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Abstract

In line with The Paris Agreement, the world is now changing towards more
sustainable options for all sorts of energy development. The solar energy sector
is growing rapidly as a result of this. One area that holds great potential in
changing many of the worlds heating processes, is concentrating solar power
(CSP). The basic principle of CSP is to reflect incoming sunlight and concen-
trate it to heat a fluid. To do so, it is crucial to find a reflector material that
shows both good optical performance initially as well as over time to produce
heat in the most efficient way possible and compete with the fossil fueled options.

In this investigation, four different, commercially available reflecting materi-
als, for concentrating solar power, have been tested under accelerated aging
conditions to simulate the wear of outside conditions for many years. Impacts
from humidity, temperature fluctuations, UV radiation and acid rain have been
included in the study.

From the results, it will be argued that a silver based polymer film is the best
option, out of the four tested, in terms of the combination of durability and
high reflectance properties. However, conclusions about how to properly mea-
sure the reflectance of a solar reflector is also presented and advices on how to
get reliable results in a similar investigation in the future is presented.
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Chapter 1

Introduction

1.1 Background

The energy consumption in the world has grown extensively since the start
of the industrial revolution and with it has the problems with climate change
risen. The number of alarming reports concerning this issue is rapidly increasing
and as a result of this, 195 countries did for the first time ever agree upon a
legally binding, universal climate agreement at the Paris Climate Conference in
December 2015, referred to as “The Paris Agreement”. The agreement states
that the global warming should be kept at a maximum of 2◦C above the levels
from the times previous to the industrial era [1], forcing companies all over
the world to switch into more environmental friendly techniques. The energy
usage today can be divided by sector and about a fourth of the worlds energy
consumption today is found within the industry sector, as seen in the diagram
in figure 1.1 [2]. About 74% of this energy is used to meet thermal demands in
the industry, such as heating water or process heating, of which large parts are
powered by fossil fuels today [3]. Here thermal, solar energy can offer a more
climate friendly alternative in the shape of concentrating solar power (CSP).
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2 Optical durability of reflector materials for solar energy applications

Figure 1.1: Energy consumption in the world dived by percent in between the
six sectors transport, households, industry, services, agriculture & forestry and
any sector not included in the previous as ’Other’ [2].

The principle of CSP is to focus sunlight in order to heat a fluid, often referred to
as ’heat transferring fluid’ (HTF), this either to be used directly or in a steam
generator to produce electricity. At Absolicon Solar Collector in Härnösand,
Sweden, they construct solar collectors for heat production up to 160◦C. These
consist of three important optical components; a parabolic shaped reflector,
a receiver tube, and a protective, covering glass. The receiver is a tube in
which the HTF flows, designed to absorb as much of the incoming light as
possible. A covering glass protects the receiver and reflector from snow, rain
etc. For this glass, it is obviously important that the amount of reflection and
absorption is kept at a minimum to ensure as much as possible of the incoming
sunlight reaches the reflector. The glass is fastened with glue at bent edges of
the parabolic trough reflector. The reflector is a parabolic shaped steel sheet,
laminated with reflector film, as seen in figure 1.2. The reflecting film does
not cover the steel all the way to the edge which means the edges are sealed
with the glue which is used to fasten the glass. This to further protect the
exposed edges of the film from humidity e.g.. The reflector, which has the task
of concentrating the incoming light upon the receiver as seen in figure 1.2, has
to hold high reflecting properties in order for the incoming light to reach the
receiver.
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Figure 1.2: Graphic view of how incoming light, illustrated with red arrows, is
reflected at the parabolic shaped reflector towards the receiver tube, the black
pipe running along the entire trough, in a concentrating parabolic solar trough.

For companies, like Absolicon, to stay in the lead of the development today, the
solar collector has to be able to compete with the traditional fossil fuelled options
available, both in terms of efficiency and costs. To maximize the efficiency, all of
the three optical components have to be chosen wisely since any losses here will
amplify the total losses of the system. All of the three components each represent
an important optical parameter, the glass must show maximum transmission,
the tube maximum absorption, and the reflector maximum reflection, in order
to maximize the total efficiency. The subject of what materials to use for these
components is hence very important for any parabolic trough solar collector
manufacturer and in this study focus will be on the commercially available
materials for the reflector.

1.1.1 Objective & purpose of study

In this work, four different reflector films, from four different manufacturers,
referred to as F1, F2, F3 and F4 in this study, are tested and compared. The
aim of this work is to develop a test scheme that simulates aging upon the four
films and examine their durability by comparing optical performance before and
after tests, hence evaluate the materials optical durability.

The purpose of this investigation is to find out which one of these films are
most suited for use in Absolicon’s solar collectors in order to have the largest
possible efficiency of the parabolic solar through over its entire guaranteed life
time of 25 years and also to examine what parameters are most crucial for the
stability of the material.

1.1.2 Optical Properties of a reflector material

Many companies already produce reflecting materials today and have done so
for quite a long time. However, many of these materials are originally devel-
oped for other areas of usage, mainly to disperse the light in lamps. The use of
reflector materials in CSP results in much higher demands for quality in order
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for the material to withstand the conditions it will be subjected to throughout
its entire life time, which is typically more than 20 years [4].

Any incoming sunlight in the collector that is not not concentrated at the re-
ceiver, by the reflector, is an immediate loss in the system. According to the
very first law of thermodynamics, all energy that hits a surface must go some-
where [5]. In the case of radiation, this can happen in three ways, by absorption
(α) of the radiation into the material, by reflection (ρ) and by transmittance
(τ), hence that the radiation simply passes trough the material. These three
phenomenons, at each wavelength of incoming radiation, relate to each other
according to

α+ ρ+ τ = 1. (1.1)

Hence a good reflector material must absorb and transmit sunlight at a minimum
and reflect at a maximum, preferably having ρ = 1 for all wavelengths in the
suns spectrum [5].

