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Abstract 
 
Solar thermal collectors are mainly used for domestic water and space heating. They capture 
incident solar radiation, convert it to usable thermal energy, and transfer the energy into a heat 
transfer fluid. All of this should be accomplished economically with minimal energy loss. 
One of the most important components of the solar thermal collector is the solar absorber. To 
be effective, the absorber should exhibit wavelength selectivity, i.e. have maximum solar 
absorptance and minimum thermal emittance. Selective solar absorbers have been studied 
intensively since the 1950’s. State-of-the-art sputtered selective solar absorbers have good 
optical properties and long lifetime. A drawback can be high manufacturing costs. 
 
The main purpose of this thesis was the characterization and improvement of a mechanically-
manufactured selective C/Al2O3/Al absorber surface. The manufacturing method is the only 
one based on solely mechanical treatment. The optical properties and microstructure of 
surface samples were analysed. Together with an industrial partner the manufacturing 
methods were refined. Comprehensive accelerated aging studies were carried out for the 
absorber surface.  
 
As a result the solar absorptance and the thermal emittance were improved to 0.90 and 0.22, 
respectively. The microstructure of the surface is composed of microgrooves and 
unhomogeneous carbon, graphite or graphite/alumina clusters. Inside a glazed collector a 
service lifetime between 20 and 25 years can be expected. The main degradation mechanism 
found was hydration of Al2O3 if condensed water is present on the surface at an elevated 
temperature. For very humid climates, an additional moisture barrier would be advisable even 
for glazed collector applications. For non-glazed applications moisture resistance needs to be 
improved. 
 
The price of the required manufacturing infrastructure for the C/Al2O3/Al absorber varies. It 
may be very low for manual manufacturing up to some tens of thousands euros for a more 
sophisticated mechanical workshop. Optical properties and energy yield of the C/Al2O3/Al 
absorber are in the same range as the best commercial spectrally selective paints, but lower 
than sputtered surfaces. Economically the C/Al2O3/Al absorber may compete with selective 
and non-selective paints in most glazed applications. 
 
 
Keywords: solar energy, solar thermal absorber, accelerated aging, mechanical manufacturing 
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Brief description of the publications 
 
Publication A:  Development of manufacturing processes for the mechanically manufactured 
C/Al2O3/Al surface and its basic characterization are described. The composition and struc-
ture of the surface was characterized by scanning electron microscopy and electron micro-
probe analysis. Spectroradiometry and FTIR-spectrometry were used for optical characteriza-
tion. The surface was found to consist mainly of Al2O3 and a carbon matrix organized as a 
heterogeneous groove structure. A solar absorptance α = 0.90 and a thermal emittance ε = 
0.25 were achieved. Comparison to a state-of-the-art sputtered surface show some 17 per cent 
lower annual energy yield and 11 per cent lower solar fraction. 
 
Publication B:  The elemental composition and geometrical structure of the C/Al2O3/Al sur-
face was characterized by x-ray photoelectron spectroscopy (XPS), scanning electron micros-
copy, energy dispersive x-ray spectroscopy and optical microscopy. The XPS analyses re-
vealed that the surface contains Al2O3 and C most likely in graphite form. Optical microscopy 
suggested that graphite may form heterogeneous agglomerated clusters on the surface. The 
thickness of the possible clusters varies, the maximum estimated thickness being in the range 
of 300 nm. Emittance was improved from 0.25 to 0.22 without decreasing the solar absorp-
tance. Theoretically increasing the incomplete graphite coverage and decreasing the maxi-
mum graphite cluster thickness might increase α to 0.94 and lower ε. This might be achieved 
by altering the composition and the structure of the grinding pad used and by finding suitable 
manufacturing parameters for the advanced pad. 
 
Publication C: Additional information is presented about the surface manufacturing develop-
ment and microstructure to that already published in Publications A and B. Possible interpre-
tations of energy dispersive x-ray spectroscopy results are discussed. 
 
Publication D: C/Al2O3/Al surfaces were exposed to thermal stability and moisture resistance 
tests following the IEA Solar Heating and Cooling Programme recommendations (draft 
ISO/DIS 12592). The main degradation mechanism found was hydration of aluminium oxide 
to pseudoboehmite and boehmite. The estimated service lifetime with an optical performance 
better than 95% of its initial of the absorber surface was based on two literature references, 
where time of wetness frequency distribution of a nickel pigmented anodized absorber solar 
collector microclimate was measured. The estimated service lifetime in normal use is 20 or 25 
years, depending significantly on the time of wetness frequency distribution of the surface. 
The estimate of 25 years can be regarded more accurate, as it is based on measurements of 
adequately insulated collectors, whereas the other data set is based on collectors that may 
have been subjected to stronger than normal wind and rain loads. 
 
Publication E: Based on a literature review, a lower thermal emittance could theoretically be 
achievable by optimizing the graphite layer thickness, groove depth and surface profile perio-
dicity. It may be possible that a more arbitrary form of roughening could produce values of α 
and ε closer to those of a sinusoidal profile. Manufacturing parameters, i.e. the composition of 
silicon carbide grinding pad and the corresponding grinding pattern, need to be enhanced to 
achieve optical improvements. The commercially available grinding pads used so far have not 
yielded optimal results. A low cost colloidal silica dipping antireflection (AR) coating could 
theoretically improve α > 0.90.  
 
Absorber samples were subjected to 383 days of temperature and irradiance cycling. In total, 
the samples were exposed to ultraviolet (UV) irradiation equivalent to 5 – 15 years of normal 
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outdoor use. The results show that the samples are not sensitive to natural levels of UV irra-
diation or temperature cycling induced degradation of optical properties. A clear improvement 
in absorptance was observed after the first 50 days of cycling. The elevated temperature of 
130°C is the probable cause for the increase. Reference samples indicated similar aging be-
haviour both after four years of natural exposure and after relatively short constant tempera-
ture tests at 120°C and 180°C. 
  
Publication F: Different interpretations of the surface microstructure are discussed. Atomic 
force microscopy indicates that the surface has microgrooves with variable sharpness and a 
depth of approximately 80-160 nm. Dynamic collector testing results show some 5 per cent 
lower energy yield compared to a similar collector containing nickel pigmented anodized 
absorber surface.  
 
Publication G: Total-immersion aerated and deaerated tests in simulated acid and neutral rain 
showed that the absorbers are very durable at a pH level of 3.5. At pH 4.5 and 5.5 aluminium 
oxide (Al2O3, alumina) on the surface hydrates significantly in most cases. Therefore the 
surfaces can not be recommended for use in non-glazed applications if they are exposed to 
rain with pH exceeding ~3.5. The total-immersion test needs to be developed further as the 
test results exhibited weak dependency on temperature and time. The results indicate that 
unglazed solar absorber surfaces based on aluminium substrate need to be well protected 
against rain diffusion onto the substrate in order to prevent degradation caused by hydration 
of aluminium oxide.  
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Symbols and abbreviations 
an  Arrhenius acceleration factor [-] 
Ac  collector area [m2] 
b0  experimental incidence angle constant [-] 
C1  first Planck’s radiation constant [m2W] 
C2  second Planck’s radiation constant [mK] 
Eb  total hemispherical energy emitted by a blackbody [J m-2] 
ET  Arrhenius activation energy [J mol-1] 
Eλb  monochromatic hemispherical energy emitted by a blackbody [J m-2] 
FR  collector heat removal factor [-] 
Gλ  monochromatic solar normal irradiance for air mass 1.5  [W m-2 K-1] 
Gsc  extraterrestial solar constant [W m-2] 
I  total irradiance onto the collector plane [W m-2] 
Iλ,i   monochromatic incident irradiance [W m-2] 
Iλb  monochromatic black body irradiance [W m-2] 
Kta(θ)  incidence angle modifier [-] 
k  extinction coefficient [-] 
(mC)e  effective thermal capacitance [J m-2 K-1] 
n  refractive index [-] 
neff  effective refractive index [-] 
N(E)  kinetic energy distribution [-] 
PC  performance criterion function [-] 
Qu  collector array thermal output [W m-2] 
R  ideal gas constant = 8.3143 [J mol-1 K-1] 
T  absolute temperature [K] 
Ta  ambient air temperature near the collector [K] 

Tf  average fluid temperature in collector )
2

( oi TT +=  [K] 

Ti  fluid inlet temperature [K] 
Tn  reference temperature [K] 
To  fluid outlet temperature [K] 
Tref  measured time of wetness temperature [K] 
UL  collector overall heat loss coefficient [W m-2 K-1] 
 
Greek 
α  absorptance, hemispherical absorptance [-] 
α(µ, φ)  directional absorptance [-] 
αλ  monochromatic hemispherical absorptance [-] 
αλ(µ,φ) monochromatic directional absorptance [-] 
α1  first order (flow) heat loss coefficient [W m-2 K-1] 
α2  second order (flow) heat loss coefficient [W m-2 K-2] 
∆  change in variant [-] 
ε  emittance, hemispherical emittance [-] 
ε(µ, φ)  directional emittance [-] 
ελ  monochromatic hemispherical emittance [-] 
ελ(µ, φ) monochromatic directional emittance [-] 
φ  azimuthal angle, latitude [rad], activation energy [J mol-1] 
η  efficiency [-] 
η0  zero loss efficiency for total irradiance [-] 
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µ  cosine of polar angle [-] 
θ  polar angle (angle between surface normal and incident irradiance)  [rad] 
ρ  reflectance, hemispherical reflectance [-] 
ρλ  monochromatic hemispherical reflectance [-] 
σ  Stefan-Bolzmann constant [W m-2 K-4] 
τ  transmittance [-] 
 
Subscripts 
a  absorbed, absorber  
b  black body, beam irradiance 
i  incident 
λ  monochromatic 
0  zero 
 
Abbreviations 
AES  Auger electron spectroscopy 
AFM  atomic force microscopy 
Alumina aluminium oxide (Al2O3) 
AM  air mass 
AR  antireflection 
Cermet  ceramic-metallic 
CCD  charge coupled device 
CRT   cathode ray tube 
DC  direct current 
DHW  domestic hot water 
EDS  energy dispersive x-ray spectroscopy 
ERDA  elastic recoil detection analysis 
FESEM field emission scanning electron microscopy 
FTIR  Fourier transform infrared 
HUT  Helsinki University of Technology 
IEA SHC International Energy Agency Solar Heating and Cooling Programme 
IR  infrared 
ISO  International Organisation for Standardisation 
MSTC  IEA SHC Working Group “Materials in Solar Thermal Collectors” 
NIR  near infrared 
pH  hydrogen ion concentration (pondus hydrogenii) 
PTFE  polytetrafluoethylene 
PV  photovoltaic 
PVD  physical vapour deposition 
r.h.  relative humidity 
SEM  scanning electron microscopy 
SS  stainless steel 
TEKES National Technology Agency 
TG  thermogravimetry 
TSSS   thickness-sensitive spectrally-selective 
UV  ultraviolet 
Vis.  visible 
VTT  Technical Research Centre of Finland 
XPS  x-ray photoelectron spectroscopy 
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1 Introduction 

1.1 General 
The direct use of solar energy may make significant contributions to mankind’s future energy 
supply. It is abundantly available over the whole globe and it is a sustainable energy source. 
Political agreements, such as the Kyoto Protocol on greenhouse gas emission reduction, will 
likely give some edge to renewable energy – including solar – over  more polluting 
technologies. However, the power density of solar energy is low, and the seasonal variation is 
large, especially at high latitudes, which creates special technical and economic demands for 
the solar energy utilization systems. 
 
Earth receives a steady 170,000 TW of solar radiation. 30% of it is directly reflected back to 
space and the remaining 120,000 TW is converted to heat in the air, earth and oceans (47% of 
total), to potential energy in the hydrological cycle (23%), and to mechanical energy in winds 
and waves (<1%) and to chemical energy in photosynthesis (<1%). In total this corresponds to 
15,000 times the human use of fossil and nuclear fuels and hydro power (Boyle, 1998). 
Unlike fossil and nuclear fuels, which will be depleted in the foreseeable future, solar 
radiation will be available for millions of years. Solar radiation can be converted into a usable 
form of energy as heat or electricity, either by photothermal conversion or by photovoltaic 
(PV) conversion, respectively. The focus of this work is on photothermal conversion and solar 
heating related issues. 
 
The role of solar heating in the overall energy supply is still small. In OECD countries, solar 
heat utilization corresponds to about 4 Mtoe/year and reduces CO2 emissions by 11 million 
tons of CO2 per year (Weiss and Faninger, 2002). The solar collector market grows rapidly. 
For example in Europe it expands by about 10-15% a year. The potential market for solar 
heating in Europe is 1,400 million m2 of collectors (ESTIF, 2003a), corresponding to 
approximately 45 Mtoe/year. The EU target set in the White Paper on Renewables (European 
Commission, 1997) is 100 million m2 by the year 2010 compared to 12.3 million m2 installed 
by 2002 (ESTIF, 2003a). The largest market area and growth is found in China where some 
10 million m2 of collectors were installed in 2002 (Yin Zhiqiang, 2003) and the market grows 
by 30% a year. 
 
Photothermal utilization of solar energy typically involves a solar heating system that pro-
duces hot water or space heat for domestic use. The heart of the solar heating system is the 
solar collector. In order to enable effective solar energy utilization, absorption of incident so-
lar radiation should be maximized and thermal losses from the collector minimized. The solar 
absorbing surface is one of the key components of a solar collector, and its optical properties 
and quality influence both the heat losses and gains. The main focus of this thesis is the solar 
absorber.     
 
There are several ways to produce a solar absorber surface, ranging from simple black painted 
surfaces to sophisticated optical systems. A comparison of optical properties of different 
absorber surfaces is presented on page 24. High absorptance and low emittance accompanied 
with economical manufacturing cost, large production volumes and long-term durability are 
often the key driving factors of the R&D and industrial development work on solar absorbers. 
A large number of different selective solar absorber manufacturing methods has been 
developed, but only a few have succeeded commercially. To get an overview of the subject, 
the reader is referred to recent literature, e.g. (Gordon, 2001). The practical use of selective 
solar absorbers was introduced in 1955, when Tabor (Tabor, 1955a; Tabor, 1955b) and Gier 
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and Dunkle (Gier and Dunkle, 1955) presented their work in the first Solar Energy 
Conference held in Tucson, Arizona.  
 
Nowadays, the most common type of spectrally selective absorber is an absorber-reflector 
tandem consisting of a combination of two surfaces: one being highly absorbing in the solar 
spectrum and the other highly reflective in the infrared wavelengths. Common techniques to 
produce such a surface are generally divided into wet-chemical and vacuum deposition tech-
niques (Tesfamichael, 2000). Commercial vacuum deposition products can be manufactured 
by reactive dc magnetron sputtering (Interpane in Germany and Sunstrip in Sweden) or acti-
vated reactive evaporation method (Tinox GmbH, Germany). Wet chemical products include 
black chrome (MTI Inc., USA, Energie Solaire AS, Switzerland and Batec A/S, Denmark), 
nickel-pigmented aluminium oxide (Sweden and Japan) and MAXORB (UK). In addition, at 
least two selective paints are available on the market, namely Solarect-Z™ (Slovenia) and 
SolkoteHI/SORB-II™ (USA).  
 
