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Replacing silver by aluminum in solar mirrors by
improving solar reflectance with dielectric top layers

Abstract: Silver is a strategic material for renewable energy. Among other applications
related to PV, it is used as reflective layer in solar mirrors for concentrated solar power (CSP),
thanks to its high reflectance in the whole solar range. CSP plants require large mirror areas,
typically in the 0.1 to 1 km2. However the estimated reserves of silver do not exceed 20 years. To
sustain the deployment of CSP as a valuable input in the future energy mix, silver must be
replaced with a less critical material, ideally low cost. In this theoretical study we propose to
replace silver by aluminum, adding a dielectric multilayer coating on top, to reach similar optical
performance. This design is inspired by Bragg mirrors but differs in that the stack parameters
(layer thicknesses) are individually optimized, so as to maximize solar reflectance. A thin
aluminum layer with MgF>/TiO> aperiodic stack on top can theoretically reach solar reflectance
of 96.1%, higher than silver (95.5%). Other materials are also found suitable: SiO,, ZnO, ZrO-.
A reasonable number of layers (< 20) not only enhances the optical performance of metallic
reflectors, but also allows tuning said performance, which is not possible with classical mirrors
relying on a single metal reflective layer. For instance, one can optimize the stack to reach a
better performance than silver at typical mean incidence angles of solar light in CSP plants, for
different locations. A solar mirror without rare or precious materials and more effective than
traditional silver mirrors is thus obtained.

Keywords: Concentrated solar energy, solar mirrors, coating optimization, dielectric layers
1. INTRODUCTION

Solar energy is a very promising way to produce clean, cheap and sustainable electric
resource for humankind. The goal is to convert part of the radiative energy coming from the sun,
directly into electric energy with a photovoltaic (PV) module, or into heat with a solar
concentrator (which can in turn be converted into electricity via a turbine). PV modules have
lower prices than Concentrated Solar Power (CSP) technologies, while the main advantage of
CSP is that heat can easily be stored on a large scale for a low cost, giving access to electricity-
on-demand services. These two solar technologies can thus have a positive impact on territory
management, for both developing and industrialized countries. For the former, solar technologies
can help increase access to energy and electricity, and what is more, low cost and renewable
ones. For the latter, the demand for low carbon emission energy is growing, as most of these
countries are committed to reducing their greenhouse gas (GHG) emissions. These advantages
led to promote the installation of PV and CSP solar technologies, and the demand continues to
grow. Researchers therefore have to focus their attention into developing more efficient and
lower cost electrical energy [1]. Yet, PV and CSP are both based on the use of solar collectors,



made of materials such as glass, silicon, and metals. Some of these materials, like silver, are
expensive and could rarefy in the near future. Indeed, silver already has an important role in all
solar technologies and will have an even more important role in the decades to go, as these
technologies expand [2].

Indeed, in photovoltaic technologies, mainly in crystalline silicon solar cells, silver is used in
the PV module to form electrical contacts between the cells, due to its high electrical
conductivity [3]. According to the worldwide supply and demand for silver, the demand for
silver ore for PV was 2.400 tons in 2018 [3]. Between 2017 and 2019, the total year-on-year
growth of silver demand was around 19% [4].

In all CSP technologies (solar tower, parabolic trough, linear Fresnel reflectors), silver is also
an essential component, for solar reflectors. Indeed, silver is a very powerful reflector which
allows reflecting up to 95% of solar energy. It thus allows concentrating efficiently the solar
radiation, on a linear or punctual thermal absorber. Commercial silver mirrors for CSP typically
have a solar reflectance around 92.5 to 95.5% [5]. The other possible metal for solar mirrors,
although much less used, is aluminum, with a lower solar reflectance, close to 86-91% [6], [7].
Other types of mirrors exist, like polymer mirrors, but these still use silver as reflective layers
[8], [9]. Currently, solar mirrors use these two metals as thin metallic layers, protected from
corrosion by a thin or thick glass [10], by sol-gel coatings of SiO> and/or TiO> [11], or by a
transparent polymer layer on one side and different paints on the other side [12]. The required
quantity of silver per mirror is around 1 g/m?, and this is without considering material loss
inherent to Physical Vapor Deposition (PVD) techniques. Indeed, silver thin layers are deposited
in vacuum chambers on glass substrates, but during this process silver is also lost on the chamber
walls. This quantity of silver per m? must be linked to the solar field area, which can reach
hundreds of thousands of m? per solar plant. As an example, a typical CSP plant like Andasol-1
(parabolic trough in Spain) has a surface of installed mirrors of 510,120 m? to generate 158
GWh/y (with a 7.5 hour thermal storage).

Moreover, solar energy is not the only industrial sector that requires silver utilization. Other
applications have been reported, such as medical healthcare, digital technologies, jewelry and
safe investments for banks and countries [13-17].

