
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  18 ( 1 9 8 3 )  2 8 4 7 - 2 8 7 5  

Review 
Materials for photothermal solar 
energy conversion 

WALTER F. BOGAERTS 
University of Leuven (K. U. Leuven), Institute for Industrial Chemistry - Materials and 
Corrosion Research Laboratory, de Croylaan 2, 3030 Leuven (Heverlee), Belgium 

CARL M. LAMPERT 
Lawrence Berkeley Laboratory, Materials and Molecular Research Division, University of 
California, 1 Cyclotron Road, Berkeley, California 94720, USA 

Commerically or potentially available selective and non-selective absorber surfaces for 
solar heat collectors are reviewed and the state-of-the-art of solar collector corrosion pro- 
cesses is outlined. The review of available published literature has indicated that a lack of 
quantitative information exists, relative to corrosion of collector surfaces. Available 
information (mostly qualitative) on durability aspects and corrosion of solar receiver 
surfaces is described to indicate potential corrosion problem areas and corrosion 
prevention possibilities. An outline of appropriate durability tests is presented. 

1. Introduction 
The utilization of a low intensity energy source, 
such as the normal solar radiation, for the heating 
of various fluids (water, air, special heat-transfer 
media) or for the production of steam, requires an 
effective collection and retention to be econ- 
omically feasible. Therefore, all collector designs 
utilize a specific receiver system to absorb the inci- 
dent solar radiation. In some cases, the energy col- 
lection may further be enhanced by concentrating 
the incident radiation onto the receiver system, 
which results in higher operation temperatures (up 
to 300 or 500 ~ C and beyond for parabolic concen- 
trator(s)). Most collectors, however, are of the 
non-concentrating type and operate at rather mod- 
est temperatures (generally < 100 ~ C; flat plate 
solar collectors) except for summer stagnation 
periods where temperatures up to about 200~ 
may be reached. 

Different concepts of the solar receiver sys- 
tem have been developed in the past. Conversion 
of the incident solar radiation into heat is nor- 
mally achieved by either direct absorption in a 
heat transfer fluid, which is flowing through trans- 
parent channels (black liquids [1, 2] or sofid/gas 
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suspensions [3]) or, as is mostly the case, 
indirectly by means of some kind of blackened or 
specially developed absorbing surface from which 
the heat is collected and conducted m the heat 
transfer fluid. Unless manufactured from a self- 
coloured material such as a black plastic, the latter 
receiver system usually consists of a base metal 
plate finished on its top (exposed) side with a 
specific solar absorber layer. 

There are many candidates for these solar 
absorber layers and a tot of them can be applied 
onto a variety of structural absorber plate materials, 
such as carbon steel, galvanized steel, stainless steel, 
copper, aluminium etc. The most common type of 
solar absorber coating consists of ordinary non- 
glossy heat-resistant black paint. A number of 
proprietary paints for solar heat collectors are 
available (see Section 3). These coatings generally 
offer sufficient absorption of the high energy solar 
radiation but also act as good re-radiators in the 
thermal-infrared spectral region, thus losing a large 
amount of the initially captured energy (Fig. la). 
The radiation losses, of course, are mainly a prob- 
lem at more elevated operating temperatures of 
the solar collector. For optimum efficiency the 
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Figure ] Solar and thermal spectra (a) together with the typical spectrometric curves of a selective and a non-selective 
absorber coating (b). 

solar absorber should possess the maximum possible 
absorptance in the solar spectrum while exhibiting 
a minimum infrared emittance. This may be 
accomplished by using a so-called "selective" 
absorber coating (Fig. lb). Selectivity is produced 
by a substance that exhibits optical properties 
which vary greatly from One spectral region to 
another. A solar selective surface efficiently cap- 
tures solar energy in the high intensity visible and 
the near-infrared spectral regions while maintain- 
ing poor thermal-infrared radiating properties. 

Accordingly, a selective surface will absorb and 
retain a high amount of energy from the sun, while 
a non-selective surface will loose much of its 
absorbed energy by re-radiation. Good selective 
absorbers have absorptances (~) as high as 0.95 
and emittances (e) below 0.1 at the working tem- 
perature of the absorber surface, thus providing 
high a/e ratios. For non-selective surfaces ~/e 
nearly equals unity. 

Despite the considerable attention which has 
been focused during the past few years on the 
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development of surface coatings with superior 
optical properties and the improvement of the pro- 
cess efficiency in terms of absorbing a maximum 
energy flux from the sun, less attention has been 
given to the durability aspects of the different 
materials. In order for a solar collector to have a 
high long-term efficiency, however, longevity and 
a minimum of maintenance are prime require- 
ments and degradation modes of the various com- 
ponents should be well understood. Although 
material and degradation problems must be con- 
sidered in relation to all components used, prob- 
lems concerning the absorber plate of the collector 
are obviously most critical because of their 
immediate impact on the energy conversion 
efficiency. 

In most receiver designs, the absorber surface is 
protected by a transparent cover (glazing), which 
reduces convective heat losses. In the most 
advanced designs, this cover provides a means to 
control the atmosphere to which the absorber sur- 
face is exposed. In less advanced designs, however, 
the glazing may trap and concentrate undesirable 
elements such as moisture (including condensation) 
and atmospheric pollutants (SQ,  CQ,  C1-, NOx 
etc.) or outgassing products of insulation and 
resin-bonded materials. This may create an 
unexpected corrosive environment for the 
absorber surface which in either case is also sub- 
ject to a series of other hostile conditions: elevated 
temperatures, continuous thermal cycting, thermal 
shocks and maybe ultraviolet irradiation. 