In Germany, which has the largest solar thermal market in the EU, the sputtered absorber 
coatings have had the highest market share since the year 2000 (ESTIF, 2003b).  The second 
largest EU market is in Greece, where the absorber surfaces vary from black paint to selective 
surfaces (ESTIF, 2003b). In China, over 84% of the annual installations in 2002 were of 
spectrally selective evacuated tubular collectors (Yin Zhiqiang, 2003). According to these 
statistics, there seems to be a strong demand for both high-end  (e.g. sputtered) absorbers as 
well as low-cost options. In addition, there is a market interest towards developing lower cost 
environmentally friendly manufacturing methods with optical properties equal to current 
sputtered surfaces (Schreiber, 2002). 
 
Current research topics of solar absorbers include further improvement of the microstructure, 
modelling and manufacturing of the sputtered surfaces (Schuler and Oelhafen, 2001; Gordo et 
al.  2002; Teixeira et al.  2002; Farooq and Hutchins, 2002a; Farooq and Hutchins, 2002b; 
Farooq and Lee, 2003; Yue et al.  2003). Another topical issue is lowering the cost of the 
selective surface, e.g. by improving selective paints (Orel and Gunde, 2001; Orel et al.  2001; 
Vince et al.  2003; Smith et al.  2003). New manufacturing methods are being studied as well, 
including surface W-grating geometry  (Sai et al.  2003), nanomaterials (Nishimura and 
Ishiguro, 2002; Mastai et al.  2002) and carbon nanotubes (Cao et al.  2002). A potential low-
cost approach is to use nickel nanoparticle based paint combined with an antireflection coat-
ing (Boström et al.  2003a; Boström et al.  2003b).  
 
The typical price of a high performance flat-plate solar collector is about 200 – 250 Euro per 
m2 of which the high quality spectrally selective absorber is about 15 – 20 %. High efficiency 
selective absorbers give maximum performance when covered with a high transmittance glass 
and are well insulated and capsulated. If operating at a lower temperature, it may be 
considerably cheaper to utilize a low cost absorber such as non-selective black paint, selective 
paint or C/Al2O3/Al. Further price reductions may be achieved by e.g. using cheaper window 
glass, insulation and capsulation.  
 
In addition, the differences in the absorber and collector prices counts only for a part of the 
solar thermal system price, as can be seen by comparing system cost in Germany and Greece: 
a typical solar domestic hot water system installed in a one family residential unit in Germany 
costs around 4500 Euro (forced-circulation system, 4–6 m2 flat plate collector, 300 litre tank), 
whereas in Greece a typical system for the same purpose costs 700 Euro inclusive of VAT 
and installation (thermosiphon system, 2.4 m2 collector, 150 litre tank) (ESTIF, 2003a).  
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Therefore, for collector manufacturers and end customers, the choice of the absorber type is 
largely a choice of the solar heating system price range. High performance absorbers and 
collectors compete predominantly among themselves within their market sector (e.g. in 
Germany and Austria). Similarly lower performance absorbers and collectors address a 
different market (e.g. in Greece). 

1.2 Objectives and scope of the study 
This thesis deals with a novel mechanically manufactured selective C/Al2O3/Al solar absorber 
surface. The manufacturing method is the only one based on solely mechanical treatment 
known to the author. It was originally invented in the mid 1990s by a Finnish industrial part-
ner with a focus on developing a low cost manufacturing method for solar absorbers. At that 
time there was no clear understanding of the physics of the surface or interrelationship be-
tween surface structure and its optical properties. The aim of this thesis has been to under-
stand and improve the optical and microstructural properties and elemental composition of the 
C/Al2O3/Al solar absorber. Another important objective of this thesis has been to investigate 
the durability of the absorber surface and possible degradation mechanisms in different 
operational conditions. 
 
The work was done in a close co-operation with Sunfin Technologies Ltd. They invented the 
original method of chemical/mechanical manufacturing (Publication A) and manufactured all 
the C/Al2O3/Al absorber samples. The mechanical manufacturing method used does not allow 
exact layer-by-layer construction of the surface as e.g. sputtering does. A great deal of the 
emphasis has been put on optimizing the optical properties of the surfaces without sacrificing 
the simplicity of the manufacturing method. 
 
This dissertation is divided into six chapters. Chapter one introduces the subject and 
objectives of the work. Chapter two communicates the theoretical background of utilizing 
solar thermal energy, including solar and thermal radiation and operation principles of a solar 
collector and a selective absorber surface. Some generally used absorber design principles are 
briefly described. Chapter three explains experimental methods, including sample 
manufacturing and optical spectrometric characterization used in this thesis. Non-optical 
characterization used includes scanning electron microscopy, electron microprobe analysis, x-
ray photoelectron spectroscopy and atomic force microscopy. Optical microscopy has been 
used to support other measurements. Accelerated aging test methods are described in Chapter 
four. Chapter five contains the main results for all the characterization and aging tests. Needs 
for future development based on these results are discussed in short. Chapter six contains 
discussion and conclusions. 
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2 Theoretical background 

2.1 Operating principles of flat plate solar collectors 
A well-designed single- or double-glazed flat plate solar collector is designed to maximize the 
capture of the incoming solar radiation with minimum heat losses. It then delivers as much as 
possible of the captured energy to the user, usually by using a working fluid (Fig. 2.1).  
 

   
 
Figure 2.1. A single-glazed flat plate solar collector (left, adapted from Gordon (2001)) and a 
detailed cross section of the C/Al2O3/Al absorber plate with header and risers (right, drawing 
©Lasse Kilpi, parts numbered). Collector surface area is ca. 2 – 2.5 m2. 
 
The conversion efficiency of a solar collector is limited by the thermal losses from the heated 
absorber due to radiation, convection and conduction. The flat plate collector non-constant 
efficiency η is defined as: 
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η ,                           (2-1) 

 
where Qu is the collector thermal output, I is the total irradiance onto the collector plane, Ac is 
the collector area, FR is the collector heat removal factor, τα is the optical transmittance-
absorptance product including the angular dependency of the collector, UL is the collector 
overall heat loss coefficient, Ti is the fluid inlet temperature and Ta is the ambient tempera-
ture. Eq. (2-1) yields the instantaneous collector thermal output Qu that is delivered by the 
collector (Duffie and Beckman, 1991). 
 
As can be seen in Eq. 2-1, the collector efficiency is directly proportional to the solar absorp-
tance, α, of the absorber. The collector overall heat loss coefficient UL includes radiative, 
convective and conductive heat losses. Thermal emittance, ε, of a surface is a first-order fac-
tor related to the radiative heat losses. Therefore it is desireable to maximize the solar 
absorptance and to minimize the thermal emittance of an absorber.    
 
Collector efficiency measurements (Eq. 2-1) have been further developed by Perers (Perers, 
1995) with improvements made to take into account thermal capacitance effects, incidence 
angle effects and the temperature, and the wind and sky temperature dependency of the heat 
loss coefficient. We have used a simplified version of the Perers’ model to dynamically 
measure different solar collectors (Publication F) (Eq. 2-2): 
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where η0 is the zero loss efficiency for total irradiance,  α1 and α2 are the first and second or-
der flow heat loss coefficients, respectively, and (mC)e is the effective thermal capacitance of 
the collector. An incidence angle modifier Kτα(θ) is typically used for estimating the 
dependency of a collector on the angle of incidence of impinging radiation (Duffie and 
Beckman, 1991):  
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where n is the surface normal (zero angle of incidence), θ is the angle between surface normal 
and incident irradiance and b0 is the experimental incidence angle constant. Experimental dy-
namic solar collector performance test results including Kτα(θ) for a C/Al2O3/Al surface and a 
glass assembly have been reported in a Lic. Sc. Thesis by Konttinen (2000). 
 
The collector efficiency η should be as high as possible for optimal performance. This can be 
obtained by increasing absorbed solar energy – α as close to unity as possible –  and by de-
creasing emitted thermal losses. Conductive and convective heat losses can be minimized 
with proper collector design and sufficient insulation or a vacuum. A prestressed low-iron 
glass with high solar transmittance is typically used as a cover material and the sides and the 
back of a collector are insulated with suitable material, e.g. rock or glass wool. An anti-
reflection coating may be added on the glass in order to improve solar transmittance. This 
does not affect the thermal emittance since glass is opaque in the infrared. 
 
Reducing thermal radiant heat losses to a minimum in a flat plate collector requires the use of 
a spectrally selective surface. According to Haitjema (1989), at a high collector temperature 
the emittance determines the collector efficiency, while at a low collector temperature ab-
sorptance is the decisive factor with regard to the efficiency. For low temperature applica-
tions, such as non-glazed swimming pool solar heater, a non-selective surface can be effective 
as well. 

2.2 Solar and thermal radiative energy 
The sun is ultimately the provider of all energy on the earth except nuclear and tidal. It is a 
continuous fusion reactor with an estimated total electromagnetic radiative power of about 3.8 
⋅ 1027 W. The value of extraterrestial solar radiation (Gsc) just outside the earth’s atmosphere 
is almost constant: 1367 ± 3% W m-2 (Duffie and Beckman, 1991), being divided into 
ultraviolet (8% of total), visible (46%) and near infrared (46%). 
 
Like the sun, all objects above absolute zero temperature emit thermal radiation whose wave-
length and intensity depends on the optical characteristics and the temperature of the body. 
Theoretically an ideal surface is a blackbody, which absorbs all wavelengths of the incident 
radiation and emits the maximum amount of energy according to Planck’s law (Richtmyer 
and Kennard, 1947). The spectral blackbody radiation Eλb is calculated as: 
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where C1 and C2 are the first and second Planck’s radiation constants, respectively (C1 = 
3.7405 ⋅ 10-16 m2 W, C2 = 0.0143879 m K) and T is the temperature of the blackbody in Kel-
vin. The Stefan-Boltzmann law gives the hemispherical total emitted energy for a blackbody 
as: 
 
Eb = σT4,                              (2-5) 
 
where σ is the Stefan-Bolzmann constant (σ = 5.6696 ⋅ 10-8 Wm-2 K-4).  
 
The sun has an effective blackbody temperature of approximately 5800 K. The temperature in 
the central inner regions is significantly higher, variously estimated at 8 ⋅ 106 K to 40 ⋅ 106 K 
(Duffie and Beckman, 1991). The extraterrestrial spectrum and the blackbody spectrum of the 
sun differ from each other slightly.  
 
Differences between the extraterrestrial and terrestrial solar spectrum are caused by absorp-
tion and scattering of the solar radiation in the ionosphere, the ozone layer or the atmosphere 
mainly by O2, O3, H2O and CO2. Each of the atmospheric compounds absorbs certain wave-
lengths causing absorption holes in the terrestrial solar spectrum as shown in Fig. 2.2. 
Rayleigh scattering (Rayleigh, 1871) refers to the scattering of light off the molecules of the 
air, and can be extended to scattering from particles up to about a tenth of the wavelength of 
the light. Rayleigh scattering is symmetric in forward and backward directions, and is more 
effective at short wavelengths (∝ 1/λ4), hence being responsible for the blue colour of the sky. 
 
Apart from scattering and absorption, the path of the beam that traverse the atmosphere (i.e. 
the air mass or AM) affect the amount of the terrestrial solar irradiation available. Air mass is 
defined as the ratio of optical mass at an oblique path to that of the vertical path. When the 
sun is directly overhead, i.e. its rays are normal to the horizontal surface of the earth, the air 
mass has a value of 1. At high latitudes (e.g. Finland) the value of the air mass is typically 1.5 
– 2. An air mass of 1.5 as defined by ISO (ISO, 1992) is used for solar energy calculations 
throughout this work. The variation in the solar irradiance intensity due to the change of air 
mass is considerable as can be seen by comparing the peak values of AM1 and AM1.5 in Fig. 
2.2 and Fig. 2.3, respectively. 
 

 
 
Figure 2.2. An example of the effects of atmospheric absorption and Rayleigh scattering on 
the spectral distribution of solar irradiance. Adapted from (Iqbal, 1983). 
 
For solar thermal applications the most important radiation wavelength ranges are incident 
solar radiation between 0.3 and 2.5 µm covering ultraviolet-visible-near infrared (UV – Vis. – 
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NIR) and emitted thermal radiation between 2 and 50 µm. These two ranges overlap only 
marginally at temperatures below approximately 200°C (Fig. 2.3), which makes possible the 
effective operation of a spectrally selective solar absorber (see Section 2.4). Above 200°C, 
some energy losses are unavoidable. 
 

 
 
Figure 2.3. Solar hemispherical spectral irradiance for air mass 1.5 (ISO, 1992) and black-
body spectral emittance at 100°C, 200°C and 300°C. 
 
When the temperature of the blackbody rises (see Fig. 2.3) the amount of the emitted energy 
increases and the location of peak power density shifts towards shorter wavelengths. The peak 
wavelength can be determined with the Wien’s displacement law: 
 
λmaxT = 2897.8 µmK                              (2-6) 

2.3 Solar absorptance and thermal emittance 
For many solar absorber energy calculations only two of the surface’s quantities are required: 
the solar absorptance, α, and the infrared thermal emittance, ε. However, these quantities can 
be expressed in several ways, which differ from each other significantly. The monochromatic 
directional absorptance αλ(µ,φ)1, the directional absorptance α(µ,φ), the monochromatic 
hemispherical absorptance αλ, and the hemispherical absorptance α are all different quanti-
ties. Exact definitions for these and equivalent four emittance cases are given in (Duffie and 
Beckman, 1991). It is important to distinguish the difference between one characteristic and 
another. For example, αλ(µ,φ) is a property of a surface, whereas α(µ,φ) is not a property in 
that it depends upon the wavelength distribution of the incoming radiation. 
 
This work is confined to the commonly used hemispherical optical properties obtained from 
our measuring equipment. The C/Al2O3/Al surfaces are rough in composition which makes 
them well fit for hemispherical reflectance measurements (see next Section). Some mono-
chromatic directional emittance measurements of C/Al2O3/Al surfaces have been reported by 
Konttinen (2000). These have not been verified by reference measurements. 
 
The monochromatic hemispherical absorptance, αλ, is defined as the fraction of incident solar 
radiation of wavelength λ over the enclosing hemisphere that is absorbed, and the hemi-
spherical absorptance α can be obtained by integrating over all wavelengths (Eq. 2-7): 
 
                                                 
1 where µ is the cosine of the polar angle θ and φ is the azimuthal angle 
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where Iλ,i is the incident monochromatic radiant energy. If αλ(µ,φ) is independent of direction, 
(i.e. αλ(µ,φ) = αλ), then Eq. 2-7 can be simplified by integrating over the hemisphere to yield 
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If the incident radiation in either Eq. 2-7 or 2-8 is solar radiation, then the calculated α is 
called the solar absorptance. 
 