According to the United States Geological Survey (USGS), around 27,000 tons of silver (65"
most abundant metal) have been extracted from mines in 2018 [18]. As the evaluation of the total
world reserve is 560,000 tons, it is around 21 years of total reserve before extinction: so silver
can be considered as a critical resource for human development. The maximum production peak
of silver is very close, studies give an estimation in the range of 2025-2030 [19,20]. These
scenarios do not even consider an exponential growth of usage, or market prices mechanisms
such as the choice of silver as financial investments (safe haven value). As it rarefies, silver
prices will rise and it is important to consider increasing its recycling, and ideally its substitution
with other metals, in particular to ensure low prices and viability of solar energy in the decades
to come.

In summary, silver has an important role to play in the green revolution and the total reserve
of silver cannot supply the predicted development trends [19,21]. If we look at the current trend
for silver production against the growing market of solar technologies, thanks to their lower
prices and the need for low cost energies in developing countries, we must consider the critical



question of silver supply. In a study written in 2014, the authors evaluate the silver supply risk
for the solar sector, for photovoltaic and solar thermal, as a crucial question [22].

The PV sector takes this problem seriously, with the goal to reduce the quantity of silver in
electrical contacts from an average of 130 mg per cell in 2016 to 65 mg per cell by 2028-2030
[19]. Efforts have been made to substitute silver with other materials, which has been an
additional point in the cost reduction observed in the past decade [23]. Even if these results are
promising, experts in the field agree that the total substitution of silver is still an unresolved
matter for the forthcoming years [24], particularly since one must consider the existing and
foreseen impressive growth of the PV market and the quantity of silver it will mobilize before a
replacement can be found.

In the CSP sector, industrial aluminum-based mirrors are already on the market, like the
Miro-Sun® from Alanod [25], but these mirrors have a lower solar reflectance compared to silver
ones. So even if aluminum mirrors exist, silver mirrors remain the most important part of the
CSP mirror market, because of their higher solar reflectance. R&D efforts must thus be made in
the field of CSP mirrors to replace or render more profitable the use of silver.

In this context, the main goal of this paper is to prospect, by means of optical simulation, for
alternative reflective coatings, adapted to all CSP technologies: either able to reach the same
solar reflectance than with silver mirrors but without having recourse to silver; or to reach higher
solar performance using silver, to produce more energy with the same amount of silver.
Reflective properties are directly linked to refractive index properties, and silver is the best solar
reflector in regard of its optical constants. Therefore, substituting the thin layer of silver in solar
mirrors by that of another metal would necessarily have a negative impact on solar reflectance.
Thus solar performance for mirrors has not progressed significantly for decades. Instead our
study is based on adding optimized thin dielectric layers on top of the Al and Ag reflectors, to
increase their solar reflectance. Additional layers can indeed provide advanced surface
functionalization to modify the optical behavior of a material, much like spectrally selective or
antireflective coatings [26-28]. For this purpose, we have simulated, from spectral refractive
indices and using the well-known transfer matrix method, the spectral and solar reflectances of
two metal reflectors (aluminum and silver) covered with an arrangement of thin dielectric layers
on top. The latter were optimized in terms of their thicknesses so as to maximize solar
performance, using an in-house optimization algorithm. Various dielectric materials and
conditions of use, in particular light incidence angles, were considered. The results were
systematically compared to the cases of simple silver and aluminum reflectors to highlight the
increased performance provided by the suggested solutions.

2. THEORETICAL BACKGROUND AND SIMULATION METHOD
2.1. Spectral properties calculation by Transfer Matrix Method

This study focuses on stacks of several nanometric thin layers deposited on a substrate. To
evaluate the solar performance of these stacks, the calculation of their spectral optical properties,
reflectance, transmittance and absorptance is necessary. To calculate the latter, a conventional
method known as the Transfer Matrix Method (TMM) was used. This method based on Fresnel
equations has been detailed in the literature [29-31]. The high number of optical interfaces
between the substrate, the layers and the ambient medium (typically air), creates constructive and



destructive interference that can be estimated using TMM. It requires the knowledge of spectral
complex refractive indices of all constitutive materials, which describe the material optical
behavior. A characteristic matrix representing the reflection and transmission of each interface is
calculated. It takes into account the wavelength A and impact angle & of the incident light, as
well as the complex refractive index and thickness of the layers on each side of the interface.
These characteristic matrices are multiplied in sequence to obtain the transfer matrix and
calculate the total power reflected R(A) and transmitted 7(A) by the stack, at each wavelength A
of interest, e.g., over the solar spectrum in our case. The absorbed power A(A) is deduced from
the energy conservation law (A(A) = 1 - R(A) - T(A)). In the case of mirrors, the reflector
materials are thick enough to be opaque, so there is no transmittance.

2.2. Solar reflectance

The stack reflectance spectrum R(A) can then be weighted by the solar spectrum J(A) and
integrated over wavelength, to calculate the total solar power (in W/m?) reflected by the stack.
This value is divided by the total power received from the Sun, to obtain the solar-weighted
reflectance Rs (expression (1)). The chosen solar spectrum is the ASTM G173-03 AM 1.5 Direct
and Circumsolar (DC) defined between 280 and 4000 nm [32,33]. Only the DC solar spectrum is
considered and not the Global Tilt (GT) solar spectrum, as diffuse sunlight coming from the
ground or clouds cannot be concentrated, and is thus not taken into account in CSP applications
[26]. The spectral ranges from 280 to 320 nm and from 2500 to 4000 nm can be ignored, due to
the low irradiance in these ranges: they represent less than 1% of the total solar incident power.
This reduced spectral range is in fact recommended by SolarPACES organization in solar
reflectance guidelines [34].

