver
layer began to corrode.

Comparing the EDX results of the samples tested in CASS conditions
with the results obtained in an outdoor site close to the coast [51], many
similarities were perceived between both degradation mechanisms.
Consequently, it is concluded that CASS test is a reliable aging test to
simulate corrosion in solar reflectors.

3.3. Outdoor results

Table 3 compiles the average of the solar specular reflectance

Table 3
Degradation rate per year of the solar specular reflectance (Ap; 4) (parameter a),
depending on the material and site.

Material Site (corrosivity class)
Almeria (C4) Tabernas (C3) Atacama Desert (C3)
Aps 4 (—)/year) Aps 4 (—)/year) Aps 4 (—)/year)

RLA1 —0.0011 —0.0005 —0.0015

RLAIR —0.0013 —0.0007 —0.0012

RLA3 —0.0009 —0.0004 —0.0013

RLA4R —0.0013 —0.0007 —0.0012

Average —0.0012 —0.0006 —0.0013

degradation rates per year, Ap; 4 (parameter a of Eq. (9)), after 3 years of
outdoor exposure for the reflector materials exposed in Almeria, Tab-
ernas and Atacama Desert.

As it is observed in Table 3, Almeria and Atacama Desert showed a
values similar between them, and higher than Tabernas. In Almeria, the
pnc Was mainly affected by dust deposits, mixed with the salinity of the
ambient, which were accumulated on the glass (see Fig. 6 a). However,
in Atacama Desert, py. was altered by sand storms which eroded the
glass (see Fig. 6 b). Furthermore, it is perceived that the materials had
similar a values within the same sites. This is because all the materials
possess the same type of glass in the front layer.

In addition, the ratio of corroded area provoked by the appearance

and growth of corrosion spots was determined ( A‘T:Cm . in Eq. (7)). Table 4

shows the ratio of the area corroded by spots after approximately 3 years
of outdoor exposure.

As it was predictable, the nearer the location to the coast, the higher
the amount of corrosion is. The samples in Almeria were located very
close to the sea (see Table 1), and for this reason, the area corroded by
spots was reasonably higher compared with the rest of the sites.
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Fig. 6. Microscopic images of: a) dust deposits on the glass found in Almeria, b) erosion of the glass detected in Atacama Desert.

Table 4

A
Ratio of area corroded by corrosion spots ( i ¢

) after approximately 3 years of
Total

outdoor exposure, depending on the material and site.

Material Site (corrosivity class)
Almeria (C4) Tabernas (C3) Atacama Desert (C3)
Ac/Aroa (=) Ac/Aroa(-) Ac/Aroa (=)

RLA1 0.000001 0.000000 0.000000

RLA1R 0.000007 0.000002 0.000002

RLA3 0.000037 0.000004 0.000001

RLA4R 0.000210 0.000021 0.000055

Comparing Tabernas and Atacama Desert, which possess the same cor-
rosivity class and a similar distance to the coast in straight line (less than
100 km), it was appreciated similar corrosion levels in both sites, being
in the Atacama Desert slightly higher.

Comparing the materials, RLA1 and RLA1R (both with 3 paint layers)
exhibited the most suitable behaviour against the corrosion, being their
corroded areas significantly smaller in all the locations than in the rest of

reflectors. RLA4R (with 2 paint layers) looked as the weakest reflector
against the corrosion because its corroded area was significantly higher.
Finally, RLA3 (low-lead paints) displayed an intermediate behaviour.
Focusing in the relevance of the thickness of the paint layers within the
same type of reflector, it was observed that RLA1 was more protected
against the corrosion than its counterpart with the thinner paint coatings
(RLA1R). Then, it can be concluded that the number and thickness of
paint layers play a fundamental role to avoid the penetration of the
corrosion.

3.4. Accelerated aging results

As it is mentioned in subsection 2.3, all the reflectors were tested in
the CASS chamber, and periodically measured each 120 h of testing
time. The ratio of area corroded by spots is represented in Fig. 7 in
function of the time in chamber. A zoom of the graph between 0 and
0.3% is depicted in the right-lower zone to properly observe the results
of RLA1, RLA1R and RLA3 materials.