Hemispherical reflectance

The ability of a material to reflect incoming light is often referred to as hemi-
spherical reflectance, which is the fraction of incoming light that is reflected
back out from the surface. There are two components to this, diffuse and spec-
ular reflection. The difference is whether the incoming light is scattered when
reflected at the surface (diffuse reflection) or if it is reflected back out according
to Snell’s law with the same angle towards the surface as it came in (specular
reflection), a comparison can be seen in figure 1.3. Both of these cases are ex-
treme and most commonly light reflection is a combination of the two [6].

Figure 1.3: Light tracing (red arrows symbolizing light rays) for when reflection
at a surface is specular, picture to the left, and for when the reflection is diffuse,
picture to the right.

1.1.3 Reflector Materials in this Study

The four films that this study is based upon are encoded in this report upon
request from Absolicon Solar Collector AB, whom wish to not report what reflec-
tor materials they work with. However more information about the materials
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data sheets can be retrieved in encoded format from Absolicon Solar Collec-
tor [7].

The first film of this investigation, F1, is based on aluminum and differs from
the others with its metallic substrate, as opposed to the polymer ones in F2-F4.
It consists of a reflective layer of aluminum which is deposited upon an anodized
surface of an aluminum substrate with the technique of physical vapor deposi-
tion. This is then covered by thin, reflective enhancing layers and lastly by a
protective nano composite.

Second film, F2, is also the one for which the least parameters were known
at the start. From the manufacturer we know that it is built up by a polymer,
PET, mixed with pure aluminum, which gives its reflecting properties. This is
then covered with some sort of protective coating of unknown composition.

The last two films, F3 and F4, are quite similar even though they come from
two different manufacturers. They both consist of a pure silver coating which
is protected by multiple layers of polymers. The top of F3 is also covered with
an abrasion resistant, hard top coat.

Sample Properties of Reflector Films

For each of the four films, three different types of samples are investigated in
this study. These are; 96 samples of 50×50 mm film; 96 samples of 50×50 mm
film laminated on 60 × 60 mm pieces of steel, and 96 samples of film laminated
on steel (with the same size as previous) with edges sealed by glue. The process
of laminating film is done by hand, using tools with soft edges to evenly press
out any air bubbles, in the workshop of Absolicon. A silicone based glue is
used when sealing the edges by covering the reflective surfaces of the sample
pieces and apply strings of glue along the edges, also done in the workshop at
Absolicon. Example of appearance of the resulting sample pieces prior to any
testing can be seen in figure 1.4.
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Figure 1.4: Example of test pieces prior to any treatment or testing, with pure
film in the top row, film laminated on steel in the middle row, and film laminated
on steel with edges sealed with silicone glue on the bottom row. The material
in the picture is F3 but all samples were similar in appearance.



Chapter 2

Material Testing

2.1 Accelerated Exposure Testing

Studies to investigate the optical durability of a reflector material can be di-
vided into two types, accelerated exposure testing (AET) and outdoor exposure
testing (OET). The latter is considered the most suitable one in order to obtain
reliable results. Samples of the material is then simply placed in the type of en-
vironment it is supposed to work in, typically for 1-5 years. From the results of
any optical degradation after this time one can then make a prediction of what
will happen with the material also after longer outside exposure. However, these
tests are extensive in time and costs since locations have to be organized and
measurements have to be performed over time. AET is then a good option since
these tests cut back on the time needed for the testing [4].

The issue when doing AET is to obtain reproducible results that can be cor-
related to real life testing outdoors, an issue studied many times before [4, 8].
Questions such as what tests to choose, what combinations of tests should be
performed simultaneously and what test times should be used, arise when doing
AET. Outdoor wear is a combination of many different factors entirely depen-
dent on the site and the materials used, which makes correlations to AET diffi-
cult. In an attempt to a solution to this problem, F.Sutter et al. has gathered
the most accepted and typical AET, from which one can retrieve information
on how to perform somewhat standardized test cycles [9]. However, they also
concluded that a large issue in correlating data from AET to OET is the lack
of data from the latter. Many materials are still simply to new.

However, some tests are considered more basic, which reflector materials should
withstand without showing any signs of reduction in reflectance. These are for
example exposure to condensation, UV radiation, humidity in combination with
temperature changes and various corrosion tests. These tests are often also used
in more advanced test procedures of AET with the difference that the testing
time is prolonged [10].

7
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Figure 2.1: Test scheme with the four different tests selected for AET and optical
measurements marked as “O.M.”, taken before and after all tests. Thermal
Cycling is performed both as an individual test, and as part of the Humidity
Freeze test. Time for each test is given in hours.

The AET in this study is based on some of the research previously done in the
area concerning accelerated aging for reflecting materials in CSP [4, 8, 9, 10, 11].
However, the solar collectors from Absolicon differ from many others since the
reflector is also covered by a glass which protects it from rain, some of the
UV radiation and also the abrasion that could occur from cleaning or clearing
the reflector from snow, sand etc. With this considered, a specially designed
test scheme has been developed for this particular investigation. The factors
considered most important to check was how the materials could withstand
humidity, extreme temperature differences, UV-radiation and contact with acid
rain, since these are some of the ones considered most basic in the study of
F. Sutter et al. [10]. To check resistance to these parameters, the test cycle,
showed in figure 2.1, was constructed with four different tests, with optical
measurements on samples before and after all performed tests. Thermal Cycling
(TC) and Humidity Freeze (HF) are both standardized tests for climate cycles
described by F.Sutter et al. [9]. Immersion tests in water and acidic solutions
so simulate exposure to acid rain is performed based on recommendations from
a third party laboratory in collaboration with Absolicon, and the article by
F.Sutter et al. [7, 9]. Also, exposure to UV radiation is tested since it is found
in other investigations that this can cause damage to the protective layers in
the reflector films [11, 25], giving rise to corrosion and other types of damage
to the reflective metallic layer.