R = [ronm RAYJ(a2
-

B ()

f320 nm

SolarPACES guidelines also recommend the use of a wavelength step dA = 5 nm, since
metallic mirrors (Al and Ag) have a stable spectral reflectance. However the spectral reflectance
of Ag or Al mirrors with additional dielectric top layers is much more wavelength-dependent,
with the existence of several absorption peaks. Thus as a comparison smaller wavelength steps
for solar reflectance calculation, i.e., 2 nm, 1 nm and 0.5 nm, were also tested. The difference
between the minimum and maximum values of solar reflectance calculated with these steps is
lower than 0.01%, so a larger step has no impact on the accuracy of solar reflectance. Also,
Heimsath et al. [35] found no studies in the literature that suggest that the amount of scattering
and specular reflection of mirrors with additional dielectric layers should differ from that of other
MITTOorS.

2.3. Simulation and optimization method

Simulations have been carried out with an in-house numerical code written on Scilab
software, version 5.5 [36]. First, the stack is described by choosing the constitutive materials and
a min-max thickness range for each layer of the stack (e.g. from 0 to 200 nm, typical of optical
coatings). The aim is to maximize the stack solar reflectance by optimizing the thickness of each



layer (included in the initial min-max range). For each thickness tested, the TMM is used to
evaluate spectral reflectance in the solar range (from 320 nm to 2500 nm), with a step of 5 nm.
This step value provides good accuracy in the solar spectrum domain with a reasonable
calculation time for optimization.

The optimization method is based on an in-house algorithm, which proceeds by iteration until
convergence of several variables giving the solution. Our optimization method is very similar to
a genetic algorithm [37,38]. The algorithm initially generates a large number (> 100) of stacks
with random layer thicknesses (in the selected min-max range), evaluates their solar reflectance,
selects the stacks with highest solar reflectance, creates a new generation, evaluates their solar
reflectance, selects the best stacks, etc.; as the selected stacks become more and more efficient
after each iteration, a convergence is finally obtained, i.e., the solution.

The computer used for the simulation is equipped with an Intel Xeon E5-2670 processor with
16 threads (virtual CPU cores) and 32 GB of flash memory, to reduce calculation time (few
seconds for 2 layers, 4-5 min for 20 layers in the simulated stack). A more standard computer
(e.g. 4 cores, 16 GB) would give longer calculation times (e.g. 30 to 60 minutes for 20 layers).

2.4. Complex refractive indices of constitutive materials

The spectral complex refractive indices N(A) = n(A) + ik(A) of all materials of the stack,
including the substrate, are needed for the calculation of spectral reflectance. The complex
refractive index N(A) is made of a real part, the refractive index n(A), and an imaginary part, the
extinction coefficient (k(A)), and describes the material optical behavior. Refractive indices were
selected from the following studies available in the literature: for Ag and Al, from Rakic et al.
[39]; for MgF», from Dodge et al. [40]; for SiO», from Lemarchant et al. [41]; for ZnO, from
Bond et al. [42]; for ZrO,, from Wood and Nassau [43]; for TiO,, from Siefke [44]; for GaAs,
from Rakic et al. [45]. These materials were selected for their suitable refractive index, their
good transparency (k = 0) and because they are already used in other kinds of optical stacks, such
as antireflective coatings for glasses, lasers, etc. [46].

These particular studies were selected according to our scientific objectives, to be as close to
real CSP applications as possible: refractive indices were measured on actual samples instead of
simulated; the materials were in the form of thin films and not bulk materials; their fabrication
technique was similar to that used in CSP industries (sol-gel, physical or chemical vapor
deposition). Also, refractive indices were available in the reduced solar spectral range of interest
(320 nm — 2500 nm), with enough values to match or approach the chosen 5 nm precision step,
i.e., several hundred values in this domain. Linear interpolation with a 5 nm step was applied to
fit the data when necessary.

Figure 1 illustrates the spectral refractive indices n(A) of the selected materials in the solar
domain. MgF> and SiO; have a very stable refractive index in this range, which slowly decreases
as wavelength increases. TiO; and GaAs have the highest refractive index (respectively up to 3.5
and up to 5) with variations in the UV range. ZnO and ZrO; have intermediate refractive index,
included between SiO2 and TiO,. Their refractive index is very constant with a slow decrease. In
their case, data in the UV range (320 - 400 nm) was not available in the chosen studies, therefore
the missing data was linearly extrapolated and validated by comparison with measurements from
other studies, where only the UV and visible range was measured [47,48]. Concerning their



absorption coefficient k, MgFz, SiO2, ZnO, ZrO2 and TiO; are mainly transparent in the solar

domain (k < 10#). Only GaAs absorbs light, especially at lower wavelengths (k > 1 from 280 to
450 nm).