The monochromatic hemispherical emittance, ελ, is defined as the ratio of the monochromatic 
intensity emitted by a surface over the enclosing hemisphere to the monochromatic intensity 
that would be emitted by a blackbody at the same temperature. The hemispherical emittance ε 
can be obtained by integrating over all wavelengths (Eq. 2-9): 
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where Iλb is the monochromatic blackbody irradiance. If ελ(µ,φ) is independent of direction, 
then Eq. 2-9 can be simplified by integrating over the hemisphere to yield 
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2.3.1 Reflectance of surfaces 

For determining the absorptance or the emittance of a material, it is usually most convenient 
to measure the reflectance, ρ, and to calculate α and ε from it. When radiation strikes a body, 
a part of it is reflected, a part is absorbed, and if the material is transparent, a part is transmit-
ted. For an opaque surface which does not exhibit a dependence on the azimuthal angle φ, and 
cosine of the polar angle µ, energy from all directions is either absorbed or reflected (Duffie 
and Beckman, 1991). Kirchoff’s law states that at a given wavelength the absorptance is equal 
to the emittance for matter in thermodynamical equilibrium. By combining these rules we 
have: 
 
ελ = αλ = 1 − ρλ                            (2-11) 
 
Thus, the monochromatic hemispherical emittance and the monochromatic hemispherical 
absorptance can both be calculated from knowledge of the monochromatic hemispherical 
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reflectance. If dependencies on φ and µ exist, then the Eq. 2-11 must be written in form of Eq. 
2-12: 
 
ελ(µ,φ) = αλ(µ,φ) = 1 − ρλ(µ,φ)                (2-12) 
 
The spatial distribution of radiation reflected by an opaque surface can be divided into specu-
lar and diffuse. Specular reflection is mirror-like, that is, the incident polar angle is equal to 
the reflected polar angle and the azimuthal angles differ by 180°. A diffuse reflection obliter-
ates all directional characteristics of the incident radiation by distributing the radiation uni-
formly in all directions. In practice, the reflection from a surface is neither all specular nor all 
diffuse, but a highly polished surface approaches specular diffusion, whereas a rough surface 
reflects diffusely. Fig. 2.4 illustrates ideal specular reflection, ideal diffuse (Lambertian) re-
flection and reflection from a real opaque surface.  
 

 
 
Figure 2.4. Reflection from ideal and real opaque surfaces (Duffie and Beckman, 1991). 

2.4 Spectrally selective absorber surfaces 
A spectrally selective absorber has different spectral reflectance at different wavelengths. The 
ideal spectrally selective surface operating at below approximately 100°C has as zero 
reflectance (i.e. unity solar absorptance) between 0.3 and 3 µm and a unity reflectance (i.e. 
zero thermal emittance) between 3 and 50 µm. Unfortunately, an ideal surface does not exist 
in nature, nor can it be manufactured because no known combination of materials exhibits 
ideal behaviour in the reflectance transition wavelength range (Buhrman, 1986) (see Figs. 2.3 
and 2.6). 
 
Selective solar absorber surfaces have been studied quite thoroughly since the 1950’s. Devel-
oped systems include intrinsic absorbers, optical trapping absorbers, coating/metal tandems, 
semiconductor/metal tandems, particulate coatings, multilayer thin films, transparent heat re-
flector/absorber tandems and transparent, heat reflecting and conducting coatings (Haitjema, 
1989). Fig. 2.5 shows six examples of different absorber design possibilities. 
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Figure 2.5. Cross-sectional schematic designs of six types of different coatings and surface 
treatments for selective absorption of solar energy. Adapted from (Gordon, 2001). 
 
Of the six designs shown in Fig. 2.5 intrinsic selective material would obviously be the most 
straightforward approach, but this approach has generally not been very fruitful due to lack of 
suitable materials. In practise, useful absorbers are based on two (or more) layers with differ-
ent optical properties, and are called absorber-reflector tandems. A dielectric or semicon-
ducting coating with high solar absorptance and high infrared transmittance on top of a non-
selective highly reflecting metal constitutes the tandem. Absorber-reflector tandems are also 
most common commercially available selective absorber types (Buhrman, 1986; 
Tesfamichael, 2000; Gordon, 2001). Surfaces consisting of small particles embedded in a di-
electric matrix deposited on a highly infrared reflecting metal substrate are generally called 
ceramic-metallic or cermet surfaces (Tesfamichael, 2000). The metal particle – dielectric 
embedding -concept offers a high degree of flexibility and gives the designer optimization 
possibilities with regard to the choice of constituents, coating thickness, particle 
concentration, shape and orientation of particles (Gordon, 2001).  
 
The number of selective absorber surface manufacturing methods reported in literature is very 
large. An annotated bibliography by Niklasson and Granqvist (Niklasson and Granqvist, 
1983) covers 565 scientific papers including studies of almost 280 different coatings or sur-
face treatments developed from 1955 until 1981. A review by Chaudhuri et al. (Chaudhuri et 
al.  1997) contains additional though incomplete information up to 1996. More details can 
also be found in (Lampert, 1979; Koltun, 1981; Agnihotri and Gupta, 1981; Inal and Scherer, 
1986; Tabor, 1999). 
 
A great deal of the early work on selective absorbers was concentrated on development of 
absorber-reflector metal tandems (Tabor, 1955a; Tabor, 1955b; Lampert, 1979; Agnihotri and 
Gupta, 1981), such as “black chrome“ which is a complex graded Cr-Cr2O3 composite (see 
Fig. 2.6) produced by electroplating (McDonald, 1975). In the 1970’s a number of advanced 
multilayer coatings prepared by vacuum deposition techniques had been designed and utilized 
for satellite temperature control within the space programmes of the USA and the Soviet 
Union (Niklasson and Granqvist, 1983). These coatings were found to be useful for terrestrial 
applications such as solar heating as well, and have been studied and developed further in 
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great detail. The reader can get a general picture about the key issues and the developments of 
selectively solar-absorbing coatings during the 1990’s from e.g. (Gordon, 2001).  
 
Currently state-of-the-art commercial selective absorbers manufactured by vacuum deposition 
are taking over the market from black chrome in many countries (Tesfamichael, 2000; 
Gordon, 2001; ESTIF, 2003b). These include sputter deposited graded chrome nitride -
chrome oxide (CrN-CrxOy) coating on copper by Interpane in Germany, reactive DC 
magnetron sputtered nickel-nickel oxide (Ni-NiO) coated aluminium absorber by Sunstrip in 
Sweden and activated reactive evaporation method coated cermet of TiNxOy on copper by 
Tinox GmbH in Germany. Sputtered stainless steel carbide (SS-C) cermet absorbers have 
been produced by Shiroki in Japan since the 1980s. All-glass vacuum tubes for concentrating 
collectors with a selective graded Al-N coating on aluminium are mass produced in China 
(Gordon, 2001).  
 
With the best coatings, it is possible to achieve 0.90 ≤ α ≤ 0.97 and 0.03 ≤ ε ≤ 0.10. Fig. 2.6 
and Table 2.1 shows the solar absorptance and the thermal emittance of some commercial and 
laboratory-scale absorbers. Commercial coatings e.g. from Interpane, Tinox and Sunstrip have 
very good optical properties. The choice between manufacturers of the best coatings can be 
based on other factors such as price, absorber surface aesthetics and delivery time. 
 
A low-cost selective solar absorber surface can be manufactured by using selective paints 
(Orel et al.  1992; Orel and Orel, 1995; Orel et al.  1996; Gunde et al.  1996; Orel et al.  1997; 
Orel, 1999; Orel and Gunde, 2000; Orel et al.  2001; Orel and Gunde, 2001; Smith et al.  
2003). This type of absorber can be classified as the tandem type, with absorbing particles 
uniformly distributed in a matrix deposited on a metal substrate (Tesfamichael, 2000). The 
optical performance of selective paint type absorber is determined by intrinsic optical 
constants and particle size-dependent scattering and absorption. The commercial Solarect-Z™ 
thickness-sensitive spectrally-selective paint (TSSS) is prepared from an organically modified 
siloxane resin and an inorganic pigment of FeMnCuOx-P320 (Orel, 1999) with a pigment 
volume fraction of about 0.2. TSSS implies that low emittance is achieved by using thin 
layers (2-3 µm thick) (Gunde et al.  1996). Another commercial TSSS paint is 
SolkoteHI/SORB-II™, and it contains a binder of 100% silicone polymer. The optical 
properties of this TSSS paint depend significantly on the substrate and coating thickness (see 
Fig. 2.6). A potential novel approach is to use nickel nanoparticle based paint combined with 
an antireflection coating (Boström et al.  2003b). For a small laboratory scale sample values 
of optical properties equivalent to the commercial sputtered absorbers have been reported 
(Boström et al.  2003a). However, long-term durability of the nickel nanoparticle paint has 
not yet been demonstrated. 
 
In its current state of development the optical performance of the mechanically manufactured 
C/Al2O3/Al absorber (J in Fig. 2.6) surface competes with the two commercial TSSS paints. 
The absorptance is slightly lower and the emittance slightly higher compared to Solarect-Z™. 
Compared to SolkoteHI/SORB-II™, C/Al2O3/Al absorber has slightly better optical 
properties. Both C/Al2O3/Al and TSSS absorbers offer a viable alternative to non-selective 
black paint in cases where their better overall performance is preferred to the moderately 
lower cost of black paint. 
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Figure 2.6. Solar absorptance and thermal emittance of some commercial and newly 
developed solar absorber surfaces from the lowest to the highest emittance. Table 2.1. shows 
the details of the surfaces. 
 
Table 2.1. Manufacturers, manufacturing method and state of development of absorbers 
presented in Figure 2.6. 
Denoted 
in Fig. 2.6 

Manufacturer (M) or researchers (R) Manufacturing 
method 

State of 
development 

A Boström et al. (2003a, 2003b) (R) Nano-particle paint Laboratory 
B Interpane (Germany) (M) Sputtering Commercial 
C Tinox (Germany) (M) Evaporation Commercial 
D Sai et al.  (2003) (R) W-grating 

geometry 
Laboratory 

E Sunstrip (Sweden) (M) Sputtering Commercial 
F Farooq and Hutchins (2002b) (R) 4-layer sputtering Laboratory 
G Mastai et al.  (2002) (R) Silica-carbon 

nanocomposites 
Laboratory 

H MTI (USA) (M) 
Energie Solaire (Switzerland) (M) 
Batec (Denmark) (M) 

Wet-chemical 
black chrome 

Commercial 

I Solarect-Z™ (Slovenia) (M) TSSS paint Commercial 
J Konttinen et al. (Publications A-G) (R) Mechanical Laboratory/ 

commercial 
K SolkoteHI/SORB-II™   (USA) (M) TSSS paint Commercial 
 Multiple manufacturers all over the world 

(M) 
Black paint Commercial 
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Examples of the spectral reflectance and microstructural composition of two absorber-
reflector tandems, namely electroplated black chrome and sputtered Ni-NiO are shown in Fig. 
2.7. More detailed microstructure of two selective absorber surfaces is shown in Fig. 2.8. On 
the left is the theoretical depth profile of a nickel-pigmented anodized aluminium absorber 
coating (Andersson et al.  1980). The coating is produced by first dc-anodizing aluminium 
sheets in a phosphoric acid solution to generate a layer of aluminium oxide on the substrate 
surface. This layer acts as a matrix for small metallic nickel particles to precipitate in the 
pores of the Al2O3 layer in a subsequent process of electrochemical reduction of nickel from a 
solution containing NiSO4. The surface on the right consists of a selective cermet graded Cr-
Cr2O3 film which has been produced by a reactive DC magnetron sputtering (Teixeira et al.  
2001). The cermet has a thickness of approximately 300 nm and it is based on metallic chro-
mium in a matrix of a chromium oxide with a gradient in oxygen composition. The AFM 
micrograph naturally shows an approximation of the surface topology, and does not provide 
any information about the internal structure of the graded Cr-Cr2O3 film.  
 

  
 
Figure 2.7. Spectral reflectance of ideal, electroplated black chrome and sputtered Ni-NiO 
selective solar absorber surfaces. Black chrome on the left, the inset indicates a microstructure 
with a graded cermet layer (2), having Cr particles dispersed in a Cr2O3 matrix, and a rough 
surface layer (1) of Cr2O3. Ni-NiO absorber on the right, the inset shows an Al substrate, 
graded Ni-NiO (2) and an antireflection coating (1). Adapted from (Gordon, 2001). 
 

       
 
Figure 2.8. Microstructure of two solar absorber coating profiles: a) depth profile of a nickel-
pigmented anodized aluminium absorber coating (Andersson et al.  1980) (left) and b) AFM 
micrograph of a graded Cr-Cr2O3 absorber coating (Teixeira et al.  2001) made by sputtering 
(right). 
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2.5 State of the art selective absorber design 
A state-of-the-art selective absorber normally consist of thin films, sandwiched between the 
antireflection (AR) layer and a metallic substrate (Fig. 2.9), selectively absorbing in the solar 
spectrum and reflecting in the thermal spectrum: “a dark mirror”. The optical performance of 
dark mirror absorbers depends on the thin film design, thickness, surface roughness and 
optical constants of the constituents. The highest solar absorption is achieved if the film is a 
metal/dielectric graded composite (Farooq and Lee, 2003). An introduction to the theory of 
graded-index solar selective coatings can be found in (Buhrman, 1986). 
 

 
 
Figure 2.9. Depth profile design possibilities of solar absorber coatings. Adapted from 
(Czanderna, 2002). 
 
The graded composition as shown in Fig. 2.9 should be designed with a continuously decreas-
ing refractive index and an extinction coefficient from the substrate to the antireflection coat-
ing surface (Farooq and Lee, 2003). The ideal case is to have a refractive index n = 1 and 
extinction coefficient, k = 0 at the front surface in order to avoid refraction mismatch between 
air and the top coating. For graded surfaces, small particle composites tend to have large n 
values, and relatively high metal fraction composites are usually required in order to permit 
the utilization of the interference effect to obtain a relatively sharp absorptance edge 
(Buhrman, 1986). Thus an antireflection coating is necessary for reducing the front surface 
reflectance. 
 
To be effective an antireflection coating must have a refractive index approximately midway 
between that of air (n = 1) and the underlying metallic selective absorber (n ≈ 2.3). This range 
of n is well covered by common dielectrics and therefore it is quite easy to find an AR mate-
rial compatible with any particular selective absorber (Buhrman, 1986). An example of a suit-
able antireflection material is approximately 80 nm thick Al2O3 coating (Buhrman, 1986; 
Farooq and Lee, 2003). More detailed description of design and use of AR coatings can be 
found in e.g. (Yoshida, 1979; Gombert et al.  2000; Chen, 2001).  
 
The lowest thermal emissivity is achieved when the coating has non-metallic properties, i.e. k 
does not increase with wavelength, but preferably the opposite. Metallic properties within the 
base of the absorbing film will cause reduced infrared reflectance, i.e., increased thermal 
emittance. 
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In reality, a graded multilayer (2-5 layer) composite can produce over 95% absorptance with a 
very low emittance. By proper choice of layer thicknesses and refractive indices, the thin film 
destructive interference effect is in most cases used to enhance the solar absorptance. How-
ever, unity absorptance is almost impossible to attain in practice. For real absorbers the 
absorptance edge can not be completely step-like (see Fig. 2.7). Secondly, destructive 
interference affects reflectance throughout the solar spectrum. In addition, due to the wave-
length-independency of the refractive index of the AR coating, mismatch at some wavelength 
range can increase spectral reflectance. 

2.6 C/Al2O3/Al absorber surfaces 
The manufacturing of the C/Al2O3/Al surfaces studied in this work started with experiments 
based on well-known methods of aluminium dyeing (Wernick et al.  1987). The first chemi-
cally/mechanically manufactured surfaces analysed at our laboratory in 1997 showed a solar 
absorptance of ~0.6 and a thermal emittance of ~0.4.  In the beginning, there was no clear un-
derstanding of the physical properties of the experimental surfaces. The development steps of 
the manufacturing processes until the current low-cost novel mechanically driven abrasive 
method are described in Publication A. At present stage as a result of this thesis work, the un-
derstanding of the surface structure has increased significantly and also the optical properties 
have been clearly improved. These will be described in further sections in more detail. 
 