2.1.1 Test of UV Exposure

In order to test how the materials could withstand radiation in the UV-spectra
a setup with light bulbs, UV Energy Saving Lamp T3 Spiral from Velleman,
radiating in the top UV spectrum was built. Samples of F1-F4 were placed,
equally distanced, below and above the two rows of UV lamps as shown in
figure 2.2 for a 1000 hours.
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Figure 2.2: Schematic view of the setup used in UV-testing showing position
of samples above and below facing two rows of lamps, positioned such that all
samples were surrounded by at least three pairs of lights on each side.

In order to approximate the irradiance at the surface of the samples, the light
bulbs were approximated to irradiate in the shape of a cylinder. In order to
determine how much each lamp contributes to the irradiance, an approximation
based on the covering angle from the seven closets lightbulbs (since this is the
minimum any of the samples had surrounding it) was determined as,

Fi =
ϕi

2π
, (2.1)

with each individual angle ϕ1 to ϕ4 as indicated in figure 2.3.

Figure 2.3: Sketch of how the angles were chosen for calculation of irradiance
in the UV-setup.

The amount of radiation leaving through the side surface of the cylinder was
approximated as,

Fs =
Aside surface

Aside surface +Atop
=

2πrh

2πrh+ πr2
=

1

1 + r
2h

= 80.5%, (2.2)

for the light bulb dimensions r = 29.5 mm and length h = 60.8 mm. The total
power of one lamp was 15 W. Calculation of the irrandiance at a single sample
then gave, based on the fractions from eq. (2.2),

I =
15 [W] · Fs · (F1 + 2F2 + 2F3 + 2F4)

0.062 [m2]
= 1.43 kW/m

2
. (2.3)
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The contributions of the angles ϕ2 − ϕ4 was considered twice, due to the con-
tributions from lamps both to the right and left of the sample. All of the power
irradiated though the side surface of the cylinder was approximated to reach
the surface of the sample, mainly since the length of the lamp holds the same
dimension as the sample pieces.

Spectrum analysis

In order to test how much actual UV-radiation the pieces were subjected to
during the tests, the spectrum of the UV-lamps was investigated. This was
done with a spectrophotometer of the type Flame-S-XRI-ES from OceanOptics.
The normalized spectrum from these measurements can be seen in figure 2.4.

200 300 400 500 600 700 800 900

Wavelength [nm]

0

0.2

0.4

0.6

0.8

1

Peak at 380 nm

Figure 2.4: Normalized spectrum of UV lamps used in UV radiation AET with
peak intensity around 383 nm.

2.1.2 Immersion Test

Even though the reflector material is protected underneath the glass, it is still
realistic to assume that some water might get into the collector during its life
time. Hence it was considered relevant to test how the materials react to acid
deposition which could be caused by exposure to acid rain. Immersion of test
pieces in an acid solution of sulfuric acid, H2SO4, is one way of testing this since
sulfuric acid is one of the main components of acid rain. Rainwater often holds
an acidity above pH 5 due to natural acidification but can at some locations get
as low as pH 3 to pH 4 due to anthropogenic activities [12].

To determine the concentration of a sulfuric acid solution in order to obtain a
certain pH, the amount of hydrogen ion activity has to be determined. However,
in an aqueous solution the actual ions are hydronium H3O+ and not hydrogen
ions H+. The pH of such a solution can then be calculated according to,

pH = log10

(
1

aH3O+

)
, (2.4)

where aH3O+ is the activity of the hydronium ions [13]. Sulfuric acid is a very
strong acid and is completely ionized in aqueous solutions into hydronium ions,
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H3O+ [14]. This means that the activity aH3O+ is basically the same as the
concentration of sulfuric acid. Hence the concentration of the solution can be
determined from eq. 2.4 as,

cH2SO4
= 10−pH . (2.5)

The immersion tests were then simply constructed such that samples were placed
in large containers with sulfuric acid at two different concentrations, one with
pH 4 and the other with pH 5. Also, a container with deionized water was
used for immersion and samples were left in the three different solutions for
1000 hours. The pH of the two acidic solutions was also controlled throughout
testing with litmus paper in order to make sure condensation did not alter the
pH during the test time. The containers used were made out of polypropylene,
a plastic that can withstand acidic solutions very well at these levels of pH [15].
From eq. 2.5 the concentrations needed for pH 4 and 5 were determined to be
cpH4 = 0.10 mM and cpH5 = 10 µM.

Figure 2.5: A schematic sketch of how samples were placed in containers which
were filled with a solution of sulfuric acid at the different pH indicated below
the containers.

2.1.3 Climate Cycle Tests

In order to determine how the reflecting materials are affected by large vari-
ations in temperature in a humid environment, a HF test is performed. This
test is under the progress of becoming standardized for CSP reflectors by the
Spanish AENOR standardization committee and is a combination of two differ-
ent test cycles [10]. Firstly, the samples should be exposed to 400 cycles of TC
(IEC 62108 10.8) ranging from −40 to 65◦C according to the cycle in figure 2.6a.
After this, 40 cycles of HF should be performed with 85% relative humidity at
65◦C followed by 4 hours of −40◦C, as shown in figure 2.6b [9].
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(a)

(b)

Figure 2.6: Climate cycles of (a) TC with maximum speed of temperature
change being 100◦C and (b) HF with maximum speed of temperature change
being 200◦C, both with minimum temperatures of −40◦C and maximum tem-
peratures of 65◦C. Section of controlled relative humidity of 85% for HF with
start and finish marked with dotted lines.