It can be expected that selective absorber layers, 
with their exacting optical properties, are poten- 
tially most sensitive to degradation. Unfortunately, 
the degradation mechanisms and durability proper- 
ties of these surfaces are often poorly understood. 
Some of the systems are known to be more 
chemically and thermally stable than others, but 
there are large gaps in the stability data for a large 
number of the systems. In an inert environment, 
the principle degradation mechanisms are inter- 
diffusion between different layers or phases of the 
absorber and changes in surface morphology. These 
degradation mechanisms would be minimized by 
using refractory metals and compounds for the 
absorbing layer and using refractory materials or 
diffusion barriers for the underlayer. In a reactive 
environment, the choice of materials is much more 
restrictive since internal chemical reactions can 
change phase compositions and interfacial 
reactions can lead to loss of adhesion. Detailed, 

reliable data on this subject are hard to obtain 
at the present time. The same can be noticed 
about the corrosion behaviour of many non- 
selective coatings under specific solar collector 
conditions. 

The scope of this report is to give a survey of 
commercially available or potentially available 
absorber surface coatings and to put forth access- 
ible data about durability and deterioration (cor- 
rosion) phenomena. Most of these data will only 
be very qualitative and for the large majority of 
the systems, a complete absence of durability data 
is noticed. 

2. Selective solar absorber surfaces 
2.1. Principles for obtaining solar selectivity 
Spectral selectivity may be based on different 
physical concepts and selective solar absorbers 
may be fabricated from a number of materials or 
material combinations by a variety of techniques. 
Surveys have for instance been published by Duffle 
and Beckman [4], Peterson and Ramsey [5], 
Meinel and Meinel [6], Tabor [7], Hahn and 
Seraphin [8], Seraphin [9], Sievers [10], Lampert 
[11, 12], Mattox and Sowell [13], Koltun [14] and 
Dickinson and Cheremisinoff [15]. Fabrication 
techniques mostly include some coating or surface 
conversion process. Examples include electro-, 
electroless- or strip plating [16], vacuum or gas 
evaporation, chemical vapour deposition, inert or 
reactive sputtering. Others include chemical or 
plasma spray, application of paints or enamels and 
the chemical (e.g. oxidation), electrochemical or 
physical (e.g. ion bombardment) surface conver- 
sion. The physica! concepts or mechanisms for 
obtaining spectral selectivity and the correspond- 
ing selective surfaces may be generally divided into 
four different groups: 

(a) intrinsic spectral selective materials, 
(b) absorber/reflector tandems, 
(c) wavefront discriminators, 
(d) interference stacks. 

Selectivity of an actual surface, however, often 
depends on a combination of different effects. 

2. 1. I. Intrinsic spectra/selective materials 
Very few bulk materials possess a pronounced 
degree of intrinsic spectral selectivity. Well known 
examples are Cu2S and HfC. Pure tungsten is one 
of the most wavelength selective metals. Metals, 
however, normally show a transition in their 
reflectance behaviour too early in the radiation 
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Figure 2 Spectral reflectance of 
an idealized selective absorber 
compared to an idealized metal 
and a heavily doped semiconduc- 
tor, together with the reflectance 
curves for some intrinsic solar 
selective materials: metallic 
tungsten, MoO s doped molyb- 
denum, Cu2S and hafnium 
carbide (after Lampert [11, 12], 
Seraphin [9] and Meinel and 
Meinel [6]). 

spectrum (Fig. 2) and for most semiconductors 
this transition lays too far in the infrared. 
Creation of internal scattering centres in the 
metallic lattice (e.g. MoO3 doped molybdenum) 
or making a semiconductor highly degenerate, 
might provide the possibility for adjusting the 
transition frequency. Unfortunately, many 
unresolved complications [8, 9, 17, 18] limit the 
number of  actual available intrinsic absorbers. 
Some of them, known as heat mirror materials 
(e.g. LAB6) will be discussed at the end of this 
chapter. Other examples include a number of 
carbides or nitrides of the transition metals (see 
Section 2.2) and may be combined into a more 
complex "tandem absorber" system. 

2. 1.2. Tandem stacks (absorber/reflector 
tandem) 

A "tandem absorber" system - more rigorously: 
an absorber/reflector tandem - generally consists 
of  a combination of  two materials, each having a 
specific optical function to form a bulk absorber 
with solar selective properties. Absober-ref lector  
tandem coating systems make use of  a highly infra- 
red-reflecting metal substrate over which a coating 
is deposited having high absorptance at solar wave- 
lengths (i.e. it is black), but which is transparent 
to long-wavelength "black-body" radiation (Fig. 3). 
Thus, the tandem has the high solar absorptance of 
the black exterior deposit and the low thermal 
emittance of  the metallic reflector substrate. This 

HIGH ENERGY THERMAL 
SOLAR RADIATION INFRARED 

o r  

composite (particulate) material 
BSORBING LAYER: semiconductor 

~ ' . ' :  : ~ . . ' :  ; - ;  high thermal t ransmi t tance 

HIGHLY REFLECTING METAL SUBSTRATE 
- low thermal emi t tance 

- h i g h  corrosion resistance where 
necessary 

/ 

Figure 3 Typical selective solar absorber coating, containing an outer absorbing layer and a low-emittance substrate 
(absorber-reflector tandem). 