The latest versions of the surfaces were manufactured on Al-substrate sheets by mechanically 
operated grinding. The dimensions of the 99.5% pure Al-substrate sheets are: length 2 meters, 
width 0.12 meters and thickness 0.5 mm. The mechanical grinding method implements a non-
correlating classical random noise signal, which generates the control voltage for the X/Y –
electromagnetic control units of the grinding unit. The grinding unit drives a grinding pad at-
tached to a wheel head (Fig. 2.10). Very hard grinding particles, e.g. silicon carbide are at-
tached in the pad thus forming a 3-dimensional matrix. The size of the particles varies and is 
typically between 300 nm – 2 µm. While the pad wears, new particles come into touch with 
the surface of the absorber substrate, increasing the uniformity of the process. The Al-sub-
strate sheet moves back and forth under the grinding unit in a relatively slow motion, typically 
less than 1 m s-1. In addition, the grinding unit moves the grinding pad across the substrate 2-
dimensionally with variable speed (from zero to 20 m s-1) and direction. 
 
 

   
 
Figure 2.10. The non-correlating classical random noise used for moving the grinding pad in 
X/Y -directions across the substrate (left and right). The substrate moves back and forth 
slowly in Y-dimension (right, not to scale). 
 
During the grinding process the grinding pad is saturated with carbon dust, which is bound to 
the pad by static electricity. Carbon dust reacts with the surface being scratched (containing 
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Al2O3 and unoxidized Al) and atmospheric oxygen forming a matrix structure on the final sur-
face. This structure contains mainly the elements Al, O and C, and it covers the surface as a 
blackish or dark grey layer. Changing the size of grinding pressure, speed and time has a 
strong effect on the optical properties of the surface formed (Publications A-B). As a result of 
all the analyses, we assume that the carbon coverage and thickness mainly determine the solar 
absorptance of the surface with a possible small additional effect of optical trapping by 
surface roughness. The emittance is assumed to be determined by the carbon layer thickness 
as well, but surface roughness may contribute to it significantly.   
 
The effect of the alumina layer on both α and ε of the C/Al2O3/Al absorber is unknown as 
there is not certainty of its thickness and structural composition. Alumina is used as an 
antireflection layer (see Section 2.5), but it can contribute to the thermal emittance of 
C/Al2O3/Al surface as well, depending on the thickness of the alumina.        
  
Although a great number of absorber surfaces have been developed since the 1950s, the 
C/Al2O3/Al surface is unique in the following aspects: First, it combines a rough surface with 
a thin graphite-alumina absorption layer in a single phase manual or mechanical 
manufacturing process. Secondly, the manufacturing method is probably among the lowest 
capital cost methods available for achieving equally good optical properties and durability 
without environmentally harmful waste products. Virtually no infrastructure is required for 
manual manufacturing and the price of equipment for mechanical manufacturing may be 
some tens of thousands euros (Kilpi, 2003). The manufacturing infrastructure costs of the 
C/Al2O3/Al surface are approximately in the same range with the currently available 
commercial TSSS paints. For comparison, sputtering requires relatively large vacuum 
chambers and black chrome manufacturing requires large electrolyte tanks, which make both 
these technologies significantly more expensive.  
 
Previous studies of combining a graphite layer and a rough surface to form a solar absorber 
have been done by (Botten and Ritchie, 1977) and (Golomb, 1978). An early work about us-
ing mechanical grinding to increase the selectivity of surfaces prior to deposition of multi-
layer interference coating has been reported by Kudryashova (Kudryashova, 1969). The sur-
face manufacturing method described in this dissertation differs from these in that it utilizes 
mechanical grinding for adding a graphite layer on a metal substrate and thus forms the selec-
tive surface without further treatments. 

2.7 Mathematical modelling 
Mathematical modelling and performance simulation of the C/Al2O3/Al surfaces are out of the 
scope of this work. An introduction to modelling can be found in (Gordon, 2001). Effective 
medium theories can be used to derive the dielectric permeabilities of the heterogeneous 
layers of metal-dielectric absorbers (see Section 2.4 for more details about absorber design). 
The optical properties can then be calculated by standard methods (Gordon, 2001). Methods 
used for modelling include two-flux simulation such as Kubelka-Munk theory (Gunde et al.  
1996), four-flux simulation (Tesfamichael et al.  1998), N-flux simulation (Nitz et al.  1998) 
and Monte Carlo simulation (Nitz et al.  1998; Arancibia-Bulnes and Ruiz-Suarez, 1998). In 
the case of the C/Al2O3/Al absorber, more precise knowledge of the microstructure of the 
surface would first be needed to enable even crude modelling. 
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3 Experimental methods 

3.1 Optical  characterization 

3.1.1 Measurement of absorptance and emittance 

Spectrophotometers equipped with integrating spheres are typically used for the measurement 
of the hemispherical reflectance of absorber surfaces. UV-Vis.-NIR spectrophotometers 
measure the solar spectrum range and IR spectrometers cover the infrared range. The interior 
walls of the integrating spheres are coated with almost perfectly diffusing and highly 
reflecting materials, typically BaSO4 for the solar spectrum range and gold for IR 
wavelengths. The theory and design of integrating spheres, their use for spectral 
measurements, analyses of the results, error sources and error correction methods have been 
extensively reported in the literature (Gindele et al.  1985; Roos and Ribbing, 1988; Roos et 
al.  1988; Roos, 1991; Roos, 1993; Nostell et al.  1999b; Roos et al.  2000). 
 
The equipment used for solar absorptance measurements at the AES laboratory consists of a 
LI-COR LI-1800 portable spectroradiometer with an external integrating sphere attached via a 
quartz fibre optic probe. The inner walls of the integrating sphere are coated with BaSO4 and 
a BaSO4 plate is used as a reference (Fig. 3.1). The incident angle of reflectance is 10° (not 
indicated in Fig. 3.1, left). 
 

  
 
Figure 3.1. Li-cor integrating sphere operational schematic diagram. Internal (left) and exter-
nal (right) view. 
 
The solar hemispherical absorptance, α, was determined by measuring the monochromatic 
hemispherical reflectance ρλ from 0.39 to 1.1 µm, and α was calculated (based on Eq. 2-8 and 
2-11). 
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where Gλ is the monochromatic solar normal irradiance for air mass 1.5 (ISO, 1992). 
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A MIDAC Prospect IR FTIR-spectrometer is used for emittance measurements between 2.5 - 
20 µm. The system consists of a main unit and a DRIFT accessory for partially spherical 
measurement as it was not possible to install an integrating sphere for the MIDAC system. 
More details of the emittance measurements are given in Section 3.1.4 “Error estimates of 
emittance measurement”.  
 
The infrared (semi)hemispherical emittance, ε, was determined by measuring the monochro-
matic (semi)hemispherical reflectance ρλ from 2.5 to 20 µm, and ε was calculated (based on 
Eq. 2-9 – 2-11): 
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where Eλb is the monochromatic Planck blackbody emittance at 100 °C. 

3.1.2 Reference measurements 

Not having an IR-spectrometer equipped with a proper integrating sphere, reference 
measurements were required in order to calibrate our system to give reliable results. Addi-
tionally, it was not possible to measure between 0.3 – 0.39 µm and 1.1 – 2.5 µm with our 
equipment. With reference measurements we could measure the whole UV–Vis.–IR spectrum 
between 0.3 – 20 µm and verify the results of our measurements (see Publications A-D for 
more details). 
 
In total about one thousand C/Al2O3/Al samples have been optically characterized with the 
LI-COR LI-1800 spectroradiometer and the MIDAC Prospect IR FTIR -spectrometer. 
Reference measurements for 11 C/Al2O3/Al samples and one sputtered reference sample were 
conducted by Dr. Tuquabo Tesfamichael at the Ångström laboratory of Uppsala University, 
Sweden. The equipment included a Beckman spectrophotometer UV 5240 with integrating 
sphere and a Bomem Michelson 110 FTIR spectrometer with integrating sphere (see 
(Tesfamichael, 2000) for more details about the equipment).  
 
The hemispherical absorptance measurements done at HUT comply within one percentage 
point for eight C/Al2O3/Al samples out of 11 with the Uppsala results. Results were within 1.5 
per cent for two samples and 3 per cent for one sample.  There are two main reasons for the 
differences: First, the Li-cor device used at HUT can not measure wavelength ranges of 0.3 – 
0.39 µm (UV) and 1.1 – 2.5 µm (NIR). αλ of C/Al2O3/Al surfaces is typically smaller in the 
far end of NIR spectrum compared to Vis. – near NIR spectrum (Fig. 3.2, sample A). This 
increases the integrated α measured at the HUT compared to the Uppsala results. Secondly, 
spectral values of αλ are typically about 1-2 percentage points lower for all the HUT measure-
ments (Fig. 3.2). Possible causes for lower spectral values are differences in the quality of the 
reference sample, quality of the inner BaSO4 coating of the integrating sphere and optics of 
the measurement equipment. 
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Figure 3.2. Typical monochromatic hemispherical absorptance measurement results (HUT) 
and reference measurement results from Uppsala. 
 
The hemispherical emittance measurement results between Uppsala and HUT varied from -4 
to +10 percentage points1 for all the C/Al2O3/Al samples and +11 percentage points for the 
sputtered reference sample before calibrating the MIDAC Spectrometer. After calibration the 
absolute differences in ε between HUT and Uppsala measurements were within 1-2 percent-
age points for all samples (see Section ‘3.1.4 Error estimates of emittance measurement’). 

3.1.3 Error estimates of absorptance measurements  

The accuracy of measurement is affected by the physical properties of all the equipment in the 
path of light: the illuminator, the integrating sphere, the quartz fibre optic probe, the filter, the 
monochromator and the detector. Therefore an absolute calibration spectrum is needed. When 
using the external integrating sphere, a calibration spectrum of a reference sample of BaSO4 is 
measured before each new sample is measured. This minimises the effect of changes in 
environmental factors. However, according to Roos and Ribbing (Roos and Ribbing, 1988) 
for strongly diffusing samples a PTFE reference would be preferred and a BaSO4 reference is 
better suited for specular samples. In addition, measurement of the calibration spectrum can 
cause some systematic error to the following absorptance measurement. 
 
The manufacturer calibrates the LI-1800 at approximately 25 °C. The temperature of the room 
where we measure is usually between 22 – 27 °C. Error caused by a change of temperature 
varies from 0 up to 6 per cent, depending on the wavelength. According to the manufacturer, 
the temperature dependence is not a problem as long as measurements are taken at about the 
calibrating temperature. 
 
As mentioned earlier, the monochromatic hemispherical reflectance is measured at wave-
lengths between 390 and 1100 nm. 300 – 390 nm could be measured with the 
spectroradiometer as well, but data below 390 nm have proven to be inaccurate since the 
quartz fibre cable of the integrating sphere transmits little UV radiation. The “worst case” 
absorptance measurement error between 350 – 1100 nm is about ±5 percentage points (Myers, 
2003). However, repeated measurements of any optically homogeneous sample give quite 
similar results, the standard deviation typically being below 0.005. 

                                                 
1 Being above 4 per cent only for the samples that suffered intensive damage in the 
accelerated aging tests  
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3.1.4 Error estimates of emittance measurement 

Error in the emittance measurements is caused by the properties of the MIDAC spectrometer, 
the DRIFT accessory and the combination of these two. The DRIFT accessory is not 
specifically designed to be used with the MIDAC spectrometer. Halme (Halme, 2000) has 
studied the previously unknown error sources of the MIDAC-DRIFT assembly. After receiv-
ing the reference emittance results we calibrated the assembly accordingly to correspond with 
the results.  
 
Anomalies in the emittance spectrum measured with the HUT equipment between 5.5 – 10 
µm (Fig. 3.3) are most likely due to non-unity spectral reflectance of the mirror used as a 
reference (Halme, 2000). To verify this, diffusely reflective KBr powder (Graseby Specac 
Ltd, 2000) was used as a reference instead of a specularly reflecting mirror and the resulting 
monochromatic hemispherical emittance was scaled to the same level (Fig. 3.4). The results 
show that the anomalies disappear almost completely, which support the theory of non-unity 
mirror reflectance. 
 
The reason for using a mirror as a reference is based on the geometry of the DRIFT accessory 
and the corresponding beam path (Halme, 2000). In order to use any diffusely reflecting 
reference material we would need to know the angular distribution of its spectral reflectance. 
As this is not known for the KBr powder, a mirror with assumed unity angular spectral re-
flectance is used. The error in ε caused by non-unity spectral reflectance between 5.5 – 10 µm 
is in the range of one percentage point in most cases. 
 

 
 
Figure 3.3. Typical monochromatic hemispherical emittance measurement results (HUT) and 
reference measurement results from Uppsala. A mirror has been used as a reference for HUT 
measurements.  
 
As a result of the calibrating process of the LI-COR spectroradiometer and the MIDAC 
spectrometer, both the solar absorptance and thermal emittance of absorber samples can be 
measured with reasonable accuracy and good repeatability. A typical accuracy for C/Al2O3/Al 
samples is within ± 1 – 2 percentage units compared to the measurements performed at 
Uppsala University. 
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Figure 3.4. Typical monochromatic hemispherical emittance measurements for a mirror 
reference and a KBr reference (HUT). Results scaled to the same level (Y-axis only). 
 
The measurement error estimate of an integrating sphere (and the DRIFT accessory) depends 
on the homogeneity of the sample as well. If the reflection of a sample is strongly angle-de-
pendent, the results can vary more than 50 per cent when a round sample is turned 60° be-
tween measurements with an integrating sphere (Roos et al.  1988). Results for the 
C/Al2O3/Al samples show no angle-dependent behaviour (Publication A). 
 
After calibrating the MIDAC-DRIFT assembly, the absolute differences in ε between HUT 
and Uppsala measurements were within 1-2 percentage points for all samples (Fig. 3.3). The 
same samples were measured in both places, but the exact measured area varied slightly. 
 
However, the DRIFT accessory can not be recommended for this kind of analysis due to the 
fact that the sample size is restricted to a disk with a 10 mm diameter. This requires cutting a 
new disk from the sample after every absorptance measurement. The disk can not be utilized 
in further tests, as it is too small in diameter to be measured with the LI-COR spectroradiome-
ter. Therefore the number of emittance and absorptance measurements possible for each sam-
ple is quite restricted, especially if the samples are 50 x 50 mm or smaller in size. In addition, 
quality variation in production caused 1-3 per cent variation in optical properties of many 
C/Al2O3/Al samples. This caused a lot of extra work in determining the actual changes in the 
α and ε due to aging tests: after initial measuring of α and ε of any given spot, no subsequent 
measurements of α of the same spot could be made. Therefore extra care had to be taken in 
selecting samples with uniform optical properties over an area large enough for several 
measurements. 

3.2 Microstructural characterization  
Microstructural characterisation of C/Al2O3/Al absorber samples was performed with scan-
ning electron microscopy (SEM) (model JEOL JSM-820), field emission scanning electron 
microscopy (FESEM) (model DSM 982 Gemini), energy dispersive x-ray spectroscopy 
(EDS) (model JEOL JSM-820 with a PGT IMIX and model DSM 982 Gemini with a Noran 
Pioneer Si(Li) x-ray detector), x-ray photoelectron spectroscopy (XPS) (model Surface Sci-
ence Instruments SSX-100), optical microscopy (Nikon type 104 equipped with a JVC 3-
CCD colour video camera, model KY-F55B) and atomic force microscopy (AFM) (model 
DME Rasterscope 4000). 
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In the literature, a variety of other methods have been used for microstructural 
characterization of solar absorber surfaces. Examples of these are Auger electron 
spectroscopy (AES) (Shanker and Holloway, 1985; Pavlovic and Ignatiev, 1987; Vuletin et al.  
1989; Taixin et al.  1993; Kaltenbach et al.  1998; Süzer et al.  1998) and elastic recoil 
detection analysis (ERDA) (Assmann et al.  1996; Eisenhammer et al.  1998).  