The test cycles were performed in a climate chamber of the type Völsch 4010
and because of limitations in time the number of cycles was decreased to 100
cycles of TC, and 40 cycles of HF. However, the chamber broke down midst
testing which resulted in delays because of reparations and the actual number
of cycles performed ended up being 47 cycles of TC and 38 cycles of HF.



2.2. Characterization Methods 13

2.2 Characterization Methods

In order to obtain results from AET and determine the quality of the reflector
material its degradation is evaluated. The first part of this is to determine how
the reflecting ability of the material has changed. By looking at the hemispher-
ical reflectance, the total change in reflection can be determined. The most
important part of the hemispherical reflectance, the specular part, which is im-
portant to make sure the reflected light actually reaches the reflector is of great
importance. However, due to limitations in equipment, only the hemispherical
reflectance has been measured in this study.

Further on, in order to determine the cause of any reflectance losses, meth-
ods of looking at the surface structure and composition has to be used in order
to analyse the surface. This to get clues of what mechanisms has caused any
detectable degradation.

2.2.1 Reflectance measurements

The hemispherical reflectance was measured with a PerkinElmer Lambda35
spectrometer using an integrating sphere, Labsphere RSA-PE-20. As a ref-
erence, a protected aluminum mirror (ME1-G01) from ThorLabs was used. The
specular reference was chosen according to recommendations from the data sheet
of the sphere for measurements on samples showing specular reflectance [16].

Integrating Sphere

An integrating sphere is simply a spherical chamber made of a highly reflective
material with lambertian properties. A lambertian surface reflects light evenly in
all directions, hence showing perfectly diffuse reflection. The sphere Labsphere
RSA-PE-20 is made out of Spectralon, a material that shows hemispherical
reflectance of approximately 99% for the wavelengths 280 − 1100 nm.
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Figure 2.7: Construction of the integrating sphere Labsphere RSA-PE-20 [16]
made from Spectralon. Light enters at the port frame of the transmittance port,
sample is placed facing the port frame of the sample reflectance port. The light
detector is protected from direct illumination from the sample by two detector
baffles and its signal is processed at the preamp board and then registered by a
computer.

The beam from the spectrometer enters the transmittance port of the sphere
and then hits the surface of the sample at the sample reflectance port, seen in
figure 2.7. The idea is then that the reflected light will hit the Spectralon surface
and be dispersed over the entire sphere before any light reaches the detector.
Before measurements on samples of unknown reflectance, a reference sample
is measured with the sphere to obtain a coefficient for background corrections
and to get a baseline for which reflectance of unknown samples can be com-
pared against. To get a true value of the reflection of the unknown sample, the
spectrum given by the system must be multiplied with the known reflectance
spectrum of the reference, since this is considered to be 100% by the system.

Test Procedure

Measurements were performed in the interval of λ = 1100 nm (maximum wave-
length possible to test in the spectrometer used) to 280 nm with a scan rate
of 480 nm/min, a slit width of 1 nm and the ordinate mode ’%R’. They were
performed first on untreated samples which had not withstood any accelerated
aging and then also on samples after aging. For each sample, a mean was taken
from three different measurements at various locations of the sample piece. The
resulting spectrum was then multiplied with the actual value of the reference
reflectance as given by the manufacturer, to obtain the true value of the re-
flectance [17].

2.2.2 Surface Analysis

Three different techniques is used in this study to determine what effects the
AET could have had on the surfaces; Scanning Electron Microscopy (SEM) and
Energy-dispersive X-ray Spectroscopy (EDS), both carried out at the Ume̊a Core
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Facility for Electron Microscopy (UCEM) at Ume̊a University and also X-ray
Photoelectron Spectroscopy (XPS), carried out at the Department of Chemistry
at Ume̊a University.

The surface analysis methods were only performed on film samples due to the
issue of cutting the pieces laminated on steel since all of these investigations
require small sample pieces. The tests performed and on which samples are
summarized in table 2.1.

Table 2.1: Summary of surface analysis tests performed, on what samples and
with which technique.

SEM EDS XPS
F1 O, HF, pH4, pH7 O, HF, pH4 O, pH4
F2 O, HF, pH4, pH7, OET O, HF, pH4, pH7, OET O, pH4, OET
F3 O, HF, pH4, pH7 O, HF, pH4, pH7 O, pH4
F4 O, HF, pH4, pH7 O, HF, pH4 O, pH4

Scanning Electron Microscopy

When dealing with small enough structures on the nano scale, classical optic
microscopes can no longer resolve them. This is where scanning electron mi-
croscopy (SEM), comes into the picture. The basic principle is to direct an
electron beam upon the object to be investigated. The surface of this object
has to be conductive which will cause the electrons to scatter back out from
the surface. By placing detectors to collect these electrons one can image the
surface and the structure of it [18].

Energy-dispersive X-ray Spectroscopy

EDS is a technique that can be integrated with a scanning electron microscope,
in which one bombards a surface with a focused beam of electrons and analyze
the emitted X-ray radiation from the sample. From this one can determine the
chemical composition of the area investigated by identifying elements from the
lines present in the outgoing spectrum. Qualitative analysis of concentrations
of each element can be done by identifying and measuring intensities of the lines
detected. The technique can also be used to map the chemical composition of
an area, hence to image an area with respect to its chemical composition [19].

X-ray Photoelectron Spectroscopy

When analyzing the chemical composition of a surface, EDS investigations might
not be enough if one wishes to see not only what elements are present but
also in what states they are, which can give information about what kind of
molecules are present. For this one can use XPS in which the binding energies
of electrons, escaping the top 10 nm of the surface when illuminated with a
beam of X-rays, are observed for not only valence electrons but also for core
and binding electrons. This gives a spectrum with peaks at the binding energies
detected and from this one can do a semi quantitative determination of the
elemental surface composition by comparing the spectrum to those of known
elements and metarials [20, 21].