2850 



selective absorber coating configuration should 
preferably have a high thermal conductivity to 
keep the coating surface temperatures as low as 
possible. 

The low thermal emittance underlayer surface 
is generally a metal such as copper, nickel, molyb- 
denum, silver, aluminium, carbon steel, stainless 
steel or zinc, which have thermal emittances of 
about 0.1 at 300~ [13] and which may provide 
corrosion protection for the underlying structure 
where necessary. These metal coatings may be 
deposited by a number of techniques such as 
electroplating, sputter deposition, vacuum 
evaporation, or may be the structural material of 
the solar receiver. For non-corrosive environments, 
this underlayer may be very thin, but where the 
underlayer must provide corrosion protection 
for the structure, the layer must have an appreci- 
able thickness which will depend on the service 
conditions. 

High absorption of the exterior coating may be 
either intrinsic in nature (material with high 
extinction coefficient), or geometrically enhanced, 
or, as is usually the case, it may be a combination 
of both. 

An intrinsic high absorption of the solar radi- 
ation may for instance be obtained by using semi- 
conductors, such as silicon, germanium and PbS, 
with an optical absorption edge near 2/am. For 
semiconductors, solar absorption is a result of the 
interaction of photons having energies greater than 
the semiconductor band gap: the coating absorbs 
the photon as a result of raising the materials 
valence electrons into the conduction band, and 
photons of less than the band-gap energy are trans- 
mitted through the materials unaffected. Since 
these semiconductors all have high refractive 
indices, antireflection surfaces must be used to 
prevent excessive reflectance losses (e.g. surface 
morphology which gives radiation trapping or 
application of additional surface layers) [13]. 
There are, however, numerous other successful 
semiconductor/metal combinations (e.g. CuOx on 
aluminium), one of the simplest examples being an 
oxidized metal, where the oxide provides the 
necessary solar absorbance. The latter type may, 
on the other hand, show some more or less pro- 
nounced relationship with a different kind of 
absorbing layer, namely particulate or composite 
coatings. 

In these cases absorption is enhanced by tex- 
tural effects (resonant scattering [12, 15] and 

refective scattering where high absorption is 
obtained by multiple reflections). Textural effects 
based on resonance phenomena are affected by 
both size and optical properties of surface par- 
ticles or the surrounding matrix and depend upon 
the material and its morphology in the sub- 
wavelength size range [19-21]. Reflective scatter- 
ing, on the contrary, is only determined by pure 
geometric properties of the surface particles, in 
the order of the wavelength of solar radiation 
(500 nm; see Section 2.1.3). Well known examples 
of particulate coatings are electroplated "black 
chrome" (chromium particles in a CrxO r matrix 
in a rather open structured coating [22-25]; 
Fig. 4), "black nickel" [26, 27], copper oxide, 
powdered semiconductors, certain dispersions of 
metal particles in a metallic matrix and many 
cermets (ceramic-metal composites), produced 
by inert or reactive sputtering, in which very small 
metallic phase particles (5 to 10rim)are dispersed 
in an amorphous dielectric matrix (e.g. AI203-Cr, 
ZrC x etc.). 

An interesting variant on the principle of the 
previously described absorber/reflector tandem 
system is the so-called "inverse tandem absorber", 
in which an overlayer of a selective transmitting 
material (heat mirror or selective window material) 
is coated on top of an absorbing substrate. In this 
configuration the top layer reflects the infrared 
wavelengths while the bottom layer absorbs the 
high energy visible light. This system thus works in 
reverse of the regular tandem absorber. An 
example is In203 on silicon [28]. In203 appears 
transparent in the visible range but acts like an 
infrared reflector, while the buried silicon layer 
performs as a solar absorber. 

2. 1.3. Wavefront discriminators 
Solar selectivity of a metal surface may be pro- 
duced by purely geometric means. Surface irregu- 
larities such as grooves and pores with dimensions 
large as compared to the wavelength of the inci- 
dent radiation simply increase the solar absorptance 
and, to a less extent, the infrared emittance 
by multiple reflections [29] (Fig. 5). Irregularities 
with dimensions comparable to the cut-off wave- 
length (maximum wavelength to be absorbed) 
only increase the solar absorbance and have little 
effect on the thermal emittance [20-32]. This 
different optical behaviour in the visible and infra- 
red is explained by "wavefront discrimination" 
effects (Fig. 6). For visible wavelengths, which are 
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Figure 4 Schematic cross- 
section of black chrome [159]. 

Figure5 Shaped surfaces on the absorber substrate 
increase the net absorptance of the coating through 
multiple reflections (after Meinel and Meinel [6]), 

small compared to the actual irregularities, the sur- 
face looks rough and radiation may be trapped 
through multiple forward reflections and partial 
absorptions in the micro-cavities. For the thermal 
infrared, however, the wavelength is larger than 
the dimension of the surface roughness and the 
surface will therefore appear smooth and mirror- 
like and radiate as a flat surface in the longwave 
spectrum. The metal will thus show its bulk pro- 
perties of low infrared emittance. 

Needle-like, dendritic or porous microstruc- 
tures are typical examples of wavefront- 
discriminating textures. A schematic represent- 
ation of the radiation trapping with dendritic 
selective absorbers is shown in Fig. 7. 

A review of experimental methods for the 
preparation of selectively absorbing textured sur- 
faces has been published by Pellegrini [33]. Typical 
examples are thermal vapour deposition, chemical 
vapour deposition, anodizing or surface etching. 