3.2.1 Scanning electron microscopy and energy dispersive x-ray spectroscopy  

A scanning electron microscope functions by scanning a focused beam of high energy elec-
trons across a sample surface. The beam-specimen interaction produces a number of signals 
including secondary electrons, back-scattered electrons and x-rays (Fig. 3.5). The image is 
formed by using a detector, an amplifier and a cathode ray tube (CRT) display. The back-
scattered electrons provide an image with atomic number contrast. x-rays are produced by the 
interaction of the electron beam with atoms in the specimen. These x-rays are characteristic of 
the elements present and they may be separated in an energy spectrum to identify the ele-
mental composition of the specimen. This method is called energy dispersive x-ray spectros-
copy (EDS). A detailed description of operation principle of SEM and EDS can be found in 
e.g. (Goldstein et al.  1992). Field emission SEM (FESEM) is similar to SEM, except that it is 
equipped with a field-emission cathode in the electron gun. It provides narrower probing 
beams at low as well as high electron energy, resulting in both improved spatial resolution 
and minimized sample charging and damage compared to SEM. 
 

 
Figure 3.5. Primary electron beam and the corresponding signals generated by the sample 
(Jeol Ltd.) 

3.2.2 x-ray photoelectron spectroscopy 

In x-ray photoelectron spectroscopy, a sample is illuminated with x-rays which excite photo-
electrons from the surface (Christie, 1989). A major advantage of the technique is that the 
photoelectron energy is dependent on the precise chemical configuration of the surface atoms 
and pronounced chemical shifts are produced in the position of the peaks in the XPS spec-
trum. The photoemission of the sample is observed by measuring the energy spectrum of the 
emitted photoelectrons. Since the energy levels are quantised (Christie, 1989, pp. 129-131), 
the photoelectrons have a kinetic energy distribution, N(E), consisting of a series of discrete 
bands that essentially reflects the “shell” form of electronic structure of the atoms in the sam-
ple. The experimental determination of N(E) by a kinetic energy analysis of the photoelec-
trons produced by exposure to x-rays is termed x-ray photoelectron spectroscopy. 

3.2.3 Optical microscopy 

An optical microscope was used for imaging the absorber samples at lower magnifications. 
With this model solid samples can be illuminated from the top thus providing a clear image of 
the object. A charge coupled device (CCD) camera was used for digital imaging of the 
samples. A limiting factor of using light microscopy for characterization of solar absorber 
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surfaces is its resolution, which is estimated to be approximately 1 – 2 times the wavelength 
of the incident light for 10x – 40x magnifications used. However, optical microscopy was 
useful for gaining additional information on C/Al2O3/Al samples due to their relatively gross 
microstructural nature (see Section 5.1.3 Optical microscopy analyses). 

3.2.4 Atomic force microscopy 

Atomic force microscopy (AFM) (Binnig et al. 1986) is in principle a scanning probe 
microscope. Unlike optical and electron microscopes which 'look' at the sample, the probe 
microscope form image by 'feeling' the structure of the sample. In the AFM, the probe is 
mounted on a spring, and is brought into contact with a surface such that it experiences a very 
small interaction force, usually of the order of nano-newtons. The probe is then raster scanned 
across the surface, while maintaining a constant force between the tip and the sample (Figure 
3.6). These deflections of the cantilever, which are caused by changes in surface stiffness or 
topography, allow the AFM to record topographic contours of a surface. 
 
 

 
 
Figure 3.6. Description of the operation of an AFM. A tip follows contour B to maintain 
constant force between the tip and a sample. The force can come from an AC voltage on the 
tip, or from an externally applied magnetic field for adatoms with a magnetic moment. 
Adapted from (Binnig et al.  1986) 
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4 Accelerated aging 
 
Accelerated aging tests are used to estimate the service lifetime of solar absorber surfaces. A 
minimum service lifetime of 25 years is a commonly used target when designing new absorb-
ers. The maximum service lifetime of an absorber coating is reached if the annual solar frac-
tion of a domestic hot water system is decreased by 5% due to deterioration of its optical 
properties caused by degradation. Accelerated aging tests are typically conducted under three 
different conditions: a) high temperatures and low humidity, b) service temperatures under 
condensation conditions and c) service temperatures and high humidity air containing sulphur 
dioxide (Carlsson et al.  1994; Brunold et al.  2000a; Brunold et al.  2000b; Carlsson et al.  
2000a; Carlsson et al.  2000b; Köhl, 2001). 
 
IEA Solar Heating and Cooling Programme (IEA SHC) Working Group “Materials in Solar 
Thermal Collectors” (MSTC) has proposed an accelerated aging test procedure as a standard 
to the ISO TC 180 ´Solar Energy` (draft ISO/DIS 12592) (Brunold et al.  2000a; Brunold et 
al.  2000b). Further IEA SHC work concerning accelerated aging of solar absorber materials 
will be published in (Czanderna, 2002). Earlier IEA SHC accelerated aging studies include 
(Lampert, 1989; Hollands et al.  1990; Carlsson et al.  1994). 
 
Additional information about accelerated aging of solar absorber surfaces can be found in the 
following publications: (Pettit, 1983; Mabon and Inal, 1984; Moore, 1986; Köhl et al.  1989; 
Roos and Georgeson, 1991; Taixin et al.  1993; Lee et al.  1993; Schön et al.  1994; Gampp et 
al.  1994; Orel and Orel, 1995; Chaudhuri et al.  1997; Kaltenbach et al.  1998; Gampp et al.  
1998; Konttinen, 2000; Schuler et al.  2000; Kaluza et al.  2001; Köhl, 2001; Schuler et al.  
2001; Ghodsi et al.  2001) 

4.1 Aging factors 
According to the IEA SHC Task X and the working group MSTC results, (Carlsson et al.  
1994; Brunold et al.  2000b) the main degradation mechanisms contributing to the degrada-
tion of solar energy absorber surfaces are: 

• Degradation due to thermal load (oxidation) 
• Degradation due to high humidity or condensation of water on the absorber surface 

(hydration and hydrolysis) 
• Degradation due to air pollutants such as sulphur dioxide (atmospheric corrosion) 

 
The standard tests (draft ISO/DIS 12592) were originally designed for the qualification of 
electroplated and sputtered selective absorber coatings. According to (Carlsson et al.  2000b), 
if a surface consists of an organic coating, the effect of UV-degradation on the optical per-
formance should be considered as well. Other possible degradation factors are described by 
Lampert (Lampert, 1989). These include physical stress, abrasives and dirt.  

4.2 Testing procedure, standard tests 
The testing procedure of the draft ISO/DIS 12592 document consists of temperature tests, 
condensation tests and sulphur dioxide tests. A detailed description of the testing procedure 
can be found in, e.g., (Carlsson et al.  2000b). A brief introduction is given below. 
 
For estimating the acceptable service life of an absorber coating, the IEA SHC Task X 
(Carlsson et al.  1994) has defined a performance criterion function, PC: 
 

05.025.0 ≤∆+∆−= εαPC                             (4-1) 
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When the value of the PC function has been increased to 0.05, the solar fraction of a domestic 
hot water (DHW) system has been reduced by around 5 per cent in a relative sense for a low-
fraction flat plate collector solar DHW system (Carlsson et al.  2000b). The absorber surface 
should consequently be considered to have failed, due to degradation in the optical 
performance. 
 
The thermal stability test consists of an initial test at 250°C for 200h followed by an adhesion 
test (Carlsson et al.  2000b). The absorber panel size is 50 mm x 50 mm for all tests, and three 
samples are tested simultaneously. Additional tests may be required at different temperatures 
and/or for different test duration, depending on the results of the initial test (see Table 4.1). 
The adhesion of the coating prior to and after each test can be assessed by a procedure 
standardised in ISO 4624 or by a simple tape test. 
 
Table 4.1. Testing procedure for qualification of the thermal stability of absorber surfaces 
(Carlsson et al, 2000b). 

 
a If a tape test is used check the adhesion between the coating and the substrate, the adhesion between the tape 
and the coating should be better than 0.15 MPa. 
b A more comprehensive investigation of the thermal stability is recommended. 
c Estimate by interpolation, the testing time, that would correspond to PC = 0.05. Determine the lowest 
acceptable activation energy on the 250°C curve in Fig 3. in (Carlsson et al, 2000b) and also the corresponding 
failure time in a test at 200°C and perform that test for a period corresponding to that time. Determine after the 
test PC and if relevant also the adhesion of the coating.  
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Moisture tests consist of initial tests at an absorber panel temperature of 40°C for 80 - 600h 
(Carlsson et al.  2000b). Absorber samples are cooled to 5°C below the chamber temperature 
thus causing continuous condensation on the surfaces. Subsequent tests, if needed, depend on 
the initial test results (Table 4.2). 
 
Table 4.2. Testing procedure for qualification of the resistance to moisture of absorber surface 
(Carlsson et al, 2000b) 

 
a If a tape test is used check the adhesion between the coating and the substrate, the adhesion between the tape 
and the coating should be better than 0.15 MPa. 
b If PC > 0.05 after 80 h of testing, perform a new test at 40°C for 40 h. If PC > 0.05 after 150 h of testing, 300 h 
of testing, and 600 h of testing, perform new tests at 40°C for 115 h, 225 h, and 450 h, respectively. Perform test 
i2 without any interruptions for measurements until after complete test. 
c A more comprehensive investigation of the resistance to moisture is recommended. 
d Estimate by interpolation, the testing time, which should correspond to PC = 0.05. Determine the lowest 
acceptable activation energy on the 40°C curve in Fig. 5 in (Carlsson et al, 2000b) and also the corresponding 
testing time for a test f2 at 30°C. 
 
Atmospheric corrosion resistance testing is determined by exposing absorber samples to cir-
culating air of a relative humidity of 95 per cent, temperature of 20°C, and with a con-
centration of sulphur dioxide of 1 ppm. According to Carlsson et al. (2000b), the test is es-
sentially performed as described in ISO 10062 ‘Corrosion tests in artificial atmosphere at very 
low concentrations of polluting gases’. 
 
The results of each test are analysed separately, and the dominant aging factors are deter-
mined for the absorber being tested. 
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4.3 Equipment used at HUT 
A high temperature air-circulating oven was utilized for thermal stability testing (Publication 
D). The oven meets the IEA SHC testing equipment requirements (Carlsson et al.  2000b) for 
assessing the thermal stability of an absorber surface, except for the cooling rate requirement. 
Therefore the test panels were removed from the oven immediately after the specified testing 
time was reached, as recommended by Carlsson et al. (Carlsson et al.  2000b). 
 
A climate chamber (Fig. 4.1) was used for moisture and condensation testing (Publication D). 
The climate chamber meets the IEA SHC testing equipment requirements for assessing the 
resistance of the absorber surface to moisture (Carlsson et al.  2000b). An exception was that 
due to technical restrictions cooling fluid flow was less than recommended 90 l min-1 thus in-
creasing the temperature difference between the three samples. To minimize the effect of this 
we accepted results only for the two samples adjacent to the sample temperature sensor (see 
Fig. 4.1) if the result of the third sample deviated from these significantly. 

4.4 Additional aging tests, thermal cycling and irradiation 
In addition to standard accelerated aging testing, additional temperature and irradiance cy-
cling tests were performed in three phases (Publication E). The test method and equipment are 
described in detail in (Konttinen, 2000). Fig. 4.2 shows an overview of the inner chamber of 
the climate chamber together with the UV lamps and sample holder used for phase 3 testing. 
Phase 2 was otherwise similar except that the lamps were oriented vertically and the samples 
horizontally. For phase 1 an external solar simulator was used and the samples were oriented 
vertically. 
 
The purpose of the cycling test was to simulate and accelerate the temperature and irradiance 
conditions that the absorber surfaces are exposed to in normal outdoor use. The upper tem-
perature limit of the chamber was a restrictive factor as the maximum selective C/Al2O3/Al 
absorber surface stagnation temperatures inside a flat plate solar collector can rise up to 
180°C. Therefore additional tests were performed at 120°C and 180°C for determining the 
effect of constant temperature alone on the optical properties. 
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Figure 4.1. A view of the climate chamber used at HUT for moisture and condensation tests. 
Inner chamber dimensions 0.59 x 0.8 x 0.75 m, volume 354 litres. 
 

 
 
Figure 4.2. A view of the climate chamber used for phase 3 UV exposure and temperature 
cycling testing (reconstructed). Six samples (7 cm x 7 cm) can be tested simultaneously at 30° 
slope inclination. One sample can be tested in the middle of the sample holder with 
approximately 75% higher irradiance. 
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4.5 Additional aging tests, total-immersion simulated acid and neutral rain  
Degradation mechanisms of unglazed C/Al2O3/Al solar absorber surfaces based on aluminium 
substrate were studied. Unglazed solar absorbers are subject to ambient conditions, such as 
rain, wind and deposits, more severe than absorber surfaces inside covered collectors. The 
complexity of the possible degradation mechanisms and their interactions make it difficult to 
estimate the effect of different ambient factors on the lifetime of an unglazed absorber. 
However, the effect of individual factors can be examined in laboratory conditions in order to 
provide a picture of their influence on the behaviour of the absorber in the corrosive medium. 
This will aid in deciding whether the operating conditions are favourable or unfavourable to 
the corrosion resistance of the absorber.  
 
Surface samples were immersed (Fig. 4.3) to O2-aerated or zero-aerated (with N2) simulated 
acid rain with pH 3.5 and pH 4.5, and simulated neutral rain with pH 5.5, at temperatures of 
60, 80 and 99 °C (Publication G). Temperature levels were chosen based on calculated 
stagnation temperature levels in Helsinki. Samples were analysed optically with LI-COR and 
MIDAC spectrometers. Thermogravimetry (TA, Mettler TA thermal analysis system) was 
used to determine the mass changes of some of the samples exposed to simulated rain tests. 
EDS was used to study the elemental composition changes. 
 

 
 
Figure 4.3. Photograph of the simulated rain total-immersion setup including a three-necked 
flask (250 ml volume), 100 ml of simulated rain, a C/Al2O3/Al absorber sample (23 x 50 mm 
in size) and a gas distribution tube. Heating system consisting of paraffin oil bath, heater and 
temperature controller is not shown. 
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5 Results 

5.1 Optical and microstructural characterization 

5.1.1 SEM and EDS analyses 

The C/Al2O3/Al surfaces were first characterized by SEM (model JEOL JSM-820) and EDS 
(model PGT IMIX). At that time there was no clear understanding of the physics of the sur-
face or interrelationship between surface microstructure and its optical properties. The micro-
structure of the surface as seen by SEM (Fig 5.1) is that of small grooves, organized in a 
heterogeneous two-dimensional (and partly three-dimensional) groove matrix (Publication A). 
The width of the grooves varies, and is typically between 1 and 2 µm. Due to continuous 
grinding process, some of the grooves are deeper and/or have sharper edges than the others. 
The probable cause for this is that during grinding the grooves formed earlier are ground over 
multiple times with grains of different size and shape, causing only the latest formed grooves 
to appear very clear and sharp-edged. 
 

  
 
Figure 5.1. SEM micrograph of a typical C/Al2O3/Al surface (denoted as A in Publications A 
and B) (left) and magnification the vertical microgroove in the middle (right). 
 