Chapter 3

Results & Analysis

3.1 Results

The results from this investigation of the durability of reflector materials is
mainly based on their performance in terms of reflectance. The spectrums of
reflectance presented here are all the mean of nine measurement series, three
measurements for each of the three identical sample pieces from each type of
AET test, if nothing else is stated.

3.1.1 Reflectance of untreated samples

From the initial measurements of reflectance, a trend can be observed in that
the laminated samples with sealed edges show less reflectance throughout the
entire spectrum, as seen in figure 3.1. This might indicate that the process of
sealing the edges somehow damaged the surfaces, causing an initial decrease in
reflectance. For this reason, the results evaluated was focused on the samples
of pure film.

16
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Figure 3.1: Hemispherical reflectance for test pieces of pure film, film laminated
on steel and film laminated on steel with edges sealed with glue, of F1-F4 prior
to accelerated aging.

3.1.2 Degradation effects after Accelerated Exposure Test-
ing

After AET, the qualities of the films turned out to vary quite a lot in terms
of hemispherical reflectance. The largest degradation occurred after immersion
in acidic solutions, something that can be seen as large drops in reflectance in
figure 3.2, especially for the aluminum film F1. A distinct drop in reflection
could also be seen for F3 after tests in acidic solution with pH 4.

F4 and F2 are the films which have performed best throughout the entire test
scheme, showing almost no distinct drop in reflectance after any treatment.
However, considering that the reflectance of F2 was considerably lower from the
start compared to the other films, figure 3.1, one could argue that F4 is the best
option regarding the combination of durability and optical performance.
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Figure 3.2: Degradation in reflection at wavelength, considered representative,
of λ = 450 nm for film samples of F1-F4 after comparison of aged to original
samples (which here represent 100%) with 95% confidence interval marked for
each data point.

The degradation of F1 could be seen, not only in reflectance measurements, but
also visually, figure 3.3. From examination in SEM, figure 3.4, damage could
be seen at the surface of these samples, not only from immersion tests but also
from samples which had undergone HF. However, the damages in the films after
HF were small and far from as extensive as the damage caused by immersion in
pH 4 solution.

From the SEM pictures of the F1 samples from pH 4 immersion, one can see
how the reflective layers have dissolved and a zoomed in view of the damaged
areas, to the bottom right in figure 3.4, indicates that another layer of the film
has been exposed. After investigations of these samples in EDS, it was seen
that the amount of aluminum atoms present in the damaged area was signif-
icantly higher, 67 wt% than at the surface of an untreated sample, 42 wt%.
This suggests that the protective layers have been damaged to the point that
the pure aluminum layer is exposed which have allowed the corrosion, visible in
figure 3.3, to break down the material.
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Figure 3.3: Photographs of F1 which has almost entirely corroded after immer-
sion in sulfuric acid solution with pH 4 for 1000 h. Sample of film laminated on
steel to the left and close up photograph on sample of only film to the right.

Figure 3.4: SEM pictures of F1 film, top left being an untreated sample (magni-
fication x10’000), top right showing an overlook over pH 4 sample (magnification
x1’000), bottom right shows a zoomed in view of the damaged area (magnifica-
tion x50’000) and bottom right picture shows a damaged area in sample from
HF (magnification x10’000).

The results from the other AET tests did not show such large degradation effects
as was found after immersion tests. No impact whatsoever could be observed
after exposure to UV radiation for 1000 hours, not in any reflectance measure-
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ments, visually or in SEM.

However, after HF, damage could be seen visually for laminated samples, (both
with and without sealed edges) of F3 and F4, in the shape of ’bubbles’ appearing
under the films. Close up photos of this can be seen in figure 3.5, taken with
camera Canon 50D using the macro lens ’APO Macro DG HSM’ from Sigma.
It can be seen that small ’bubbles’ has appeared under the film of type F3,
two upper pictures whilst large sections of F4 have developed what looks like
pockets of air, seen in two lower pictures.

Figure 3.5: Photos of samples after HF, F3 on the top row and F4 on the
bottom, showing how ’bubbles’ have appeared on the surface.

3.1.3 Accelerated Exposure Testing versus Outdoor Ex-
posure Testing

One sample of F2 that was retrieved from an actual solar collector which had
been outside in the field for 1.5 years in Härnösand, Sweden was compared to
samples of the same film, laminated on steel which had undergone AET. As can
be seen in figure 3.6, the sample from OET shows large degradation in optical
reflectance, a result that is not reproduced in the AET performed, since F2
does not appear to degrade whatsoever in reflectance for any of the AET tests
performed. The damage to the sample from OET shows spots of what appears
to be corrosion, seen visually in figure 3.7.
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Figure 3.6: Comparison of reflectance for all samples of F2 laminated on steel
to sample of F2 laminated on steel from 1.5 years of OET in full sized solar
collector in Härnösand, Sweden.

Figure 3.7: Photos of OET sample of F2 taken with Canon 50D in two different
light settings, with signs of corrosion spots on the surface.
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When the sample from OET was investigated in SEM, microscopic cracks, as
the ones seen in figure 3.8, was found. This could be an indication of the
breakdown of the protective layers, leading to water creeping in and give rise to
the oxidation spots seen visually in the photographs, figure 3.7.

Figure 3.8: SEM pictures (magnification of x50’000) of samples of F2 before
any testing and after 1.5 years of OET in full sized solar collector in Härnösand,
Sweden.