2. 1.4. In ter ference  s tacks  
Multilayer thin films known as interference stacks 
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Figure 6 Wavefront discriminating effect on textured surfaces [33] (schematically; depth of the cavities not shown on 
the real scale). 

are complex dielectric/metal combinations which 
act like a selective filter for energy absorption. The 
desired effect of  an interference stack is to trap 
energy between semi-transparent metal, dielectric 
and metal alternations by phase interference (Fig. 
8). In the case of naturally selective materials or 
tandem absorbers the desired optical effect is 
generally produced by a single pass through the 
optically active medium, or the return pass after 
reflection by the underlying mirror surface. In the 
case of an interference stack the desired effect is 
the net result of a multiplicity of passes through 

S o l a r  R a d l a t i o r r  

the dielectric portion of the stack lying between 
two reflective surfaces, the upper one of which is 
partially transparent. Careful tuning of the layer 
thicknesses and variation of optical constants with 
wavelength is necessary to get absorption of 
particular wavelengths of solar energy by multiple 
reflection in the dielectric-metal layers. Other 
wavelengths not corresponding to the absorption 
frequency of these layers are reflected. The basic 
concept for a four-layer interference stack is 
illustrated in Fig. 8. 

The thin metal film usually is only approxi- 

Figure 7 Schematic representation of 
a dendritic selective surface. Incom- 
ing radiation can average up to fifty 
reflections before being completely 
absorbed [ 12]. 
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Figure 8 Schematic cross-section of a four-layer interference stack consisting of two dielectric quarter-wave layers separ- 
ated by a thin, semi-transparent metal film (after Meinel and Meinel [6]). 

mately 5 to 10nm thick, to appear semi- 
transparent to the incoming radiation. Being such 
a thin layer the actual composition is not well 
defined. It is believed that most of the incoming 
energy is attenuated in this metal layer and that 
"quantum size effects" may help to describe the 
actual process of absorption response [12]. 

It should be noticed that the dielectric layer 
between the metal surfaces need not exhibit intrin- 
sic absorption characteristics in the solar spectrum 
for the stack to be an effective absorber, but often 
multilayer interference stacks appear not totally 
unlike the complex multiples of the tandem sys- 
tems described previously. Layer thicknesses, how- 
ever, are very different. 

Fabrication techniques of these layered struc- 
tures comprise evaporation, sputter deposition or 
electroplating. A successful example is the A1203- 
Mo-Al2Oa (AMA) [5, 34] interference type selec- 
tive absorber coating (see Section 2.2). The top- 
most Al2Oa coating (80nm) acts as an antireflec- 
tion coating while the molybdenum (or MOO=) 
(10nm) and the underlying A1203 (300nm)act as 
the absorber. This layered structure is deposited 
on a molybdenum or stainless steel underlayer. 

2.2. Survey of available selective surfaces 
The major part of all known selective surfaces con- 
sists of an absorbing coating on a metal substrate, 
the coating providing the high solar absorptance 
and the metal providing the low thermal emittance 
(tandem absorber system; see Section 2.1.2). The 
first selective surfaces were mainly metal oxide 
and sulphide layers coated onto various metals. 
Important practical examples are black nickel 

(NiS-ZnS) and black chrome (Cr-CrOx), copper 
oxide or "black copper" (CuOx or CuO), iron 
oxide (Fe304) and cobalt oxide (CoOx). 

Black nickel layers consisting of a Ni-Zn oxide/ 
sulphide complex were introduced by Tabor [26] 
in the later 1950s and have been in use in Israel for 
many years. They can be obtained by chemical 
conversion of a zinc-coated substrate (zinc-plated 
mild steel, galvanized iron, zincated aluminium, 
"Zincalume" - a mild steel coated with a zinc/ 
aluminium alloy) [36-38] or by electrodeposition 
from Ni + Zn sulphate baths [26, 27, 39, 40], 
usually - although not necessarily [41] - over an 
undercoat of nickel or zinc. By changing the plat- 
ing current density during the electrodeposition 
process, a succession of layers with different 
characteristics may be obtained (multilayer coat- 
ing) [42, 43] and optical interference phenomena 
might be induced. The optical response of an 
actual nickel-black coating therefore often 
resembles the behaviour of an optical interference 
stack, with a characteristic double minium of the 
reflectance curve in the visible wavelength region 
(Fig. 9). 

Also cobalt oxide [44--50] and black chrome 
(CrOx-Cr composite, cf. Section 2.1.2) layers are 
produced by electrodepositive means. A large 
number of experimental or commercial deposition 
baths have been developed for producing black 
chrome coatings [44, 51-60]. Well known pro- 
prietary baths are for instance the Chromonyx 
(Harshaw Chem. Corp./Corillium Corp.) or Solar- 
chrome process and the Du Pont Co. bath. 
Although the base metal could be copper, alumin- 
ium (bright or zincated), stainless steel and bare or 
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galvanized carbon steel, in many cases a nickel 
layer is to be preferred as the substrate material 
(cf. Section 4). Applying a nickel coating might, 
however, cause an important increase of the initial 
cost per unit of collector area. 

Other preparation methods for Cr-Cr203 com- 
posite coatings have also been described, e.g. 
sputtering [61] or a chemical blackening (dipping) 
process for stainless steel or nickel plated mild 
steel [62]. 