For determining the elemental composition of the surface concurrent EDS analyses were con-
ducted. Very small traces of Si, Mn, Fe and Cu were detected. EDS showed a tiny amount of 
carbon as well but this was expected as the samples shown in Fig. 5.1 were coated with a thin 
layer of carbon prior to the analyses! According to the Al-sheet manufacturer, the sheet can 
contain small amount of Si, Fe, Cu, Mn, Mg, Zn and Ti (Table 5.1). 
 
Table 5.1. Elemental composition of the Al substrate sheet according to the Al manufacturer. 
Specifications: 99.5% purity, EN AW 1050A, hardness number 14. 
 Si Fe Cu Mn Mg Zn Ti Al 
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.50 
Max 0.25 0.40 0.05 0.05 0.05 0.07 0.05 - 
 
In further SEM and EDS analyses, gold was used as the coating material instead of carbon. 
By analysing both the active surface side and the backside of a gold-coated sample we could 
determine the existence of the carbon layer formed during the manufacturing process (Fig. 
5.2). Further XPS analyses have verified these results (Publication C). 
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Figure 5.2. EDS -analysis of a typical C/Al2O3/Al surface, ground manually for 15 minutes. 
Untreated aluminium backside of the same sheet shown as a reference. 
 
The EDS analyses show that there is a significant difference in oxygen content between a 
typical C/Al2O3/Al surface and its untreated aluminium backside.  In addition, there is some 
difference in carbon content and virtually no difference in aluminium content. Therefore, 
during grinding some of the elemental components of the Al surface are strongly oxidized and 
some carbon is added on the surface. Some of the carbon measured from the backside may be 
due to carbon dust contamination during the grinding process, although the surface was 
cleaned, probably with ethanol, prior to the analysis.  

5.1.2 XPS analyses 

In order to verify the chemical composition of the added oxygen and carbon compound on the 
surface, two samples of a typical C/Al2O3/Al surface were analysed by XPS (Publication B). 
The results are shown in Fig. 5.3, the two samples are denoted as 1 and 2. The XPS result for 
the oxygen compound is Al2O3, likely to be formed in the grinding process of Al-sheet in air. 
The Al2O3 –related peak intensities of the binding energies are 74.3 eV (Paparazzo, 1988) and 
74.35 eV (Nefedov, 1982) as well as O1s with 531.52 eV (Wagner et al.  1982). The C1s 
compound corresponding to the peak binding energy of 284.8 eV may be carbon in graphite 
form (Bachman and Vasile, 1989). Some other potential C1s matches such as HC=O, CO, 
(CH2)n, CHO, not marked in Fig. 5.3 with smaller binding energy intensities could have been 
formed. 
 
In addition, the backside of a sample was analysed (Publication B), denoted as "back" in Fig. 
5.3. Due to the nature of the manufacturing method containing carbon dust, the backside of 
the substrate is contaminated with carbon compounds while attached to the grinding bed. As 
the front and back surfaces of the C/Al2O3/Al samples contain a large amount of carbon, XPS 
alone cannot be regarded as an absolutely reliable method for determining the chemical 
composition of the surface. The energy scale was fixed to Al2p for all samples assuming 
Al2O3 would be found and the C1s and O1s peak intensities were gained as a result. This may 
have caused some displacement in C1s and O1s results. Secondly, exact peak binding 
energies varied slightly between measurements. In addition, according to (Süzer et al.  1999) 
even with the C1s peak as a reference at 285.0 eV referencing errors up to about 1 eV are not 
uncommon. Therefore interpretation of the C1s carbon compound as graphite includes some 
uncertainty. 
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Figure 5.3. XPS analysis of two samples of a typical surface, denoted as 1 and 2, and backside 
of the surface, denoted as "back". Corresponding peak intensity binding energies of samples 1 
and 2 are related to Al2O3 (74.35 eV and 531.52 eV) and C in graphite form (284.8 eV). 

5.1.3 Optical microscopy analyses 

Optical microscopy was utilized to analyse the form and distribution of the carbon layer of the 
surface (Publication B). Based on the optical microscopy analysis, it may be possible that the 
grinding process mechanically incorporates adsorbed and agglomerated graphite or a mixture 
of graphite-alumina into the surface. The carbon matrix structure in turn could be composed 
of agglomerated graphite or graphite-alumina clusters. 
 
Assuming a graphite cluster interpretation, then the graphite thickness and coverage is likely 
to dominate the absorption of the surface, since no absorptance higher than 0.91 has been 
achieved so far. If the surface would be covered by a homogeneous sufficiently thick carbon 
layer, the solar absorptance would be up to 0.94 (Duffie and Beckman, 1991). In order to find 
the manufacturing parameters which would maximize α, 27 experimental samples were 
manufactured (Publication B). Most of these surfaces have α over 0.88 and ε higher than 
0.25. Fig. 5.4 shows optical photographs of the samples with the smallest (sample number 25) 
and the highest (sample number 16) emittance. The photographs were taken with exactly the 
same microscope parameters (see Publication B for more details). The absorptance of samples 
25 and 16 is 0.90 and 0.91 and the emittance is 0.22 and 0.46, respectively. As can be seen by 
comparing samples 25 and 26, the surface of sample 16 appears significantly darker than the 
surface of sample 25. In addition, the visible graphite coverage is larger for sample 16. It 
should be noted that the optical resolution of the optical microscope and CCD-camera used 
for obtaining Fig. 5.4 and other optical photographs in Publication B prohibits analyses of 
objects of size smaller than approximately 1-2 times the wavelength of incident light. For 
example, the observed contrast between topographic microgrooves and plateaus of the same 
size range might occur only because of light trapping in the grooves themselves irrespective 
of any absorbing carbon layer. However, analyses of larger areas together with measured 
optical properties indicate differences between the two surfaces. 
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Figure 5.4. Optical photograph of the surface sample number 25 (left) and sample number 16 
(right).  
 
The author estimated the luminosity of samples 25 and 16 with the Adobe Photoshop 5.0 pro-
gram (Publication B). The luminosity distribution of sample 16 is significantly more biased 
towards dark end of the scale. Although it is not possible to directly determine the thickness 
of the graphite layer from the luminosity analysis, it is likely that the assumed graphite layer 
of sample 16 is significantly thicker than sample 25. This results in more than doubling 
ε compared to sample 25. However, the estimated graphite coverage difference between 
samples 25 and 16 has almost no effect on α. The thicker graphite layer of sample 16 does not 
compensate for the estimated missing graphite coverage, and therefore α does not rise above 
0.91 even for the samples with the highest ε.  

5.1.4 AFM analyses 

Atomic force microscopy (AFM) was used to determine the 3-dimensional structure of the 
optically best surface shown in Fig. 5.4 (left) in more detail. The maximum measuring area is 
50 x 50 µm. Fig. 5.5 shows typical 3- and 2-dimensional AFM micrographs of the surface and 
Fig. 5.6 shows profiles of three cross sections denoted as 1-3 in Figs. 5.5 and 5.6.  
 
Contrast from white to black in the AFM micrographs indicates the height of the measured 
point from top to bottom, respectively. The width of the three microgrooves visible within 
profiles 1 – 3 is approximately 0.7 – 1.2 µm. Microgroove profiles are clearly distinguishable 
from cross section profiles 1 – 2: At the approximate height of 200 nm (80 nm from the 
groove bottom) both profiles becomes sharply broader on one side indicating the end of a 
clearly separate single microgroove. In contrast profile 3 has a knifelike sharp V-form having 
a height of 160 nm from the groove bottom. These results indicate that the surface has micro-
grooves with variable sharpness and a depth of approximately 80 – 160 nm. The total differ-
ence in elevation is approximately 400 nm, which is typical for this surface (based on all the 
AFM analyses conducted on this surface). 
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Figure 5.5. 3D (left) and 2D (right) AFM micrographs of the same area of an absorber sample 
having α = 0.90 and ε = 0.22 (denoted as surface 25 in Publication B). Surface area is 25 x 25 
µm. Optical photograph of different area of the same surface sample is shown in Fig. 5.4 
(left). Cross section profiles of areas denoted as 1-3 are shown in Fig. 5.6. 

 
Figure 5.6. Cross section profiles of the three microgrooves denoted as 1-3 in Fig. 5.5 (right). 

5.1.5 Crosscut sample SEM analyses 

Fig. 5.7 shows a crosscut field emission SEM micrograph (FESEM type DSM 982 Gemini) of 
a typical absorber surface sample (Publication B). Visible in Fig. 5.7 (just below the surface 
borderline) are light colour areas (denoted as 3), which may be interpreted as clustered graph-
ite adsorbed and agglomerated on the Al2O3/Al surface. The estimated maximum visible 
graphite cluster thickness is approximately 300 nm. Another possibility is that the interface 3 
in Fig. 5.7 consists of a mixture of graphite and alumina on Al substrate. Further FESEM and 
EDS analyses were conducted in order to verify the composition of the interface. The same 
crosscut sample as in Fig. 5.7 was carefully cleaned by a series of ultrasonic cleaning treat-
ments, first four times in 99% pure ethanol, followed with acetone and the final ethanol 
treatments, three minutes each. After cleaning, the sample was analysed again with the same 
FESEM and EDS as before. Fig. 5.8 shows a FESEM micrograph and the corresponding ele-
mental map of one area of the surface. 
 



 47

 
 
Figure 5.7. A crosscut FESEM micrograph of a typical surface sample, horizontal sample 
orientation. 1) stainless steel (SS) attached on top of the surface before crosscutting, 2) 
surface borderline between the SS and Al2O3/Al layers, 3) areas that may be interpreted as 
graphite clusters (or mixture of graphite-alumina) agglomerated on the Al surface 4) Al 
substrate. 
 

 
 
Figure 5.8. A crosscut FESEM micrograph (Cell 5) of another spot of the same sample as in 
Fig. 5.7 after a series of ultrasonic cleaning treatments. Vertical sample orientation, Al-sub-
strate on the left, SS layer on the right, vertical borderline in between. Corresponding ele-
mental mapping EDS analyses from K-shells of C, O, Al and Fe (Cell 1 to Cell 4, respec-
tively).  
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It is very difficult to interpret the elemental composition of the interface layer from the ele-
mental mapping EDS analyses in Fig. 5.8. The dominant Al-layer, with some Fe-
contamination on it, can be clearly identified. Similarly the area on the upper right is clearly 
SS. However, the large area on the right contains both Fe and O thus indicating an oxidized 
steel layer of approximately 10 µm in thickness. It is unknown if this oxidized layer has been 
on the surface during the manufacturing, or if it has formed later. The most uncertain is the 
interpretation of the carbon-containing interface layer. In this as all the other EDS analyses 
topographic differences interfere with the EDS signals adding extra uncertainty for interface 
analyses. It has not been possible to positively determine the elemental composition of the 
absorber crosscut surface interface layer from this or other EDS analyses conducted 
(Publications B and C). The interface might contain separate graphite clusters, but there could 
be intermixed graphite-alumina layers as well, or even other carbon compounds.  
 
The crosscut sample should be manufactured in a way that keeps the graphite or graphite-
alumina layer intact, and that produces as flat as possible crosscut surface. The problem is that 
so far no better method than that used for the sample presented in Figs. 5.7 – 5.8  has been 
found for manufacturing and preparing such a carbon-containing crosscut sample. If the 
surface is coated with, e.g., gold, sharp and clear micrographs can be obtained, but no reliable 
elemental analyses are possible. Therefore the author refrains from presenting micrographs or 
EDS analyses taken from gold-coated crosscut samples due to the uncertainty of their 
analyses. 

5.1.6 Summary of microstructural analyses 

The optical properties and durability of the surface essentially depend on the microstructure 
of the absorber surface. Scanning electron microscopy, energy dispersive x-ray spectroscopy, 
x-ray photoelectron spectroscopy, optical microscopy, thermogravimetry and atomic force 
microscopy were used to study and analyse the microstructure of the C/Al2O3/Al surface from 
different points of view. As a result of all these analyses we have gained a relatively good 
understanding of the microstructure of the C/Al2O3/Al surface. However, some questions 
remain for further studies. The analyses show that carbon may be clustered in a graphite form 
on the surface as layers with thickness varying between 0 and 400 nm. The surface contains a 
thicker Al2O3 layer than what is naturally formed on aluminium. The Al2O3 layer may be 
separated under the graphite layer or intermixed with the graphite and possibly other carbon 
compounds.  
 
If the C/Al2O3/Al absorber surface structure is still to be optically improved, more exact 
information of the surface composition is needed to enable modelling and calculation of the 
theoretically best C/Al2O3/Al surface composition. In addition, with a better theoretical 
understanding of the surface, absorber surface scanning electron microscopy and energy 
dispersive x-ray spectroscopy of both surface and cross-section may be sufficient as 
measurement approaches. 
 
An interesting question is that whether the surface acts as an optical trapping device. Optical 
trapping occurs by reflective and resonant scattering. Reflective scattering is obtained purely 
by the geometry of the surface. According to Lampert (Lampert, 1979), for particulate 
coatings a resonant scattering deals with both the size and optical properties of the particles 
and the surrounding media. The Mie effect and Maxwell-Garnett theory predict high forward 
scattering from particles much less than 0.10 of the wavelength of the incident energy. The 
distance between microgrooves varies and is never exactly the same between any given spots 
on a surface. In any case the whole surface is not evenly and thoroughly covered with the 
microgrooves and graphite clusters. Taking into account the size of the microgrooves (Fig. 



 49

5.1) and graphite or graphite/alumina clusters and their coverage (Figs. 5.4 and 5.7), it is 
unlikely that optical trapping contributes to a large extent to the absorptance of the surface. 

5.1.7 Comparison with the literature  

After formulating the hypothesis that the C/Al2O3/Al surfaces may contain adsorbed and ag-
glomerated graphite clusters we were able to make comparisons to the literature (Publications 
D and E). Botten and Ritchie (Botten and Ritchie, 1977) have theoretically calculated optimal 
parameters for a solar absorber surface based on diffraction gratings embodied in thin film 
interference systems. They studied single dimensional uniform sinusoidal profile graphite-
copper interfaces by altering the mean thickness of the idealized graphite layer with a refrac-
tive index of 1.95 + 0.34i, the period of the surface modulation, and the depth of the rough-
ening. By using periodic surfaces they could utilize a grating absorption phenomenon known 
as surface plasmons for eliminating the deleterious absorption minimum of the graphite. Sur-
face plasmons can be utilized in, e.g., optical transmission through subwavelength holes 
(Ebbesen et al.  1998; Ghaemi et al.  1998). Analysis of surface plasmons is out of the scope 
of this dissertation. Detailed introduction to surface plasmons on rough surfaces can be found 
in, e.g., (Raether, 1988). 
 
Surface plasmons are excited on the long wavelength side of Wood anomalies (Wood, 1935) 
(λ=D/n; D is the grating period and n is an integer) and are determined by the shape of the 
roughened surfaces and the optical properties of the media surrounding the interface. Botten 
and Ritchie (1977) aimed to excite a surface plasmon centred on the absorption minimum at 
approximately 0.6 µm and therefore used a grating period of 0.5 µm in order to station a 
Wood anomaly at a wavelength of 0.5 µm. They calculated that a surface with optimized dif-
fraction gratings would have α = 0.884 and ε = 0.062 (mean graphite thickness 0.12 µm, the 
depth of roughening 0.15 µm and a roughness period 0.5 µm). Based on the achieved results 
they predicted that random roughening to the scale of 0.5 µm would produce results similar to 
those for sinusoidal form. 
 