3.1.4 Protective Coating

From the XPS measurements performed, more information about the surface
structure of the samples was obtained. All of the four films should have some
protective or reflect enhancing layers at the top, according to information from
manufacturers [7]. It can be assumed that the chemical composition of these
layers, along with any contamination particles, are what should be displayed in
XPS. According to these investigations and a first analysis of the results done
at the Dept. of Chemistry at Ume̊a University [22], it could be seen that all
samples exhibit some sort of polymer layer at the very top. The aluminum film,
F1, appears to have a thin TiO2 layer which is mixed with or covered by a
CHO polymer with carboxylic groups and some silane/ siloxane polymer. F2
demonstrates some zinc at the surface, of which the origin could be diffusion
through the top layers. These samples also show indications of a CHO polymer
with carboxylic groups and some silane/siloxane polymer. The last two films,
F3 and F4 are both covered with silica mixed with silane/siloxane (of which
only some is present for F4).

XPS was also performed on samples from immersion in acidic solutions with
pH4 and the sample of F2 from OET. From these tests it could be seen that for
F1 there is major difference in the XPS spectrum of the original sample and the
sample from immersion tests, as seen when comparing figure 3.9 to figure 3.10.
As for the other films, the spectras resembles each other to a much higher de-
gree before and after both AET and OET, seen in appendix C. Hence further
analysis would have to be performed in order to detect any sort of chemical
degradation of the surface composition that could have occurred for F2, F3 and
F4.
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Figure 3.9: Spectrum of binding energies obtained in XPS investigation of sam-
ple of untreated F1.
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Figure 3.10: Spectrum of binding energies obtained in XPS investigation of
samples of F1.
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3.2 Discussion

The films tested in this study has overall shown good quality throughout testing.
From results of reflectance measurements and analysis of the surface structure
and its chemistry, it has been argued that F4, the silver film with polymer
coating holds the best optical durability. However, it is also interesting that
even though F2 was not as good from the start as the other films, it has shown
the best endurance to AET, hence it could be of interest to further study what
type of protective coating is used and if it could be improved in order to enhance
initial reflectance properties.

3.2.1 Method of reflectance measurements

From the reflectance spectrums obtained in figure 3.1, one can see how the re-
flectance reaches values above 100% for F1. This would mean that more light
comes out from the material than what is coming in, which obviously is not
correct. For this reason focus has been on the changes in reflectance rather
than the actual values of the reflectance. Since we are mainly interested in the
degradation of the materials, this has not been considered an issue and the rea-
son for the over estimation in reflectance is believed to be a consequence of the
choice of reference.

It is known that measuring the hemispherical reflectance of a specular sam-
ple with the use of an integrating sphere is complicated and some of the issues
and methods to go around them are investigated and discussed by A. Roos et
al. at Uppsala University [23, 24]. Problems arise when the test object reflects
specularly, which means that the reflected light is concentrated in a beam of a
comparatively narrow angle. This makes any potential losses, which could be
light slipping out at entry ports of the sphere e.g., figure 2.7, more randomized
compared to if a diffuse sample is investigated.

Choice of reference for silver based films

When studying the shape of the spectrums obtained for the two silver based sam-
ples, they much resembles the spectrum shape expected for aluminum, which
displays the characteristic drop around 800 nm. This becomes clear when com-
paring them to the spectrum of F3 from the manufacturer, seen in figure B.2
in appendix B. The results of our measurements for F3 and the other silver
based film, F4, rather resembles the spectrum for the aluminum based film, F1,
obtained from its manufacturer and displayed in figure B.1 in appendix B.

Also, when doing surface analysis in SEM and XPS, no indications of surface
degradations could be found for the silver films F3 and F4, there were no ma-
jor differences found between original and samples from AET, opposed to what
was indicated by reflectance measurements. This raised some suspicion as to
the credibility of the results from reflectance measurements. After further liter-
ature studies about integrating sphere measurements, explained in appendix A,
it was believed that the issue might be the reference sample. Hence some of the
samples of the silver based materials, F3 and F4, were tested against a silver
mirror reference (ThorLabs protected silver mirrors ME1-P01) instead. From



26 Optical durability of reflector materials for solar energy applications

this it becomes obvious that the results are not consistent in between the use
of the two different references, which can be seen in figure 3.11. The losses
found in reflectance for F3 and F4, when using the aluminum references is not
reproduced when doing the same measurements using silver references, as seen
in figure 3.11.
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Figure 3.11: Reflectance spectrum before and after immersion in pH 4 solution,
for pure film and laminated samples of F3 and F4 from measurements with
aluminum mirror as reference (marked as Al) and with silver mirror as reference
(marked as Ag).

From the principle of how the integrating sphere works, which is presented in
appendix A, an analysis of the equations used to derive the final reflectance ratio
of the sample against the reference used, gives us a clue as to what might have
happened. The problem with the reference samples could be explained by the
samples and the references having different efficiency factors when used with the
integrating sphere. This could explain why the samples, based on silver, shows a
spectrum similar to that of aluminum when tested against an aluminum mirror
reference. It was believed prior to investigations that this would not affect the
possibility to compare results in order to determine degradations, which turned
out being presumptive.

The way in which the reference sample is used to correct for background noise
and also is used in determining the actual ratio of reflectance, further explained
in appendix A, indicates that the measurements performed on the silver based
films with the silver mirror as reference sample should be the correct ones in
this study. This since the sample and reference then shows the same spatial
distribution of the reflected light, meaning that they hold the same efficiency of
the sphere. This is also supported with what has been discovered in the other
investigations, such as SEM and XPS, which also indicates the films F3 and
F4 has not been damaged by AET. Further on, another argument to this, is
the similarities of the obtained spectrum to that of the reflectance reported by
the manufacturer for the silver film F3, which can be seen in figure B.2 of ap-
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pendix B. Regarding the ’bubbles’ seen in figure 3.5, this is believed to probably
have an effect on the specular reflectance of the material and not on the total
hemispherical reflectance. For this reason, and also due to limitations in time,
these samples were not measured using the silver mirror references but is left
for future investigations.