Copper oxide layers [5, 63-65] ,  which have 
been used to a considerable extent in Australia, 
have been produced on aluminium, by spraying or 
dipping in copper-containing solutions and a 
chemical or thermal treatment [66, 67], or on 
copper metal, using a chemical or thermal oxi- 
dation process [68]. Commercial chemical oxi- 
dation processes comprise for instance the 
Ebonol-C process (Ethone Co.). The latter tech- 
niques can, of course, also be applied on any other 
base metal after electroplating with a thin layer of 
copper. 

Also iron oxide layers are principally produced 
by chemical oxidation [69, 70], although thermal 
[35] or electrochemical means might provide an 
attractive alternative. 

All the above mentioned surfaces have solar 
absorptances of about 0.90 and thermal emittances 
at 100~ of about 0.1 to 0.3. Their long-term 

thermal stability confines their application to 
operating temperatures in the range 150 to 200 ~ C. 
Possible exceptions are black chrome [23, 71] and 
cobalt oxide [50] which seem to remain stable 
well above 200 ~ C. 

Recently, this class of selective surfaces has 
been extended with some new materials. Trans- 
ition metal carbides and nitrides, produced by 
reactive sputtering, are reported to be stable up 
to 600 ~ C in vacuum and exhibit a very low emit- 
tance of 0.02 to 0.06 [72, 73]. Also, a very good 
selectivity is obtained by chemical [74, 75] or by 
thermal [76, 77] oxidation of stainless steel. 
Electrochemical treatment at elevated tempera- 
tures would, however, provide many more poss- 
ibilities of surface compositions and structures 
that can be obtained [78]. 

A different class of selective surfaces is formed 
by intrinsic semiconductor coatings on a metal 
base, the semiconductor band gap providing the 
required wavelength discrimination (cf. Section 
2.1.2). A suitable material is silicon, both in the 
crystalline and the amorphous state, deposited 
by chemical vapour deposition (CVD) [17, 
79-81].  These coatings are extremely stable (up 
to 800 ~ C) and have absorptances of about 0.8 and 
emittances at 500~ well below 0.10. Other 
materials are germanium, deposited by vacuum 
evaporation [82, 83] and PbS, deposited by gas 
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evaporation [83, 84]. Since the optical properties 
of these semiconductor-coated surfaces are rela- 
tively insensitive to the coating thickness, selective 
paints consisting of semiconductor particles in a 
polymer binder have received considerable atten- 
tion [64, 85-87]. Although such paints are attrac- 
tive owing to their ease of fabrication and appli- 
cation and their repairability, the present use is 
limited because of the relatively high emittance 
due to the optical properties of the binder (absorp- 
tion bands in the infrared region). Candidate pig- 
ment materials include Bi2Sa, CdTe, CuS, ger- 
manium, silicon and PbS. The most promising 
binders identified to-date are the silicone resin and 
aliphatic polymers (polyethylene, polypropylene, 
polyisoprene and polyamide) [88]. 

Another approach for designing solar selective 
paints is to use a coated metal flake instead of 
semiconductor particles in the paint composition. 
In this way the selective effect is created as a dis- 
tributed tandem, with each particle serving as an 
individual tandem absorber. Recent research has 
documented this effect [89] and the concept 
seems to be extremely interesting for the develop- 
ment of cost-effective selective absorber coatings. 

A very good selectivity can be obtained by 
using a multilayer interference stack, consisting of 
several metal and dielectric layers (cf. Section 
2.1.4). Examples are the SiO2-Al-SiO2 [90] and 
the AMA (A1203-Mo-A1203) stack [5, 34], the 
latter being stable at more than 800 ~ C and having 
an absorptance of 0.85 and an emittance at 500 ~ C 
of 0.11 (0.07 at 20 ~ C). Other designs have for 
instance been investigated by Meinel et  al. [91] 
(HELLO series) and Long [92]. Because of the sen- 
sitivity to slight tolerances in the stack parameters, 
as well as of the cost and complexity of fabri- 
cation, their large-scale use will be restricted. 

A quite different approach to obtain spectral 
selectivity is the use of textural effects (cf. Section 
2.1.3). Selectivity due to surface irregularities has 
been achieved by different authors [33]. Typical 
examples are dendritic tungsten [93], nickel [94], 
aluminium [95], rhenium [96] or copper, chro- 
mium and nickel deposits with a granular micro- 
structure produced on stainless steel AISI 304 by 
thermal vapour deposition [97], porous surface 
structure on Cu-Ni alloys [33] and A1-Ni, AI-Cu 
or Al-steel compounds [95, 98] and various metal 
surfaces textured by ion bombardment [99-101]. 
Textural effects of a different kind are based on 
resonance phenomena. Embedding small metal 

2856 

particles in a dielectric host is an example of this 
approach. Practical examples are the "gold-black" 
[6, 102, 103] or "gold-smoke" [43,104] deposits 
and the cermets (ceramic/metal), such as MgO-Au 
[105-107], Al203-Ni [21,108],Al203-er  [109], 
Al203-Mo [109], Al203-Pt [110] and Cr203-Cr 
(black chrome). The stability of these coatings is 
generally good (up to 400 ~ C) but their selectivity 
is only moderate with emittances well above 0.1. 

Relatively little attention has been paid to the 
use of heat mirrors or selective window materials. 
Only SnQ [111.112], In203 [113,114] and 
LaB6 [115] have been studied intensively. These 
semiconducting materials derive their selectivity 
from the free-electron plasma behaviour. The 
selective window materials can be used as selective 
absorbing surfaces by coating them on an absorb- 
ing substrate; e.g. SnO2 on a black enamel sub- 
strate [116]. Other different examples, however, 
might be produced [11 ]. 