For comparison to sinusoidal surfaces, Botten and Ritchie (1977) calculated optical values for 
uniform graphite film thicknesses (Table 5.2). An absorptance under 0.90 is typically too low 
for practical purposes. On the other hand, emittance rises rapidly as the graphite layer 
thickness and α increases. Therefore optimal uniform graphite film thickness can not be 
determined. The highest absorptances for unspecified air mass, α = 0.86 and α = 0.84, are 
achieved for a 400 nm and 300 nm thick layers, respectively. Thermal emittances at 700K for 
these surfaces are ε = 0.41 and ε = 0.25, respectively. Both emittances are too high for 
practical applications especially connected with relatively low absorptances. 
 
Values of 0.81 ≤  α ≤  0.91 (AM 1.5) and 0.22 ≤  ε ≤  0.46 (373K) have been measured for the 
mechanically manufactured C/Al2O3/Al samples (Publications A-C). Raising the emitter 
temperature from 373K to 700K raises the calculated ε of the C/Al2O3/Al samples some 0.15 
units. The estimated graphite film of C/Al2O3/Al samples is not uniformly thick and 
homogeneous, nor does it form a sinusoidal profile (Fig. 5.7). Comparison of the values of 
optical properties of mainly uniform graphite thicknesses obtained by Botten and Ritchie 
(1977) to those reported in Publications A and B indicate that the C/Al2O3/Al surfaces may 
behave similarly, in an optical sense, despite the difference in profiles. Hence, the estimated 
maximum graphite layer thickness of 300 – 400 nm in Fig. 5.7 may be in the right 
neighborhood. 
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Table 5.2. Variation of absorptance and emittance values as a function of plane graphite film 
thickness (t) in graphite-copper system. Adapted from (Botten and Ritchie, 1977). 
 
t (nm) 50 80 100 120 150 200 300 400
α 0.60 0.71 0.74 0.76 0.79 0.82 0.84 0.86
ε 0.017 0.023 0.030 0.038 0.061 0.110 0.248 0.410
α/ε 35 31 25 20 13 7.4 3.4 2.1  
 
Botten and Ritchie (1977) also compared the performance of a roughened surface with that 
obtained by grading the refractive index of the absorber. They found that refractive index 
grading tends to smooth the entire absorption spectrum by removing any deep absorption 
minima coinciding with the peak of the solar spectrum for a sinusoidal graphite layer. 
However, this result is not directly applicable to rough surfaces. As there has not been 
measured any distinguished absorption minima for the C/Al2O3/Al surfaces (see Publication 
A), it is most likely that the surface roughness cancels out all thin film interference. 
 
Golomb (Golomb, 1978)  have experimentally studied interference films, silicon on alumin-
ium and graphite on copper, which were deposited by electron beam evaporation on holo-
graphically produced diffraction gratings and meshes. Most of his study concentrates on sili-
con-on-aluminium systems. He noticed a strong plasmon effect in his experiments, for graph-
ite-copper systems, raising α from 0.79 to 0.88 while leaving ε constant at 0.04. The 
parameters used were: roughness period of 0.642 µm, graphite thickness of 0.12 µm and 
groove depth of 0.17 µm. Compared to a plane interface with the same graphite thickness the 
solar reflectance was approximately halved while ε was increased by < 0.01. Golomb found 
that biperiodic surfaces have slightly greater α than uniperiodic surfaces. This feature implied 
that a randomly roughened surface might be even more absorbing than the corresponding 
uniperiodic surface, which is in accordance with the results of Botten and Ritchie (1977). 
 
McKenzie (McKenzie, 1978) studied the effect of substrate on graphite selective surfaces. He 
determined that at operation temperatures below 100°C, copper, silver and nickel are almost 
equally good candidates for metal substrates. However, the graphite layer thickness required 
to yield the most available power varied significantly from 0.317 µm for copper and silver to 
0.163 µm for nickel. Based on these results it is uncertain if the thicknesses obtained by 
Botten and Ritchie (1977) and Golomb (1978) for graphite-copper interfaces are directly 
applicable to graphite-aluminium interfaces. 
 
The manufacturing parameters of the C/Al2O3/Al surface should be altered to produce sur-
faces having surface layer thickness and periodicity close to that recommended by Botten and 
Ritchie (1977) and Golomb (1978). This would require optimization of the composition of the 
grinding pad and the grinding pattern, as the commercially available grinding pads tested so 
far do not seem to allow optimized surface topology to be formed (Publication B). 
 
Further improvements in the absorber structure could include use of antireflection (AR) coat-
ing (Yoshida, 1979; Reddy et al.  1987; Zhang and Mills, 1992; Eisenhammer, 1995; Zhang et 
al.  1996; Chaudhuri et al.  1997; Granqvist and Wittwer, 1998; Nostell et al.  1998; Farooq et 
al.  1998; Eisenhammer et al.  1999; Farooq and Hutchins, 2002a). 
 
A possible low-cost option could be colloidal silica dipped AR-coating (Tesfamichael and 
Roos, 1998; Nostell et al.  1999a; Gombert et al.  2000), or a sol-gel coating (Ozer, 1996; 
Varol and Hinsch, 1996; Granqvist, 1998; Ozer et al.  1999; Ghodsi and Tepehan, 1999; 
Nostell et al.  1999a; Chen, 2001; Kaluza et al.  2001; Ivanova et al.  2003). Some of the op-
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tions are shown in Fig. 5.9. If an AR-coating could be enhanced to act as a moisture barrier 
layer as well, it would add moisture resistance for very humid climates. However, the antire-
flection/moisture barrier -coating needs to be inexpensive in order to keep the original 
C/Al2O3/Al absorber manufacturing concept simple and low-cost. 

 
 
Figure 5.9. Approaches for subwavelength-structured AR surfaces according to Gombert et al. 
(2000): (a) porous sol–gel coatings, (b) periodic surface-relief structures and (c) stochastic 
surface-relief structures. Effective refractive indices, neff, are formed depending on the vol-
ume fraction of the subwavelength structured material in air. 

5.2 Accelerated aging 

5.2.1 Thermal stability 

Thermal stability of C/Al2O3/Al absorber surfaces was studied according to the IEA SHC rec-
ommendations in ‘draft ISO/DIS 12592’ (Carlsson et al.  2000b) (Publication D). Spectral 
reflectance of the samples before and after aging is shown in Fig. 5.10. The peak between 8 
and 10 µm in Figures 5.10 – 5.13 is discussed in Section ‘3.1.4 Error estimates of emittance 
measurement’. All the samples passed the adhesion tape test. The PC value for the samples 
was -0.004, which is well within the criterion (PC ≤ 0.015). Therefore no further thermal 
stability tests were required for qualification.  
 
In order to study the thermal stability of an aged surface, a solar collector was disassembled 
after four years of natural exposure at the HUT test site (in Espoo, Finland, 60°11' N, 24°49' 
E) and surface samples were studied similarly. All these samples passed the criteria as well 
(Publication D). 
 
A conclusion is that the optical properties of the C/Al2O3/Al absorber surfaces should not de-
teriorate by the thermal stress alone during the first 25 years of normal operation. However, as 
it is pointed out by Czanderna (Czanderna, 2002) no statement can be made to indicate what 
the actual service lifetime will be after 25 years. 
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Figure 5.10. Changes of the spectral reflectance of a C/Al2O3/Al absorber surface samples 
(previously unaged) due to high temperature degradation. Wavelength ranges measured in-
clude 0.39 – 1.1 µm and 2.5 – 20 µm.  

5.2.2 Moisture/condensation resistance  

A series of condensing moisture measurements were conducted according to the IEA SHC 
recommendations (draft ISO/DIS 12592) (Carlsson et al.  2000b). The failure time required to 
reach PC = 0.05 was estimated to be 30h at 40°C (Publication D). Similar to thermal stability 
testing, naturally aged reference samples were tested and the failure time was estimated to be 
50h at 40°C. Additional moisture tests were conducted at 30°C. The exposure time required to 
reach PC = 0.05 for unaged and naturally aged samples at 30°C was 400h and 300h, respec-
tively. 
 
Figure 5.11 shows mean spectral reflectance of samples before and after aging at 30°C. The 
peak between 8 and 10 µm was discussed in Section ‘3.1.4 Error estimates of emittance 
measurement’. Absorption bands in the IR spectrum are discussed a bit further. All samples 
passed the adhesion tape test. The C/Al2O3/Al absorber surfaces passed the IEA SHC recom-
mendations for condensation tests (Carlsson et al.  2000b; Brunold et al.  2000b; Köhl, 2001). 
 
Carlsson et al. (Carlsson et al.  1994; Carlsson et al.  2000a) have studied degradation of 
nickel-pigmented anodized aluminium absorber coating. They reported that one main degra-
dation mechanism is hydration of aluminium oxide to pseudoboehmite (AlO ⋅ OH ⋅ XH2O, X 
= 0.4 – 1) and to boehmite (γ–AlO ⋅ OH). They stated that this mechanism requires high hu-
midity or condensed water on the surface of the absorber to be operative. According to Carls-
son et al. (2000a), an indication of hydration is strong absorption bands that appear at 3 µm, 
between 6 and 7 µm and at around 9 µm, suggesting the formation of pseudoboehmite. Such 
absorption bands at these wavelengths are seen in Fig. 5.11B. It is likely that hydration of 
aluminium oxide to pseudoboehmite has occurred on the surface of C/Al2O3/Al samples. In 
Fig 5.11A, the absorption band between 6 and 7 µm is missing, thus suggesting the formation 
of boehmite and possible other aluminium oxide hydroxides as well, e.g. bayerite, gibbsite, 
forms of amorphous phases of hydrated aluminium oxide (Carlsson et al.  1994). These results 
indicate that a hydration mechanism similar to the one degrading the nickel-pigmented 
anodized aluminium absorber coating is affecting the mechanically manufactured C/Al2O3/Al 
absorber surfaces as well. 
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Figure 5.11. Changes of the spectral reflectance of C/Al2O3/Al absorber surface samples due 
to moisture condensation degradation at 30°C. A = unaged prior to the tests, B = four years 
naturally aged prior to the tests. 
 
Non-condensing high humidity tests for unaged and naturally aged samples were conducted 
inside the climate chamber concurrently with the 30°C moisture tests (Publication D). After 
1000h at a sample temperature of 35°C and chamber humidity of 95 per cent relative 
humidity (r.h.) the PC = -0.015. For naturally aged samples PC = -0.01. No sign of hydration 
was detected either by visual inspection of the samples or in the spectral reflectance (Fig. 
5.12). 
 

 
 
Figure 5.12. Changes of the spectral reflectance of a C/Al2O3/Al absorber surface samples 
(previously unaged) due to non-condensation moisture degradation at 35°C, 95% relative hu-
midity. 

5.2.3 Cyclic testing and UV-Vis.-IR exposure 

Absorber surface samples were subjected to 383 days of combined temperature and irradiance 
cycling within the temperature range of -40°C…120°C and UV – Vis. – IR irradiance of 1000 
– 7000 W m-2 (Publication E). As a result α increased significantly, by an increment of 0.03 
to 0.07, and ε remained unchanged within the measurement accuracy for the majority of the 
samples. The biggest change in α occurred after the first 50 days of aging with negligible UV 
levels. Constant temperature tests after a few hundred hours at 120°C and 180°C showed 
similar changes in α. Increasing the total and UV irradiance during the cyclic test changed αλ 
slightly without lowering α. Similar values of α and ε were measured for test site samples 
after four years of natural exposure and for samples after 383 days of cycling, thus indicating 
corresponding aging behaviour in both cases. A possible explanation for the changes in α is 
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thermally-induced relaxation of surface tension due to the mechanical manufacturing of the 
surface lattice structure. Changes in the spectral reflectance after cycling can be due to 
changes in the surface topology (graphite cluster thickness, etc.) as well. 

5.2.4 Reference measurements after natural aging 

A reference surface (Publications C and E) was disassembled from a solar collector, which 
has been at a AES laboratory solar test site in Espoo for four years (most of the time without 
fluid circulation inside). Unfortunately α and ε of the reference surface before natural aging 
are unknown. Most likely they were in the range of 0.82 < α < 0.86 and ε ≈ 0.29 because 
these were typical values for other samples of the same manufacturing period. After four 
years of natural exposure the optical properties measured for this surface were: α = 0.89, ε = 
0.31. It should be noted that these samples represent earlier stage of production (Publication 
A) and therefore ε of the latest samples (being originally lower) does not probably rise to the 
same level after natural aging. 

5.2.5 Simulated acid and neutral rain tests 

At pH 3.5 the variation of ∆α between samples was up to 3x smaller than at pH 5.5 in simu-
lated acid and neutral rain total-immersion tests (Publication G). The variation in ∆ε was 
mainly the opposite, i.e. up to 3x bigger at lower pH values. The resulting PC values were 
almost in all cases within the acceptable limit (PC ≤ 0.05) at pH 3.5, distributed on both sides 
of the limit at pH 4.5, and were generally above the limit at pH 5.5. 
 
The majority of the samples exhibited neither specific temperature–dependent nor gasification 
type/rate–dependent behaviour. In previous condensation tests (Publication D) for similar 
samples with de–ionized water all the samples exhibited Arrhenius –type temperature– and 
time–dependent degradation. In addition, there is no clear difference in degradation between 
the O2, N2 or non-aeration, or the rate of aeration at any pH level. It seems that the pH level is 
the major determinant of the degradation rate in these tests. 
 
The complexity of the simulated acid rain test method, which includes multiple variables, 
makes it difficult to determine the reasons for non-Arrhenius type behaviour. The most likely 
reason is uncontrolled movement of the acid rain solution causing irregular chemical 
reactions. Futhermore, the primary assumption of the combined effect of gas feeding and 
natural convection being sufficient for moving the solution seems to be inadequate. The 
amount of reactants in the solution is quite small (Table 1 in Publication G). Therefore small 
variations in solution composition may have caused different results as well. 
 
All of the aged samples studied with EDS (PC ≥ 0.05) showed a clear increment in O and de-
crease in Al, thus indicating oxidation of aluminium and/or hydration of alumina. FTIR-spec-
troscopy was used for determining the hydration level of the absorber substrate. Detailed 
analyses of the results show that Al2O3 hydroxides, i.e. pseudoboehmite and/or boehmite, 
possible other forms of hydroxides are identified in all but one sample at pH 5.5. The most 
degraded samples (PC > 0.18) have absorption bands related to both pseudoboehmite and 
boehmite, whereas the rest of the hydrated samples do not have the characteristic absorption 
band of pseudoboehmite. At pH 4.5 most of the samples were hydrated as well, whereas at pH 
3.5 only a few samples were hydrated. It is likely that pH 3.5 is too acidic for aluminium hy-
droxides to be formed, thus preventing further corrosion.  
 
We used thermogravimetry (TG) analyses to determine the possible mass changes and the re-
lated water outgassing in a few of the samples (Publication G). The results show that only the 
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most degraded samples (PC ≥ 0.5) exhibit clearly measurable mass changes between 230°C 
and 280°C. For samples degraded to PC ≤ 0.21 no temperature-specific changes were 
detected within the measurement accuracy. The combined mass of carbon possibly reacted to 
CO2 and outgassed water may be too small to be measured with the TG equipment used. 
 
In our studies we observed similar degradation for another type of commercial aluminium 
substrate-based selective absorber surface as well. All these results indicate that unglazed 
solar absorber surfaces based on aluminium substrate need to be well protected against rain 
diffusion onto the substrate in order to prevent degradation caused by hydration of aluminium 
oxide.  