The two aluminum films F1 and F2 were not compared against silver references
either, this mainly because these results better compares to what is reported
by the manufacturer of F1, seen in figure B.1. Another reason for this is that,
based on how the instrument measures reflectance compared to the reference
sample, appendix A, these films should have a reflectance spectra matching the
reference, meaning the method is correct for these samples.

Based on these arguments, the best solution for any future investigations, with
this method of reflectance measurement, would be to use an untreated sample
of the reflector film itself, as reference sample. Which means that focus would
be on any signs of reduction in reflection rather than the actual value of the
reflection.

3.2.2 Manufacturing quality of sample pieces

The difference between pure film samples and film laminated (with and without
sealed edges) on steel turned out to be small. In general the samples with sealed
edges showed lower reflectance ability for all materials. This probably has to
do with the process of sealing rather than the aging since the reduction in re-
flectance can be seen already for the untreated samples. It is safe to assume that
the films were somehow damaged in the process of sealing the edges something
that should be considered greatly in the production of the solar collectors.

Sealing the edges of the samples and the method to do so however is not rep-
resentative of when this is done in full scale production. In the manufacturing
process the edge is sealed with glue only at the edges of the collector, where the
glass is fastened, with a much more refined process than what was used when we
sealed the edges of our small samples. The main difference is that no tools gets
in contact with the reflector film in the large scale manufacturing but for the
samples, the reflecting area had to be covered in order to protect it from glue.
This is most likely what has damaged the film, resulting in lower reflectance.

3.2.3 Optical durability from Accelerated Exposure Test-
ing

When looking at the results we can also see that the AET tests chosen does not
seem to reproduce what will actually happen in real life. The fact that the only
film of which we could not detect any degradation at all after AET, with any
of the methods of investigation, has clearly degraded in OET indicates that the
parameters of the AET should be evaluated and refined. This is also what we
expected since it is a very known problem and something the entire industry
of concentrating solar power is working on a solution for, also discussed in the
conference paper by Sutter et al. [9]. And even though there are recommenda-
tions for a basic program that a reflector material should withstand, there are
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still no standard with a clearly defined pass and fail criteria.

What we see in the case of the immersion tests is probably something that
would be described as a total failure of the reflector film. However, the methods
most usually described in order to test a materials ability to withstand corrosion
from acidity and humidity often involves spraying the surface with some kind
of corrosion agent in a closed chamber with controlled temperature [9, 10]. It
could be that these tests are not representative of what would actually happen
in reality, especially considering the reflector being protected by the glass in the
solar collector. In the report of quality testing from the manufacturer of F1,
they have done a similar test but with salt as the corrosive agent. However, even
though they have performed an immersion, the samples were mounted such that
only the front surface was in contact with the solution and they were exposed
merely for 168 hours, compared to the 1000 hours performed in this investiga-
tion. They could detect small areas of localized corrosion in the shape of white
dots on the surface. This resembles the results obtained in this investigation at
which the corrosion appears in the shape of whitening of the surface, seen in
figure 3.3.

Results from the UV radiation tests also are questionable since, due to lack
in time, the intensity of the actual radiation never was measured in the setup.
Hence the question is whether the samples have been exposed to the amounts of
radiation that was intended. In a report presented from NREL on the subject
of how UV radiation effects the stability of polymer films (which film F2, F3
and F4 all consist of), they conclude that one type of damage that can occur
is cracking within the material [25]. It would be interesting to then see how
exposure of a material to UV in combination with a temperature and humidity
cycle, such as HF, affects the reflectance ability. This was initially intended but
because of limitations in time it was left for future investigations. What could
be considered crucial is to measure the amount of radiation that the sample is
exposed to in order to be able to extrapolate it into years from actual data of
the suns spectra.

3.2.4 Protective Coating

When the surfaces of the samples were investigated with XPS, clues as to what
protective layers are used in the films was given. After consulting with Andrey
Shchukarev at the chemistry department, who performed the XPS measure-
ments, some indications of the polymer in the case of F1, F3 and F4 being
Poly(methyl methacrylate) (PMMA) was found. It can be seen that the bind-
ing energies for the 1s state of carbon show strong similarities to that of PMMA,
when comparing the outermost graphs, the ’total’ seen for the four different ma-
terials in figure 3.12 to the spectrum in 3.13 for PMMA [26]. PMMA could also
be present in F2, the slightly higher peak seen to the left could be a contribution
from bindings in other molecules, causing the shape of the spectrum to change.

The results of which sample has best endured the testing procedures is not
unanimous, and hence no direct conclusion as to which type of protective coat-
ing is best can be made, since the only sample showing no effects after AET
show such strong degradation in OET. However, we do know which film has per-
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formed worst in this testing procedure, namely F1. The fact that this material
has degraded is obvious, but why is not as easily answered. From the infor-
mation, we have from the manufacturer, combined with the analysis performed
on the XPS data, what differs this film from the others is its substrate and
the presence of a titanium oxide layer at the top. The substrate is aluminum
and when this entire piece was immersed into the acidic solution, it could be
so that the corrosion has started in the substrate material and spread. If this
is the case it has nothing to do with failure of the protective coating. Another
possible scenario is that the protective layers have broken down and that this
titanium oxide layer is not as resistant to the acidity as the polymers in F2, F3
and F4.