Table I contains a more extended survey of 
potentially or commercially available selective 
surfaces. Availability and properties of practical 
selective surfaces such as different coatings on 
aluminium and copper, conversion, sputtered, 
interference and dendritic coatings, heat mirrors, 
nickel black, and chrome black, have been briefly 
commented on by Tabor [7]. 

3. Non-selective and moderately selective 
black absorber coatings 

Several types of coatings and surface preparations, 
other than selective absorbers, can be utilized for 
economical collection of solar energy. This group 
of non-selective or moderately selective coatings is 
certainly the easiest to apply and probably the 
least expensive of all collector coatings. Both 
moderately selective and non-selective absorbers 
consist of matt black paints (organic or inorganic), 
ceramic or organic enamels and certain chemical 
or electrochemical metal conversion coatings. 

There are many types of painted coatings. A 
compilation of the properties of a few represent- 
ative paints has been made by Lampert [146]. 
Table II covers most of them. This tabulation is 
meant only to represent potential coatings and the 
actual feasibility of a particular coating for a solar 
application is still unknown in most cases. The 
essential characteristics of black paints for solar 
receivers are that they possess high absorptance at 
angles other than normal incidence, that is, they 
are optically matt and also have high emittances in 
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Figure 10 Typical reflectance curves of some common selective or non-selective coatings for solar collectors. 

the infrared (radiation losses might, however, be 
reduced by IR-reflecting windows; cf. supra). The 
optical behaviour of non-selective coatings in com- 
parison with some common selective surfaces is 
illustrated in Fig. 10. Infrared absorption peaks 
which may be noticed are due to inherent absorp- 
tions in the paint binder. 

Because of the generally high emittance, the 
main selection criterion of non-selective paint 
coatings is high absorptance, good durability and 
low cost. Commonly, high temperature and heat 
resistant black paints are mainly used in industry 
as protective coatings for metals. In some cases 
specific colours are used for their heat control 
properties. Very few of these paints were formu- 
lated with solar energy collection in mind as this is 
an area of research just developing. In view of their 
optical, adherence and durability properties, black 
automotive manifold paints and instrument blacks 
seem to be potentially good candidates for non- 
selective solar receiver coatings. Common pigments 
used to manufacture black paints are carbon black 
(0.02 to 0.1#m), F%O4 (0.5/~m), amorphous 
graphite, bone black (325 mesh) and asphalt bases. 

Degradation properties in terms of solar spectral 
response (absorption, emittance) with varying time 
or temperature, are little known. Temperature rat- 

ings, indcated in Table II, are mechanical adhesion 
ratings and are not to be viewed in terms of optical 
degradation. Optical degradation may take place at 
much lower temperatures. 

Ceramic enamels have the advantage of high 
temperature and long-term durability and may be 
somewhat more solar selective than organic 
enamels or paint coatings. Nonglossy, "flat" 
ceramic enamels are, however, difficult to formu- 
late and require firing at moderate to high furnace 
temperatures. 

Chemical conversion coatings exhibit many 
potential advantages: the coating is fairly easily 
formed in a matter of minutes, the process is 
potentially inexpensive, many kinds of coatings 
are available for different substrate materials, such 
as steel (including galvanized and stainless steels), 
copper or aluminium, and some of the conversion 
systems even show moderate selectivity (Fig. 10). 
Chemical conversion consists of dipping a metallic 
surface into a strong oxidizer or sulphidizer which 
subsequently forms an oxide or sulphide coating 
on the metallic base. Usually, this surface is inte- 
gral with the base metal, which is different from a 
painted or electrodeposited surface. The mech- 
anical properties of the surface can though be 
quite different from those of the substrate. Draw- 
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backs with most of the conversion coating baths 
are both temperature and safety. Many processes 
are run at 100 to 150~ and are very corrosive. 
Some of the available products, however, are safe 
enough to be applied by hand and can be used 
at room temperature. As an example, most conver- 
sion processes for zinc operate near room tempera- 
ture. Zinc conversion may, on the other hand, be 
in question since in many circumstances zinc is 
known to form white corrosion products readily. 

In Table III a summary of some potentially use- 
ful conversion systems, compiled from Lampert 
[146], is shown. Available durability data have 
been added. 

4. Corrosion performance and durability 
data 

Even though many promising coatings for photo- 
thermal energy conversion exist, very little is 
known yet about their performance and possible 
degradation in real operating environments. It is 
expected that the presence of moisture, heat and 
atmospheric contaminants may disqualify many 
potential absorbers. Unfortunately, only a minute 
amount of information is available on the degra- 
dation of these coatings. Similar statements have 
been made concerning water-side corrosion prob- 
lems of solar collector panels [157, 158], although 
much more simplicity may be expected in this case. 

4.1. Degradation mechanisms 
Degradation of receiver surfaces principally occurs 
by loss of adhesion and deterioration of optical 
properties (decreasing absorptance, increasing 
emittance). 

In considering causes of these degradation pro- 
cesses, one should generally distinguish between 
two different cases: 

1. "inert" environments, such as in evacuated 
tube collector designs, in which problems will 
mainly be caused by elevated operational tempera- 
tures (including important temperature fluctu- 
ations and thermal shocks) and possibly the UV 
irradiation, 

2. reactive environments, such as in most flat- 
plate collector designs, where moreover climatic 
conditions will have a significant or even determin- 
ing effect on the durability of the exposed surface. 