Complex refractive index (n, k)

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 1 : Refractive indices of MgF2, SiO2, ZnO, ZrO2, TiO2 and GaAs in the solar domain
3. RESULTS AND DISCUSSION
3.1. Pure metal mirrors

As a starting point, the spectral and solar reflectance of silver and aluminum mirrors were
evaluated from the refractive indices proposed by Rakic [39]. Commercial Ag and Al CSP
mirrors are often made of glass substrates with thin layers of metallic reflectors. These metals
being highly opaque, a layer of only 100 - 150 nm has the same optical behavior as bulk metal.
Thus to simplify our calculation, these metals were here considered as stand-alone materials, i.e.,
substrates. All following calculations considering Ag and Al as substrates are equivalent to that
considering Ag and Al as thin opaque reflector layers.

Spectral reflectance for Ag and Al are represented in Figure 2 by the dotted red line and solid
green line, respectively. Silver has a higher spectral reflectance than aluminum, except in the UV
region (280 - 400 nm) where Ag does not reflect. The corresponding solar reflectance, calculated
according to ASTM G173-03 DC solar spectrum, is 95.5% for Ag and 92.2% for Al. These
values are close to that of commercial products (see section 1), although the latter are smaller by
a few % than the theoretical ideal values for pure metals without any defects. Also, commercial
mirrors use thin or thick layers of glass above the metallic layer for its protection, and that glass
is responsible for some solar absorptance [26]. It is as well due to the quality of the metal
deposited, as authors with a specific deposition method can obtain silver layers with a solar
reflectance up to 98.5% [49].
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Figure 2 : Spectral reflectance over the solar domain (280 to 2500 nm) for Ag and Al substrates

3.2. Distributed Bragg Reflectors

In the introduction, we have pointed out that metallic layers are the simplest way to ensure
high reflectance. Changing reflective properties involve changing complex refractive indices,
which means changing the constitutive materials (chemical composition, crystallinity, surface
roughness, etc.). This can be very complicated. Another way to ensure high reflectance is to use
a Distributed Bragg Reflector (DBR) [50]. These reflectors allow reaching very high reflectance
(R(A) > 99%) at a specific wavelength 4. For this reason, they are critical components used in
advanced optics applications such as lasers (vertical cavity surface emitting lasers, laser diodes,
free electron lasers, fiber lasers, etc. [S1-53]). To achieve this goal, the DBR uses a structure
made of multiple bilayers of two different materials (noted 1 and 2) with varying refractive
indices, repeated a high number of times. The total number of layers can be large, up to 20, or
even more [50]. The thickness of each layer is adapted according to their refractive index. The
maximum reflectance can be calculated using equation (2) [54], where: R(1) is the reflectance at
a specific wavelength 4 at normal light incidence (0°); Nb is the number of times the two
different materials are repeated; n; and n; are the refractive indices of the two materials; no is the
ambient refractive index; ns is the substrate refractive index.

R(A) = [no(A)-nz(z)zzz—ns(z)-nl(z)zzz]z

no ()2 (D)*NP+ns(D)ny (1)

2)

In air (no = 1) or even in glass (no = 1.5) it is possible to reach very high reflectance, up to
99%, by applying a high number of periods Nb, but only at a specific wavelength 4. With lower
Nb, high reflectance can be obtained in a frequency/wavelength bandwidth 4A. The latter can be
estimated by equation (3) [54], where n; and n; are taken at the same chosen wavelength A;, and
provided that n; and n2 do not vary significantly with wavelength. The higher the difference
between n; and n2, the larger the bandwidth.

_ 4 o (M2(AD)—na(A)
AA(A) = L arcsin (nz(/ll-)+n1(li)) )



Applying DBRs to solar energy materials is however problematic due to the low value of 44
attainable with known materials. Indeed, even when using (semi-)transparent materials with the
lowest refractive indices (e.g. MgF>, n = 1.32 at 587.6 nm) combined with the ones having the
highest refractive indices (e.g. GaAs, n = 3.94 at 587.6 nm), the bandwidth obtained is only
around 380 nm, i.e., approximately 17% of the solar spectrum between 280 and 2500 nm. Figure
3 gives a graphical representation of the spectral reflectance of such DBR with 10 periods,
supposing that the two materials are perfectly transparent (k = O at all wavelengths). In reality
GaAs is not, and absorbs part of the incident light, which reduces the maximum reflectance but
does not impact the value of AA. If spectral reflectance (dotted red line) is higher than 99.99%
from 475 to 800 nm, the corresponding solar reflectance is only close to 75%. It is around 20%
less than a classical metallic mirror. The poor solar reflectance is due to the “sinusoidal” shape of
the spectral reflectance on both sides of the frequency bandwidth. For this reason, DBRs are not
suitable for concentrated solar applications. In contrast, they can be used in PV because the cell
bandwidth can be reduced to the material band gap.
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Figure 3 : Spectral reflectance over the solar domain (280 - 2500 nm) of a DBR made of 10
MgF>/GaAs bilayers on BK7 glass