Figure 3.12: Intensity peaks around binding energies of carbon from XPS data.
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Figure 3.13: XPS spectrum of PMMA around binding energies corresponding
to 1s state of carbon from [26].
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3.3 Conclusions

The aim of this work, to determine which of the films shows highest quality in
terms of optical durability, turned out to be more complex than first expected
and the results turned out to be somewhat inconclusive. F1 shows large degra-
dation after immersion in pH4, however this test might not be representative
of what the film will be exposed to during outdoor exposure. AET had no ef-
fect whatsoever on F2 but degradation could be seen for this film after OET.
For the two silver based films, the reflectance measurements turned out to be
complicated, indications of them showing good optical durability was however
found. Further studies of both the hemispherical but also specular reflectance
of these samples would have to be performed in order to give more precise rec-
ommendations for what film should be used in a collector for such a long time
as 25 years.

The most important lesson from this study is that the method of doing re-
flectance measurements on highly specular samples should be approached with
care. Reflectance measurements, with an integrating sphere, on specular sur-
faces cannot be conducted using a Lambertian reference since this will cause
overestimations in the reflectance of the sample. A reference, with a similar
type of spectrum for the specular part of the reflectance, should be used. This
in order to better match the behaviour of the light reflected from the references
to that reflected by the sample. However, the method and choice of reference
should be evaluated carefully before doing large scale measurements in any fu-
ture investigations.

Lastly, in order to test and validate results of accelerated aging, the impor-
tance of doing OET for the same samples should not be forsaken. Since there is
no standardized way of determining the durability of a reflector material as of
today, it is hard to determine how well any simulated aging conditions compare
to what would happen in real life. This is an area constantly being explored and
further developed. Studies, such as this one are of great importance, but focus
has to be on maintaining some sort of standard and continuity in the testing in
order to be able to compare results in between studies in the future.
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Appendix A

Integrating Sphere Signal
for Labsphere RSA-PE-20

When performing measurements of reflectance using an integrating sphere of
the type Labsphere RSA-PE-20 in a spectrometer the efficiency of the sphere
has to be taken into account for the reflectance to be evaluated properly, the
basic idea of how this is done is presented by the manufacturer of the sphere
itself and is as follows [A.1].

The sphere works with a double beam spectrometer and the radiation from
the illumination source is split into two different beams, the sample beam and
the reference beam. Each of these beams are interrupted periodically by an op-
tical chopper such that the integrating sphere is illuminated alternately by the
two beams. At each wavelength measured, the instrument records the ratio of
the signal from the detector created by the sample beam and the one created by
the reference beam. From this background correction scan, a correction value,
B, is determined as,

B =
Esρsκs
Erρrκr

. (A.1)

Es and Er are the energies of the sample and reference beam, ρs is the re-
flectance factor of the sample at the sample reflectance port and ρr is that at
the reference port. κs and κr are the the efficiency with which the energy re-
flected from the sample and the reference beam is captured by the sphere and
converted into a signal by the detector.

When doing reflectance measurements with this setup, the sample reference
used for the uncorrected background measurements is replaced by a sample
with unknown reflectance and the ratio recorded by the instrument is,

SR =
Esρuκu
Erρrκr

. (A.2)

The actual reflectance spectral data displayed by the instrument is then,

DR =
SR

B
=
ρuκu
ρsκs

. (A.3)

II



III

When presenting the ratio of reflectance obtained in the instrument, the spatial
distribution of the energy reflected by the unknown sample is assumed to be
the same as that of the standard used. This means the efficiency of the two
samples will be the same for the two materials, κu = κs and the data displayed
by the instrument will simply be the ratio of reflectance of the unknown sample
to that of the standard used,

DR =
ρu
ρs
. (A.4)
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Appendix B

Reflectance of Sample
Materials from
Manufacturer

Two of the manufacturers whose films have been part of the investigation have
shared reports with some of their own quality testing performed. One part of
this is the reflectance spectrum their films have which can be seen in figure B.1
for F1 and in figure B.2 for F3.

Figure B.1: Reflectance spectrum of the hemispherical reflectance for film F1,
measured by the manufacturer.
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Figure B.2: Reflectance spectrum, for four different incident angles, of the hemi-
spherical reflectance for film F3, measured by the manufacturer compared to the
suns radiation spectrum.



Appendix C

Spectrums obtained from
XPS

The resulting spectrums for the samples investigated with XPS can be found in
figure C.1 and C.2 for F1, in figure C.3, C.4 and C.5 for F2, in figure C.6 and
C.7 for F3 and in figure C.8 and C.9 for F4.
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Figure C.1: Spectrum of binding energies found in XPS for untreated sample of
F1, with labels for what element and state each peak represents.



VIII Optical durability of reflector materials for solar energy applications

Figure C.2: Spectrum of binding energies found in XPS for sample of F1 which
has undergone immersion in pH4, with labels for what element and state each
peak represents.
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Figure C.3: Spectrum of binding energies found in XPS for untreated sample of
F2, with labels for what element and state each peak represents.
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Figure C.4: Spectrum of binding energies found in XPS for sample of F2 which
has undergone immersion in pH4, with labels for what element and state each
peak represents.
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Figure C.5: Spectrum of binding energies found in XPS for sample of F2 which
has undergone OET for 1.5 years in Härnösand Sweden, with labels for what
element and state each peak represents.



XII Optical durability of reflector materials for solar energy applications

Figure C.6: Spectrum of binding energies found in XPS for untreated sample of
F3, with labels for what element and state each peak represents.
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Figure C.7: Spectrum of binding energies found in XPS for sample of F3 which
has undergone immersion in pH4, with labels for what element and state each
peak represents.



XIV Optical durability of reflector materials for solar energy applications

Figure C.8: Spectrum of binding energies found in XPS for untreated sample of
F4, with labels for what element and state each peak represents.
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Figure C.9: Spectrum of binding energies found in XPS for sample of F4 which
has undergone immersion in pH4, with labels for what element and state each
peak represents.
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