A pictorial representation of factors, governing 
the degradation and corrosion behaviour of solar 
receiver plates is shown in Fig. 11. 

Degradation mechanisms in "inert" environ- 
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ments mainly comprise: 
(a) interdiffusion between different layers or 

phases, which may cause a loss of absorptance 
and]or an increasing emittance, 

(b) changes in surface morphology with loss of 
absorptance, 

(c) differential thermal expansion of surface 
and substrate coating, which may lead to loss of 
adhesion and a subsequent decrease in the 
efficiency of thermal conductance or even a com- 
plete premature failure of the absorber plate. 

(d) photo-induced physical or chemical pro- 
cesses [ 159] and general disintegration. 

(e) reactions with residual atmospheres or out- 
gassing products. 

Electroplated coatings are mostly unsuitable for 
high temperature applications, since most electro- 
plating baths have a number of organic and 
inorganic additives which become incorporated 
into the deposit and are subsequently able to 
diffuse into the coating along with the metal. 
This diffusion will be enhanced by a "rough" or 
"open" absorber coating structure. The same coat- 
ing structure would normally also be most sensitive 
to chemical or corrosion attack. 

Many of the coatings which have been devel- 
oped for high operating temperatures are unsuit- 
able for incompletely evacuated or oxidizing 
environments and will readily deteriorate in case 
of vacuum failure. Oxidizing environments will 
allow the conversion of metallic phases to oxides, 
which may reduce the absorptance of cermet or 
layer type absorbers. The presence of elevated tem- 
peratures and an oxidizing environment further- 
more enhances diffusion of easily oxidizable metal 
components from the bulk layers to the surface 
and causes a growing oxide thickness with a prob- 
able increase of the IR emittance. Oxygen may 
also diffuse into the coating and react internally. 

Degradation at elevated temperatures may be 
minimized by choosing refractory metals or com- 
pounds for the absorber layer and using refractory 
materials or special diffusion barriers for the 
underlayer. 

Degradation in common climatic, reactive 
environments may however be much more com- 
plex and may moreover be due to a variety of: 

(a) internal chemical or electrochemical 
reactions in a surface layer, which cause disinte- 
gration or changes of phase composition, distri- 
bution or size (loss of absorptance and/or increas- 
ing emittance), and 
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MATERIAL "'.',,, 

LAYER (S) 

INERT 
ENVIRONMENT 

�9 d i f f us ion  + change of phase composit ion, 
d i s t r i b u t i o n  or size 

�9 changes in surface morphology 
�9 d i f f e r e n t i a l  thermal expansion § loss of 

adhesion 
�9 photo-induced react ions and general 

des in tegrat ion 

y, 7, 

REACTIVE 
ENVIRONMENT 

i i n te rna l  chemical react ions + change of phase 
composit ion, d i s t r i b u t i o n  or size 

i n t e r f a c i a l  react ions ~ loss of adhesion 

Figure 11 Pictorial represe~at~n of ~ctors controlling the d~ra~tion and corrosion be~viour of solar he~ absorber 
phtes. 

(b) interfacial corrosion reactions, which bring 
about loss of adhesion of the surface coating. 
Environmental or climatic factors that could play 
an important role include: 

1. The presence of chlorides (coastal regions), 
sulphur dioxide (industrial and urban areas), or 
other atmospheric pollutants. 

2. The presence of high humidity in the atmos- 
phere. Atmospheric corrosion becomes significant 
when the relative humidity in the atmosphere 
exceeds approximately 70%. Where hygroscopic 
contaminants are deposited on a metal surface, the 
critical relative humidity for corrosion may be 
lowered from 70% to a value as low as 50%. 

2867 



3. The high energy ultraviolet component of 
the sun's rays plays an important role in the break- 
down of organic materials, whether these be paint 
coatings, mastics, rubbers or bulk plastics. This 
could affect the durability of many components 
in the solar heater, including the black heat 
absorbing collector surface, especially when it con-- 
tains organic or semiconductor [159] components. 
UV irradiation can lead to oxygen depletion of lat- 
tice surface sites, diffusion and induced bound- 
state defects or to breakdown of organic molecules. 
This can result in colour changes and an increase 
in the imaginary part (the extinction coefficient) 
of the refractive index of the material. Another 
example is the photo-oxidative conversion of 
selective metal sulphides to sulphates. 

4. Diurnal temperature fluctuations are often 
considerable. This can lead to appreciable conden- 
sation of moisture onto a cool metallic surface at 
night. The length of time of water retention on the 
surfaces has an important effect on subsequent 
corrosion problems. Temperature fluctuations, 
together with moisture condensate, are detrimental 
both to metals and to coatings on the metallic sub- 
strate. Moisture penetration, especially through 
thin semiconductor layers, may be expected to 
accelerate degradation of the underlying substrate 
and to induce a quick deterioration of the 
absorber surface by corrosion. 

5. A further complication of temperature 
fluctuations is that differential expansion of the 
various materials involved could set up stress con- 
ditions which can result in cracking or loss of 
adhesion of the coating from its substrate. This 
will particularly be meaningful in the case of ther- 
mal shocks or during summer stagnation periods 
where very high temperatures can be reached. 
Stress cracking of the surface layer opens the way 
for subsequent attack or further oxidation of the 
substrate. All these alterations of surface or sub- 
surface structure will cause changes of optical 
properties. 