3.3. Alternation of two materials on a metallic substrate

To improve the solar reflectance of metallic mirrors, we have tested structures inspired by
DBRs: a couple of thin layers deposited several times on a substrate, as presented in Figure 4.
Similarly to a DBR, the two constitutive materials (n°l and n°2) have a large difference of
complex refractive indices (noted respectively N; and N>). In the following, the couples of two
materials will be noted joined by a slash ("material 1 / material 2") in such specific order that
Layer 1, i.e., the bottom layer of the bilayer, is made of material 1 and Layer 2, i.e., the top layer
of the bilayer, is made of material 2 (Figure 4). The number of repetitions of these bilayers is
noted Nb. The main difference with a DBR is that the stack is no longer periodic: each layer
must have a specific thickness (noted d;), which is optimized to reach the highest solar
reflectance possible, using the optimization method presented in section 3.2.
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Figure 4 : Schematic representation of the alternation of two materials (thickness d, complex
refractive index N) on a substrate, with Nb the number of bilayers

Many combinations of two materials were tested and only the most relevant are presented in
Table 1. The number of bilayers in the stack (Nb) was fixed at 4 (for a total of 8 layers). This
number was chosen with the idea of conserving stacks with a reasonable number of layers, for
simpler simulation and potential fabrication, while still being able to observe the beneficial effect
of the layers on the stack solar reflectance R;. The gain in solar reflectance is calculated as
compared to the metallic layer (Ag or Al) alone. The couples of materials are arranged by
decreasing refractive index gradient n; - n; between the two materials at 587.6 nm. When n; - n;
> 0 the material with the highest refractive index is on top of the bilayer. When nz - n; < 0 the
material with the lowest refractive index is on top.

Table 1 : Solar reflectance R, of 8 dielectric layers (Nb = 4) deposited on Ag and Al
substrates. Each layer thickness was optimized to reach the highest solar reflectance.

Refractive index  Ag substrate Al substrate
Material 1 Material 2 gradient n; - n; R, R; gain R, R; gain

Metal alone - - - 95.5% - 92.2% -
MgF, GaAs 2.57 85.2% -10.3% 85.0% -72%

Material Mng Ti'Oz 1.03 97.6% +21% 961% +3.9%
with highest Si0; TiO; 0.94 97.2% +1.7% 95.4% + 3.2%
n on top MgF, 71O, 0.78 96.6% +1.1% 944% +2.2%
MgF, ZnO 0.63 963% +08% 93.5% +1.3%

MgF» SiO, 0.13 948% -07% 904% -1.8%

SiO, MgF, -0.13 948% -0.7% 903% -1.9%

Material Zn0O MgF, -0.63 959% +04% 93.1% +0.9%
with lowest Z¥02 M.ng -0.78 96.1% +0.6% 93.8% +1.5%
n on top TiO, SiO; -0.94 96.4% +09% 943% +2.1%
TiO; MgF, -1.03 96.5% +1.0% 94.7% +2.5%

GaAs MgF> -2.57 84.5% -11.0% 83.7% -8.5%

It can be observed in Table 1 that for the same couple of materials, it is more efficient to
finish the stack (last layer in contact with air) with the material of highest refractive index. As an
example, Si02/TiO; gives a higher solar reflectance (97.2% on Ag) than TiO2/SiO2 (96.4%).
This is due to the higher refractive index gradient between the ambient medium (air, np = 1) and
the first (top) layer met by the incident light. The more refractive the top layer, the more incident



solar power is refracted by the air-top layer interface, i.e., the more power enters the stack, and
can then get reflected back by the mirror. From this point of view, such a stack can be considered
to act as an “antireflective coating” for reflective layers.

The highest gain in solar reflectance is obtained with MgF>/TiO: bilayers, for both Ag and Al
substrates. The refractive index gradient between these two materials, n2 - n; = 1.03, is the
second highest after MgF./GaAs (n = 2.41 for TiO2, n = 1.38 for MgF, both at 587.6 nm). For
Ag, solar reflectance increases from 95.5% to 97.6 % (+ 2.1%). Noticeably, for Al solar
reflectance even jumps from 92.2% to 96.1% (+ 3.9%), which means that such AI/MgF>/TiO2
mirror has a higher solar reflectance than Ag reflectors (95.5%). These two materials are a
suitable and realistic choice, since they are commonly used in industry and are the subject of
hundreds of publications. MgF; is indeed a well-known antireflective coating, particularly for
glass. It is also used in lenses or laser industries [55]. TiO2 is also cited as antireflective coating
and provides self-cleaning effect [56]. It is also used in photocatalytic applications as
nanoparticles or as a white pigment [57].

Very interesting results are also obtained with SiO2/Ti1O: stacks. Here SiO: replaces MgF. as
lowest refractive index material in the stack. SiO» has a higher refractive than Mgk (n = 1.47 vs.
n = 1.38, at 587.6 nm) but the refractive index gradient with TiO> is still high (0.94). Even
though it is less efficient, this replacement can reduce fabrication costs, due to the maturity of
deposition techniques and the cost of precursor materials. Indeed the fabrication of SiO> is
currently cheaper than that of MgF,, and SiO> can easily be deposited by sol-gel techniques, as
shown by an impressive quantity of papers [58], [59]. Moreover, the solar reflectance gain is still
quite noticeable with Si02/TiO2: +1.7% for Ag and +3.2% for Al. For Al, R, can reach 95.4%,
which is very close (0.1%) to the natural solar reflectance of Ag alone (95.5%). This
improvement demonstrates that the systematic utilization of silver for CSP mirrors could be
replaced by using low cost materials, Al, SiO> and TiO», deposited by similar and well-known
fabrication techniques.