As it is illustrated in Fig. 7, at the beginning of the test, the corrosion
in all the reflector samples is zero, while A¢/Aryq increased exponen-
tially throughout the time in chamber. The slope of the curves is
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Fig. 7. Ratio of the area corroded by spots in the CASS test, depending on the material.
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Fig. 9. Example of plotting and fitting of the CASS data for RLAIR (with -In b = 26.5 (b = 3.1 x 10-12) and ¢ = 2.69).

determined by the resistance of the reflector samples against the
appearance of corrosion. As it is perceived, RLA1, RLA1R and RLA3
reflectors showed an exceptional resistance against the corrosion in
comparison with the low-cost reflector (RLA4R). The reason of these
corrosion differences is that RLA1 and RLA1R are formed by 3 paint
layers, whereas RLA4R is composed by only 2. These results demonstrate
that incorporating one more paint layer is fundamental to prevent the
penetration of the corrosion to the silver layer. With respect to RLA3, it
is only formed by two paint layers, but the composition is totally
different because no lead was added to the paint coats. The behaviour of
this material is extraordinary because its resistance is similar to the
materials with 3 paint layers. Additionally, in Fig. 7 it is manifested that
RLA1 showed a superior ability to prevent the penetration of the
corrosion in comparison with its counterpart.

Fig. 8 depicts the type of corrosion appearing in RLA1, RLA3 and
RLAA4R after 240 h of CASS test. RLA1 suffered slight corrosion only in
the non-protected edges, while the protected edge (the upper one) and
the rest of the area are fully undamaged. With respect to RLA3 (low-lead
2 paint layers), there is not corrosion provoked by spots, but the edges
are much more delaminated than in RLA1, especially the non-protected
ones (all except the upper one). This delamination might be mitigated if

Table 5
Fitting parameters (b and c) and adjusted R squared obtained from the CASS test
results, depending on the material.

Material Parameter

b() (=) R ()
RLA1 2.6e-13 2.87 0.958
RLAIR 3.1e-12 2.69 0.968
RLA3 1.7e-15 3.48 0.942
RLA4R 3.4e-14 4.01 0.970

all the edges were protected. About RLA4R, the appearance of a signif-
icant number of corrosion spots and the corrosion of the edges is the
main issue of these reflectors.

Data of the area corroded by spots obtained in CASS test (Fig. 7) were
linearized by using Napierian logarithm (see Eq. (5b)). A linear fit was
carried out to calculate the constant b and c¢ of each material. As an
example, Fig. 9 shows the good agreement observed between the linear
fit and the experimental data for the RLA1R material during CASS
testing. Table 5 compiles the parameters b, ¢ and R? obtained for each
material.
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Table 6
Time in chamber (tsnamper) that simulates the same area corroded by spots

A . .
( ¢ ) after approximately 3 years of outdoor exposure and the acceleration
Total

factor (af) between the CASS test and outdoor exposure, depending on the ma-
terial and site.

Material Site (corrosivity class)
Almeria (C4) Tabernas (C3) Atacama Desert (C3)
tehamber 1) ar (=) tehamber M) @ (=) tehamber () ap (=)
RLA1 234 106 118 204 131 200
RLA1IR 230 108 130 185 144 182
RLA3 935 27 493 48 331 79
RLA4R 280 88 157 153 201 131

3.5. Lifetime prediction

The lifetime prediction results of the four materials studied in the

three goal sites are presented in this section. The < A’:C[ l

) in outdoor (see

Table 4) are replaced in Eq. (5a) to calculate the t pgmper invested in CASS
test to reproduce the same corroded area appeared in outdoor exposure
after approximately 3 years. Once tchgmper and toyrdoor are known for the
same corroded area, the ay (see Eq. (6)) is calculated. Results of tcpgmper
and ay for each material are compiled in Table 6.

As it is exposed in Table 6, ay are significantly lower in Almeria (C4)
than in the other two sites (C3). This happens because the area corroded
by spots in Almeria after 3 years of outdoor exposure is higher (see
Table 4) and more hours of CASS test are needed to reproduce the same
amount of corrosion, that is to say, the corrosive atmosphere in this
place is the most severe. Regarding Atacama Desert and Tabernas, both
places share similar as because the corrosivity classes of the sites are
equals.

If the parameters a (see Table 3), b and ¢ (see Table 5), and ay (see
Table 6) are inserted in Eq. (9), the p can be calculated throughout the
time. Lifetime prediction for 20 years is provided in Fig. 10 for all the
materials and sites.