5.2.6 Lifetime estimates of C/Al2O3/Al absorber surfaces 

We calculated service lifetime estimates for C/Al2O3/Al absorber surfaces inside glazed col-
lectors based on the assumption that the hydration process is the main significant active deg-
radation process during the lifetime of the collector (Publication D), as no other major degra-
dation process has been found so far. Carlsson et al. (1994) reported electrochemical oxida-
tion of metallic nickel to nickel oxide and nickel sulphate decreasing the absorptance of 
nickel-pigmented anodized aluminium absorbers. These mechanisms cannot occur for the 
C/Al2O3/Al absorbers due to absence of nickel, although similar Al2O3 hydration degradation 
mechanisms seem to take place for both types of absorber surfaces. 
 
The frequency distribution of the C/Al2O3/Al absorber temperature or collector microclimate 
humidity was not measured. Instead we used reference data from literature sources in order to 
estimate activation energies and calculate the corresponding acceptable service lifetime for 
the collector. Reference data included measured time of wetness of collector nickel-pig-
mented anodized aluminium absorbers microclimate during one year in: 1) Rapperswil, Swit-
zerland by Carlsson et al. (1994) and 2) Zurich, Switzerland by Köhl (2001). Both data are 
shown in Fig. 5.13. 
 

 
 
Figure 5.13. Time of wetness frequency distribution during one year by Brunold et al. (2000b) 
(left, identical data in Carlsson et al. (1994)) and Köhl (2001) (right). 
 
The temperature dependence of the degradation process was assumed to follow the Arrhenius 
relationship (Köhl, 2001): 
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where an is the Arrhenius acceleration factor, Tref is the reference absorber temperature meas-
ured in normal use, Tn is the constant temperature samples are exposed to in the laboratory 
test, ET is the Arrhenius activation energy and R is the ideal gas constant. ET was estimated 
from the nomograms by Brunold et al. (2000b) (originally published by Carlsson et al. 
(1994)) and Köhl (2001) shown in Fig. 5.14.  
 

  
 
Figure 5.14. Arrhenius activation energy ET as a function of shortest acceptable ‘failure time’ 
in hours for an absorber coating in different temperature condensation tests. Measured data 
for nickel-pigmented anodized aluminium absorbers according to Brunold et al. (2000b) (left) 
and Köhl (2001) (right). The failure time in each case corresponds to a service lifetime of 25 
years. 
 
Subsequently the Arrhenius acceleration factor an was calculated for Tref between 0°C and 
27°C by using a temperature step of 1°C. The time of wetness during 1 year load profiles 
(Fig. 5.13) were normalized to the 25 year service life time, weighted with the calculated an 
(for each Tref, Tn and ET separately) and integrated over the Tref temperature range. The results 
were compared to the experimental shortest measured failure times for C/Al2O3/Al absorber 
surfaces (i.e., 300h and 400h at 30°C and 30h and 50h at 40°C) in order to determine the esti-
mated service lifetime for the absorber surface. 
 
The estimated Arrhenius activation energy ET based on reference data (Carlsson et al.  1994; 
Brunold et al.  2000b) is 145 – 165 kJ mol-1 for unaged absorber samples and 153 – 158 kJ 
mol-1 for four year aged absorber samples. Service lifetime can be estimated to be 19 – 23 
years in both cases (Fig. 5.15). The estimated ET and service lifetime based on data from 
(Köhl, 2001) is 173 – 190 kJ mol-1 and 23 – 26 years, respectively. The average service life-
time estimate based on (Carlsson et al.  1994; Brunold et al.  2000b) and (Köhl, 2001) is 20 
and 25 years, respectively (Fig. 5.15). The main cause in the variation in service lifetime es-
timates is the divergence between the time of wetness frequency distribution in (Carlsson et 
al.  1994; Brunold et al.  2000b) and (Köhl, 2001) (see Fig. 5.13). The estimated 25 years ser-
vice lifetime based on (Köhl, 2001) is sufficient for a commercial product and is in the same 
range as other commercially available aluminium-based absorber surfaces (Carlsson et al.  
1994; Carlsson et al.  2000a; Brunold et al.  2000b; Köhl, 2001). 
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Figure 5.15. Estimated service lifetime of a single-glazed flat plate solar collector with 
C/Al2O3/Al absorber surface. Based on calculated Arrhenius activation energies and measured 
time of wetness load profiles by Carlsson et al. (1994) (identical data in (Brunold et al.  
2000b)) and Köhl (Köhl, 2001) weighted with corresponding accelerated factors. 

5.2.7 Source of errors in lifetime estimates 

The reference collector with nickel-pigmented aluminium oxide absorber surface used in 
Rapperswil, Switzerland (Carlsson et al.  1994; Brunold et al.  2000b) had a non-airtight back-
side. The wind and rain loads may have had a stronger impact than usual on the microclimate 
of the collector. This is the likely reason for shorter service lifetime estimates for the 
C/Al2O3/Al surfaces, i.e. 19 – 23 years compared to the 23 – 26  years obtained with the 
reference data from Zurich, Switzerland (Köhl, 2001). 
 
The real expected service lifetime of C/Al2O3/Al absorber surfaces depends on the actual time 
of wetness frequency distribution of the collector microclimate during the years of operation 
at any given location. Additionally, the collector service lifetime depends very much on the 
control strategy of the microclimate inside the collector. With an airtight collector and con-
trolled ventilation longer lifetime can be reached due to less condensation compared to a non-
airtight collector and uncontrolled air ventilation. The missing wavelength range between 1.1 
µm and 2.5 µm caused some error in the optical measurements (see Section 3.1). Some 
divergence in results may have been caused by small fluctuations in the climate chamber 
temperature and sample temperature during the testing period (Publication D) combined with 
the heterogeneous microstructure of the samples (Publications  A-C) .  

5.2.8 Discussion and conclusions on aging test results 

Single-glazed flat plate solar collectors utilizing C/Al2O3/Al absorber plates have been used in 
several countries including Finland and Spain for some six years now. Any visual changes of 
the surface resembling the changes seen in any accelerated tests where PC ≥ 0.05 (e.g. Fig. 4 
in Publication D) have not been reported so far by any of the owners (Hanslin, 2003). 
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Cycling the sample temperatures between the –40°C and 120°C combined with irradiance 
deepened the understanding of the aging response of mechanically manufactured selective 
C/Al2O3/Al absorber samples, especially regarding improvement of the solar absorptance. The 
standard IEA SHC tests (200h at 250°C) do not provide any information about the UV in-
duced degradation, or – in this case – the conditions needed for the improvement of α. The 
cycling method simulates natural exposure of elements to some extent, and here supplements 
the standard tests suggested by the IEA SHC. 
 
It is possible that during the hydration process, the thin graphite layer on the surface is partly 
or completely oxidised through chemical reactions forming CO, CO2 and other compounds 
(Hihara and Latanision, 1994). The revealed Al2O3 layer may subsequently follow the typical 
alumina-aluminium corrosion mechanisms. 
 
Exposure tests at high temperature and moisture following the IEA SHC recommendations 
showed that the mechanically manufactured C/Al2O3/Al absorber surfaces mainly degrade 
through moisture-based hydration of aluminium oxide to pseudoboehmite and boehmite. The 
hydration process accelerates at higher temperatures with the presence of condensed water on 
the surface. High humidity alone without condensation at the same temperature is signifi-
cantly less harmful. High operating temperatures at dry conditions alone do not deteriorate the 
surface. 
 
Based on measured time of wetness of collector microclimate reference data we estimated the 
service lifetime of the collector to be 20 – 25 years in normal use before the performance 
degrades 5 per cent of its initial value. The collector lifetime depends significantly in practice 
on the time of wetness frequency distribution and control strategy of the microclimate inside 
the collector. With an airtight collector and controlled ventilation the lifetime can be pro-
longed. Failures leading to increased humidity on the absorber surface present severe risk to 
absorber lifetime. 

5.3 Optical performance and collector energy yield 
The efficiency and energy production of a flat plate solar collector containing C/Al2O3/Al 
absorber has been estimated by dynamic collector testing and computer simulations. Short 
term efficiency measurements indicate up to 5% lower η0 and UL –values compared to a 
nickel-pigmented selective anodized aluminium absorber collector in Espoo, Finland 
(Publication F; Konttinen, 2000). Computer simulations indicate 17% lower annual energy 
yield and 11% lower annual solar fraction against a commercial collector containing sputtered 
surface on a copper substrate for a typical Central European climate (Publication A). The 
results are indicative as they have not been verified against long-term controlled 
measurements of reference collectors. The values of the optical parameters used for the 
C/Al2O3/Al absorber simulations were: α = 0.90, ε = 0.25.  
 
A rough comparison of absorber investment cost and annual energy yield between different 
absorbers gives an advantage to the C/Al2O3/Al absorber if the annual net energy yield 
difference is below 15 – 20 kWh m-2. Therefore the C/Al2O3/Al absorber may be 
economically competitive against selective absorbers mainly in low-temperature applications 
such as pool heating or preheating applications. In high temperature applications it is more 
economical to use an absorber with a higher efficiency. On the other hand, the C/Al2O3/Al 
absorber combined with cheaper glass, insulation and capsulation may offer a viable 
alternative to other middle-quality flat-plate collectors used e.g. in Greece. 
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6 Discussion and conclusions 
As a result of this thesis the interrelationship between the C/Al2O3/Al solar absorber surface 
microstructure and its optical performance are now better understood. Significant 
improvements in optical properties and production methods have been obtained. The solar 
absorptance (α) of the C/Al2O3/Al solar absorber has been increased from ~0.6 to 0.90, and 
the thermal emittance (ε) has decreased from ~0.4 to 0.22. 
 
The solar absorptance and the thermal emittance of absorber samples can be measured with 
reasonable accuracy and good repeatability after calibration of the UV-Vis.-NIR 
spectroradiometer and the IR spectrometer used for this work. Typical accuracy of the 
equipment is within ± 1 – 2 percentage points compared to reference measurements of 
C/Al2O3/Al absorber samples. 
 
The optical properties of the absorber surface essentially depend on the microstructure of the 
surface. Scanning electron microscopy, energy dispersive x-ray spectroscopy, x-ray 
photoelectron spectroscopy, optical microscopy, thermogravimetry and atomic force 
microscopy were used to study and analyse the microstructure of the C/Al2O3/Al surface. The 
analyses show that carbon may be unhomogeneously clustered in a graphite form on the 
surface as layers with thickness varying between 0 and 400 nm. The surface contains a thicker 
Al2O3 layer than what is naturally formed on aluminium. The Al2O3 layer may be separated 
under the graphite layer or intermixed with the graphite and possibly other carbon 
compounds. If the absorber surface structure is to be further improved optically more exact 
information of the surface composition will be needed to enable modelling and calculation of 
theoretically best C/Al2O3/Al surface composition. Up to now all the microstructural methods 
used have been necessary. With a better theoretical understanding of the absorber 
microstructure, scanning electron microscopy and energy dispersive x-ray spectroscopy of 
both the top surface and the absorber cross-section may be sufficient. 
 
To fully capture the improvements in optical properties suggested in this study, the manufac-
turing process of the C/Al2O3/Al absorbers should incorporate customized grinding pads. An 
optimized pad combined with optimal grinding pattern might allow more homogeneous 
graphite coverage to approach the theoretical maximum of 0.94 for carbon absorptance. In 
addition, the solar absorptance might be slightly improved with an antireflection (AR) layer. 
The AR layer could be implemented either in the current surface manufacturing process or it 
could be a part of the further process development together with customized grinding pad 
optimization. If sufficiently dense, the AR layer could additionally act as a moisture barrier 
for collectors to be used in very humid climates. 
 
The theoretical minimum emittance depends on the thickness of the layers on the surface and 
on the surface roughness. Thermal emittance could theoretically be reduced with utilization of 
optimal graphite thickness and groove structure (Botten and Ritchie, 1977; Golomb, 1978). 
For smooth aluminium the emittance is 0.04…0.05. The emittance of ground rough alu-
minium is higher, depending on the surface roughness. Additional Al2O3 and graphite layers 
also contribute to the emittance. Considering all these factors, the theoretical lower limit for 
the emittance of optimized C/Al2O3/Al absorber is difficult to estimate accurately, but most 
likely it will remain above 0.10. 
 
Degradation mechanisms and the corresponding estimates of C/Al2O3/Al absorber lifetime 
were also studied in this work. Different operating conditions for glazed and non-glazed col-
lectors containing these absorbers were studied as well. The absorber is estimated to have a 
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service lifetime between 20 and 25 years in normal use inside a ventilated glazed solar 
collector. The estimated service lifetime of 25 years is based on humidity and temperature 
load measurements of properly insulated reference collectors. The surface withstands dry 
temperatures up to at least 250°C without any observed degradation. The main degradation 
mechanism is found to be hydration of alumina to pseudoboehmite, boehmite and other 
hydrated forms. The hydration is found to occur on surfaces where water has condensed at 
elevated temperature for a long period of time. 
 
Four years of natural exposure in Finnish climatic conditions of which most was in stagnation 
did not degrade the surface inside a glazed flat plate collector despite repeated cycles of dew 
formation and drying. There has not been any reported failures under normal operating 
conditions in any of the countries where the absorber is in use inside glazed collectors, at 
latitudes ranging from Finland to Spain. Based on accelerated and outdoor aging test results 
the C/Al2O3/Al absorber surface is estimated to be suitable for glazed applications in normal 
operational conditions excluding extremely humid climates, and is expected to have a service 
lifetime in the same range as other commercial absorbers. However, at the present stage of 
development the surface is not suitable for low cost unglazed collectors without an additional 
moisture barrier layer, due to rain-induced degradation of optical properties. 
 
The manufacturing of the C/Al2O3/Al absorber takes approximately 15 minutes in a single 
phase mechanical grinding. The manufacturing method is the only one based on solely 
mechanical treatment known to the author. The absorber surface is easy to manufacture 
provided that the manufacturing parameters, i.e. grinding speed, pressure, temperature, 
grinding pattern, structure of the grinding pad, etc. are correct. The manufacturing can be 
done in any country irrespective of the local technical level. The price of the manufacturing 
infrastructure is very low – it is nearly zero for a manual method which requires only labour, a 
flat grinding worktable, grinding pads and substrate aluminium sheets. A more sophisticated 
mechanical workshop could cost some tens of thousands euros. The number of absorber 
sheets manufactured simultaneously can be scaled up inexpensively.  
 
Computer simulations of a solar collector containing C/Al2O3/Al absorbers indicate 17% 
lower annual energy yield and 11% lower annual solar fraction against a commercial collector 
containing a sputtered surface for a typical Central European climate. The results are 
indicative as they have not been verified against long-term measurements of reference 
collectors. Values of the optical parameters used for the C/Al2O3/Al absorber simulations 
were: α = 0.90, ε = 0.25. 
 
Due to its inferior optical performance the C/Al2O3/Al absorber cannot economically compete 
with high quality (e.g. sputtered) absorbers in high temperature applications if the annual 
energy yield loss is over 15 – 20 kWh m-2. On the other hand, a lower performance collector 
may be considerably cheaper due to utilization of a low cost absorber, such as C/Al2O3/Al, 
selective paint or non-selective black paint, and normal window glass, cheaper insulation and 
capsulation. High performance absorbers and collectors compete predominantly among 
themselves within their market sector. Lower performance absorbers and collectors address a 
different market. 
 
The optical performance of the mechanically manufactured C/Al2O3/Al absorber surface is 
comparable to that of commercial selective paints. Both C/Al2O3/Al absorber and selective 
paint absorbers offer viable alternatives to non-selective black paint in cases where their 
better overall performance is preferred to the moderately lower cost of non-selective black 
paint. 
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