Overall, a high refractive index gradient |n2 - nj| between the two materials is key to
increasing solar reflectance, as shown by results obtained with all couples in Table 1, with the
notable exception of GaAs. Indeed, GaAs coupled with MgF> leads to the worst results, with the
lowest solar reflectance of 85.2% despite the highest refractive index gradient of 2.57 (n = 3.95
vs. n = 1.38 at 587.6 nm). It can be explained by the relatively high solar absorption of GaAs
(42% at 1000 nm, see Figure 1) compared to that of the other considered materials (MgF,, Si03,
Zn0, ZrO2, TiO2) for which the absorption is very low, below 0.1% at 1000 nm. The real part n
of the refractive index cannot be the only criterion to select dielectric materials for solar mirrors.
Their transparency in the solar range is also paramount, especially for high Nb values.

3.4. MgF>/TiO: and SiO2/TiO; optimized stacks

This section details the results obtained with MgF2/TiOz and SiO2/TiO; 8-layer stacks on Ag
and Al substrates, as they give the highest gains in solar reflectance. Figure 5 illustrates
MgF2/TiO2 optimized stacks with optimal layer thicknesses, depending on the considered
substrate. No very thin layer (< 20 nm) is required. The deposition of very thin layers is difficult
to control, and because of the low number of atoms, their optical properties can be different than
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thicker layers. Also, the tolerance on thickness errors for these structures is high: a simulated

error of £10 nm on each of the 8 layers was found to reduce the solar reflectance by less than
0.5% (in absolute scale).

Rs=97,6% Rs=96,1%
TiO, (154 nm) TiO, (152 nm)
MgF, (75 nm) MgF, (54 nm)
TiO, (141 nm) TiO, (147 nm)
MgF, (85 nm) MgF, (99 nm)
TiO, (136 nm) TiO, (53 nm)
MgF, (106 nm) MgF, (98 nm)
TiO,(94 nm) TiO, (90 nm)
MgF, (68 nm) MgF, (105 nm)
Ag substrate Al Substrate

Figure 5 : Optimized MgF»/TiO: 8-layer coatings for solar mirrors using Al and Ag reflectors

The optimized stacks presented in Figure 5 are the best solution, but not the only available.
Different runs of the optimization process gave different optimized stacks with very close solar
reflectance (difference < - 0.1%), but rather different layer thicknesses. Table 2 presents two
alternative results for each substrate.

Table 2 : Alternative layer thicknesses for optimized MgF>/TiO: 8-layer stacks

Substrate Rs Layerl Layer2 Layer3 Layer4 Layer5 Layer6 Layer7 Layer8 Total

Ag 97.5% 84 nm 95 nm 85 nm 61lnm 106 nm 144 nm 73 nm 76 nm 723 nm
Ag 97.5% 72 nm 71 nm 79 nm 106 nm 87nm 116 nm 105nm 165nm 802 nm
Al 96.0% 106 nm 107 nm 98 nm 70 nm 82 nm 89 nm 69nm 171 nm 792 nm
Al 96.0% 79 nm 63nm 133 nm 51nm 155nm 105nm 167 nm 103 nm 855nm

Figure 6 represents the spectral reflectance of the two optimized stacks shown in Figure 5.
The global aspect of these spectra is very different than that of metallic reflectors (Figure 2).
Several quick drops in spectral reflectance are visible. They result from destructive interference
at specific wavelengths (antireflection effect). It can be noted that some of these reflectance
drops (e.g. at 900 nm for Al and 1100 nm for Ag) coincide with low solar direct normal
irradiance (at 950 nm and 1130 nm). This illustrates the pertinence of the optimization.

Also, the reflective properties in the UV domain (280 - 400 nm) are notably modified by the
MgF/TiO; stack. Ag and Al respectively reflect 74.8% (i.e., absorb 25.2%) and 92.5% of the
UV flux density, whereas the MgF»/TiOz-coated Ag and Al mirrors reflect 87.4% (i.e., absorb
12.6%) and 91% of the same. Moreover, UV photons cause major degradation to solar mirrors,
especially on the protective paints behind the metallic reflector. According to the conservation of
energy, as the metallic substrate is opaque, every photon not reflected is absorbed. Dividing by
two (12.6% vs. 25.2%) the UV flux absorbed by the silver-based mirror (by increasing its
reflectance in this domain) can have a positive impact on its durability [7].
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Figure 6 : Spectral reflectance of MgF>/Ti0O; optimized 8-layer stacks on Al and Ag substrates

Since Si02/TiO> stacks are a lower cost alternative to MgF./TiO2 ones, although they have
lower performance, SiO2/TiO> optimized stacks are also illustrated in Figure 7, while their
specular reflectance is illustrated in Figure 8. The same observations can be made in this case.