As it is observed, low-cost reflector (RLA4R) is not appropriate to be
installed in a C4 sites such as Almeria because it is expected that in less
than 10 years, its optical performance will decrease more than the 5% of
their initial performance (which is established as the maximum accep-
tance criterion in previous works [52]). For sites with high corrosive
aggressiveness such as Almeria, it is recommended to use reflectors with
3 paint layers (RLA1 and RLA1R) which mightily protect against the
appearance of corrosion in the silver layer.

With respect to the C3 sites, the estimated reflectance losses for all
the materials are insignificant for almost 10 years. After 20 years of
operating conditions, reflectance drops values lower than 3% of their
initial performance are expected for RLA1, RLA1R and RLA3. Regarding
RLAA4R material, the predicted reflectance approximately falls a 7% and
11% of its initial performance after 20 years in Tabernas and Atacama
Desert, respectively. Besides, the employment of lead-free materials
(like RLA3) in these places is feasible in the coming future from the point
of view of their behaviour, if severe regulations about the amount of lead
in the paints are imposed by the governments.

Finally, in accordance with the results of the predicted reflectance,
RLA1 and RLA1R are two materials which are not substantially affected
by the corrosion neither in a C4 nor in a C3 site. However, it is perceived
that the reflectance decreases in Almeria and Antofagasta more than in
Tabernas (around 1% more after 20 years). The explanation of these
optical differences is found in the influence of the dust deposits accu-
mulated on the glass surface in Almeria and the erosion of the glass
originated by sand particles in Atacama Desert.
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3.6. Economic analyses

The relative LCOM is calculated in this section for RLA1R and RLA4R
materials, by using Eq. (11). RLA3 is not included in this analysis
because the price of this reflector is considerably higher than the price of
RLA1 and its durability is worse. As it is mentioned in subsection 2.1,
RLAIR price is similar to RLA1 (Irpair = Irra1), and RLA4R price is 3%
less than RLA1 (Irra4r = 0.97-I;ria1). As the parameters M refiectors D
and DNI, are identical for all the materials and p, o, throughout the
time was predicted in subsection 3.5, the relative LCOM over the time is
depicted in Fig. 11 depending on the material and site.

As it is shown in Fig. 11, low-cost material (RLA4R) might be a
suitable option in C3 sites (Tabernas and Atacama Desert) because a
saving of approximately 2% in the LCOM is expected after 20 years of
outdoor exposure. However, in Almeria (C4), low-cost reflectors are
only advisable to be used if the expected plant lifetime is less than 15
years. If a longer plant lifetime is targeted, the commercial material is
the most suitable alternative. The differences among RLA1 and RLA1R
are negligible and both reflectors could be used indistinctly. Conse-
quently, a reduction of the thickness of the paint layers may be
admissible.

4. Conclusions

One of the main degradation mechanisms observed in the primary
reflectors installed in corrosive environments is the corrosion of the
silver layer. Corrosion was accurately reproduced under accelerated
aging conditions by the CASS test and was therefore selected as the most
suitable aging test to simulate corrosive environments.

Lifetime prediction models between CASS test and outdoors were
developed to estimate the reflectance evolution of four silvered-glass
reflector materials in sites with corrosivity classes C3 and C4, where
the corrosion can be affect to the energy generation of the CSP plant.
Taking into account the optical behaviour and the cost of the solar re-
flectors, it is concluded that in C3 sites, it is expected a significant
reduction of the capital invested for the purchase of the solar field
because it is possible to use some low-cost reflectors for more than 20
years of outdoor exposure. However, considerable degradation is ex-
pected for low-cost reflector materials after 15 years of exposure in C4
environments, affecting to the optical behaviour, and therefore, to the
performance of the CSP plant. For sites with high corrosive environ-
ments, it is recommended to use reflectors with 3 paint layers because
they properly preserve its optical characteristics over the time.

Acceleration factors (as) between CASS test and C3 and C4 outdoor
sites (after three years of outdoor exposure) are established in this work.
Considering the results of the commercial material (RLA1) as the most
representatives, the ay calculated are 106 for Almeria (C4), 204 for
Tabernas (C3) and 200 for Atacama Desert (C3). The acceleration factors
and the lifetime models obtained in this paper involve a useful tool to
predict the durability of new solar reflector materials submitted to
corrosive environments, guaranteeing that the energy production of the
concentrated solar thermal plants is not affected by the employment of
these new reflectors.
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