Figure 7 :

Rs=97,2%

TiO, (65 nm)
SiO, (34 nm)
TiO, (156 nm)
SiO, (84 nm)
TiO, (163 nm)
SiO, (98 nm)
TiO, (158 nm)
Si0, (123 nm)

Ag Substrate

Rs=95,4%

TiO, (84 nm)
SiO, (84 nm)
TiO,(112 nm)
SiO, (47 nm)
TiO, (89 nm)
Si0, (142 nm)
TiO, (86 nm)
Si0, (147 nm)

Al Substrate

Optimized SiO2/TiO: 8-layer coatings for solar mirrors using Al and Ag reflectors
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3.5. Impact of light angle of incidence

All previous results were obtained by considering the sunlight angle of incidence (AOI) to be
normal (0°) to the surface of the mirror, which is unrealistic compared to operational conditions.
Indeed many factors cause an angular distribution (# 0°) of the solar irradiance seen by the
mirror: imperfect sun tracking, cosine effect, the concentrator geometric form, etc. Solar
reflectance was therefore also calculated for several AOIs.

Figure 9 shows the solar reflectance vs. AOI, for simple Ag and Al mirrors (dotted lines) and
for the same metals with additional MgF»/TiO: stacks (Nb = 4, 8 layers, solid lines). These stacks
are the ones optimized for an AOI of 0° (section 3.4). For all mirrors, increasing the AOI tends to
decrease the solar reflectance. The AOI however has little effect on the solar reflectance of Ag-
based mirrors (red lines). Indeed, the maximum loss in Rs is observed at AOI = 70° is -0.2% for
a simple Ag mirror and -0.7% for Ag mirror with MgF>/TiO> coating. Al-based mirrors (green
lines) are more sensitive to the AOI, as shown by the curves decrease, especially for AOI > 40°.
The simple Al mirror suffers a loss of 3.2% in solar reflectance between AOI = 0° and AOI =
70°, while Al + MgF>/TiO» stack loses 2.9%. In any case, whatever the angle of incidence, the
additional MgF,/TiO> stack has a positive effect on the solar reflectance of the metal (Ag and
Al).
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Figure 9 : Solar reflectance of mirrors vs. light angle of incidence (AOI)

As observed for the previous optimizations at 0°, an Al mirror with MgF»/TiO» top coating
(solid green line) is more efficient than a simple Ag mirror (dotted red line). However due to the
low sensitivity to AOI of Ag solar reflectance, this remains true only for low AOIs < 35°. Above
40°, the Ag mirror becomes more efficient again.

To suitably choose the best mirror for CSP applications, the knowledge of the annual AOI
distribution in the solar field is therefore necessary. This distribution results from the complex
interaction of the plant location and the collector geometry. As a reference, Sutter et al. [60] have
calculated typical annual angle distributions for four locations (from Equator to Plataforma Solar
de Almeria solar plants in Southeast Spain) and two different technologies: Parabolic Trough
Collector (PTC) and solar tower. They have found that the mean annual AOI varies from 27.8° to
34.8°. This tends to indicate that our Al + MgF>/TiO: solution can still be the best option over
Ag.

Moreover, the stacks presented so far were optimized for a normal incidence. To better adapt
to the abovementioned mean annual AOI, the MgF./TiO: stack was thus also optimized for AOI
= 35° (dashed green line in Figure 9). This Al + MgF./TiO; mirror optimized for 35° is more
efficient than Ag for AOI between 8° and 47°, with a maximum gain in Rs of 0.8% at 35°
compared to Ag alone.

In addition, the average solar reflectance Rs over one year was calculated for these five solar
mirrors (Ag and Al alone, Ag and Al with MgF./TiO; stack optimized for AOI = 0°, Al +
MgF/Ti0O: optimized for AOI = 35°). For this purpose, the AOI annual distributions from [60]
for five different sites were used. Table 3 presents the results, where PSA* is a solar tower
heliostat field at the Plataforma Solar de Almeria (PSA) in Spain and the four other sites are
parabolic trough solar fields. The values of solar reflectance at normal incidence (Table 1) are
also recalled as a comparison.

When considering these annual averages, Al and Ag mirrors have standard performance, just
slightly lower than at normal incidence. Adding an MgF»/TiO> optimized stack on Ag or Al still
increases their performance, but not as much as when just considering normal incidence. As a
consequence, the performance of Al + MgF>/TiO> (optimized for AOI = 0°) becomes inferior or
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equivalent to that of Ag alone: if Rs was 96.1% at AOI = 0°, it is comprised between 94.7% and
95.6% when considering the annual average. In this case substituting Ag by Al + MgF>/TiO: is
not efficient in terms of solar reflectance. Contrarily, the mirror made of Al with MgF./TiO;
stack optimized for 35° is not only more efficient than the one optimized for 0° (+0.3-0.5%) but
also more performing than the simple Ag mirror (except for PSA*). The use of an additional
dielectric stack, optimized for an average incidence angle, above a metal reflector, is thus an
efficient solution to tune and maximize the solar performance of CSP mirrors for their region of
implantation and type of collector.

Table 3 : Average solar reflectance Rs of mirrors for five locations considering annual AOI
distribution [60]

Angle of Average Rs with annual AOI distribution AOI = 0°

Mirror Optimization PSA Ouarzazate Aswan Equator PSA* (Table 1)

Ag alone - 95.5% 95.5% 95.5% 95.5%  95.3% 95.5%
Ag + MgF./TiO» 0° 97.2% 97.2% 97.2% 97.3%  96.4% 97.6%

Al alone - 91.8% 91.9% 91.9% 92.0% 91.1% 92.2%
Al + MgF,/TiO» 0° 95.2% 95.3% 95.4% 95.6% 94.7% 96.1%
Al + MgF»/TiO» 35° 95.7% 95.8% 95.9% 96.0%  95.0% 95.9%

3.6. Impact of the number of layers

All results with dielectric stacks presented above were obtained with a total of eight dielectric
layers (Nb = 4). This number was chosen as a compromise between a reasonable number of
layers to simulate/optimize (i.e., a reasonable calculation time) and eventually to fabricate, and a
significant gain in solar performance. Since the most promising material combination was
identified as MgF»/TiO, the impact of the number of layers on solar performance can now be
studied. For this purpose, let us consider the solar reflectance of Ag and Al substrates with a
varying number Nb of MgF>/TiO, dielectric top layers, simulated and optimized for normal
incidence. The results are presented in Figure 10 for Nb =1 to 10, i.e., 2 to 20 layers in total.

For a given number of layers, the best results are always obtained with Ag substrate (in red).
The gap between the solar reflectance of Ag and Al however decreases when the number of
MgF>/TiO, layers increases: 3.3% for metal alone, 1.4% for 10 layers and only 0.4% for 20
layers. It is found possible to exceed 98.0% of solar reflectance with 12 layers or more for Ag
substrate, and with 18 layers or more with Al substrate.

The gain in solar reflectance with adding dielectric layers is not linear. The first two layers
provide a solar reflectance improvement of +0.9% for Ag and + 2.15% for Al, while changing
the number of layers from 18 to 20 only improves Rs by + 0.1% in both cases. Thus there is an
optimal number of layers that gives the best compromise between the additional cost of these
layers (in terms of additional deposition time and materials, e.g., PVD targets and sol-gel
precursors) and the corresponding improvement in solar performance.
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Figure 10 : Solar reflectance of Ag or Al substrates with optimized MgF»>/TiO> stack vs. total
number of layers in the stack

3.7. Complete mirror

For metallic mirrors used as reflectors in solar energy applications, durability is a critical issue
[12]. Researchers and industrials commonly cite the objective of 20 years of operation without
major degradation (i.e., solar reflectance loss above 5%). Current silvered glass mirrors achieve
this goal. To be competitive, our solution of metal reflectors with dielectric top layers must reach
this goal as well. Reflective layers on current solar mirrors are actually protected on both sides:
on the back side with an anticorrosion protective layer (e.g. a thin copper layer) and polymer
paints, and on the front side with 1 to 4 mm of glass. For our mirrors, these technical solutions
are also conceivable. The utilization of protective layers above the dielectric layers do not affect
the solar reflectance improvement. On the backside, the utilization of paints has no more
influence than for current mirrors. We can easily imagine an inverse deposition process, as is
done for current mirrors: first depositing the dielectric layers on a glass substrate (the material
with higher refractive index being deposited first), then depositing the metallic reflector (100 -
150 nm of Ag or Al), and finally applying a protective layer and the backside paints. The
suggested architecture is illustrated in Figure 11.
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Figure 11 : Suggested complete mirror with metallic reflector (Ag or Al) and optimized dielectric
stack on a glass substrate

4. CONCLUSION

A large majority of solar mirrors used in commercial concentrated solar plants is made of a
thin silver reflector layer (< 200 nm) between glass and paints, to ensure a high reflectance in all
the solar spectrum, with a high durability over decades. Even though silver is a very good solar
reflector, the worldwide reserve of this metal is finite and the risk of silver shortage is real.

Considering this, optical simulations and optimizations were carried out, to explore the
possibilities of reaching high solar reflectance above 95%, without having recourse to silver.
This objective was achieved by adding thin dielectric bilayers of MgF»/TiO> on an aluminum
reflector. This structure was inspired by Distributed Bragg Reflectors, only in this case all layer
thicknesses were separately optimized instead of fixed. The solar reflectance of an optimized [Al
+ (MgF»/TiO2)x4] mirror is expected to be 96.1 %, higher than a silver reflector (95.5%),
without using any rare materials. Other dielectric couples, such as SiO2/TiO», can also generate a
similar gain in reflectance, with the additional advantage to use low cost materials. In addition,
the dielectric stack can be optimized according to a specific distribution of light incidence
angles, to render the mirror even more efficient at a specific location and/or for a specific CSP
technology/collector type. These findings allow us to imagine a future where silver supply for
CSP is a lesser issue. Furthermore, with these dielectric stacks, it is also possible to render the
existing silver mirrors even more reflective, with a solar reflectance of 97.5% for four
MgF>/TiO; bilayers, thus allowing to collect more solar energy (and produce more heat and
electricity) with the same amount of silver.
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