In minimizing degradation under the present 
circumstances, electrochemical as well as mechani- 
cal compatibility of the coating and the substrate 
is a prime requirement. The use of dissimilar 
metals such as a zinc absorber and a copper sub- 
strate can allow the possibility of localized gal- 
vanic corrosion and loss of surface integrity. 
Cracks due to differential thermal expansions in 
the surface of, for instance, a copper oxide- 
on-copper selective tandem will expose the 
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substrate to further oxidation or corrosion attack 
[162]. 

Taking the previous rule into account, the main 
weapon in combating corrosion in reactive 
environments is the correct choice of the absorb- 
ing layer material and the use of a corrosion resis- 
tant structural substrate or at least a corrosion 
resistant interface-layer between the structural 
metal and the receiver coating (cf. Fig. 3). Unfor- 
tunately, readily accessible data about the cor- 
rosion behaviour of different receiver systems 
remain scarce at the present time. 

4.2. Experimental data 
4.2. 1. Temperature stability 
Whereas temperatures in flat-plate non-selective 
absorber systems are generally limited to about 
150 ~ C, maximum (stagnation) temperatures in 
solar selective receiver systems reach 200 ~ C, or 
may be much higher in concentrating collector 
designs. Solar absorber surface coatings have 
been developed for operation over an extensive 
range of temperatures. Available temperature 
stability data have already been indicated in Tables 
I to III. Except for non-selective and for some 
moderately selective receiver surfaces, electro- 
deposited black chrome has appeared as the most 
popular and successful of a variety of coatings 
produced by electrodeposition and chemical con- 
version techniques for operation in flat-plate col- 
lectors up to 200 ~ C. Thermal stability of black 
chrome has been investigated by a number of 
authors [13, 23, 71, 163-168]. Sputtered 
metal carbides or cermets and silicon-stabilized 
multi-layers fabricated by chemical vapour depo- 
sition [42, 169] have been developed for operation 
in concentrating system with surface temperatures 
up to 700 ~ C. Diffusion problems have for instance 
also been overcome in the AMA multilayer 
absorber [5, 34], which shows a quite satisfactory 
high temperature behaviour. For temperatures in 
excess of 700 ~ C, which are experienced in central 
receiver systems, refractory non-selective paints 
and oxidized stainless steel coatings have been 
used [43]. 

4.2.2, Corrosion and weatherability 
properties 

Obviously, no general rules can be formulated 
about corrosion and weatherability properties of 
the different proprietary black paint systems 
which may be used for non-selective solar 



absorbers. For a specific system one is usually 
dependent upon the manufacturer's product litera- 
ture, which is not always available and which will 
mostly be limited to results of some standard qual- 
ification tests (e.g. Salt Spray Test, SO2 exposure, 
adhesion tests etc). It can, however, be expected 
that the results of these tests, if available, in many 
cases may not be interpreted as a measure for 
weatherability or ageing behaviour of the product, 
especially not in specific solar collector environ- 
ments. Detailed literature data about the weather- 
ability behaviour of some specific paint system 
under these circumstances do not seem to be avail- 
able. Some qualitative statements are represented 
in Table II. In general, the most obvious degra- 
dation mode is loss of adhesion of the coating. 
Loss of adhesion is generally due to poor initial 
adhesion or to interfacial corrosion. Locally initi- 
ated corrosion processes will lead to blistering, 
filiform corrosion and complete degradation of 
the coating surrounding the corrosion-initiation 
region. Interfacial corrosion will be minimized to 
some degree by choosing corrosion resistant base- 
layer materials. So, poor corrosion resistance may 
for instance be observed with common carbon 
steels or galvanized steels, whilst satisfactory resis- 
tance is experienced with the same coating applied 
on a nickel or stainless steel substrate, provided a 
sufficient initial adhesion and compatibility can be 
obtained. Poor initial adhesion will, on the other 
hand, highly depend upon a correct pretreatment 
of the metal surface, and the use of a specific 
primer may be required. 

In general, no such complications are observed 
with conversion coating systems, in which surface 
coating and substrate form an integrity. Qualita- 
tive corrosion resistance data for a number of 
proprietary black conversion coatings are available. 
They have been summarized in Table III. 

As opposed to different non-selective paints or 
conversion coatings, many selective absorber sur- 
faces cannot provide sufficient corrosion protec- 
tion of the solar receiver system on their own. 
Because a selective surface is a surface - and is 
formed by producing an extremely thin coating on 
a metal base - this coating normally cannot offer 
any substantial corrosion protection to the base. 
Thus the base itself must be stable to the effects of 
atmospheric corrosion and oxidation. This means 
that the choice of the substrate materials will be of 
prime importance in the case of most selective 
absorbers. 

Porous semiconductor surfaces on copper, alu- 
minium or steel have been cited to be particularly 
troublesome in humid atmospheres, but enhanced 
durability was expected if a nickel coating was 
used beneath the semiconductor film [ 170]. 

The same results have been experienced with 
black chrome selective coatings, which generally 
exhibit an excellent humidity resistance, but 
which nevertheless provide inferior results if 
directly applied on bare or galvanized steel, alu- 
minium or copper, in comparison with substrates 
such as nickel or stainless steels [17, 162, 172]o 
Black chrome surfaces on bare steel were found to 
rust, while the humidity resistance of black 
chrome on galvanized steel was cited to be poor 
[35]. Resistance could, however, be improved by 
combinir~g the so-called 'Solarchrome' process 
(prop.of Corillium Corp.) with a suitable pro- 
priety pretreatment of the base steel surface [ 173 ], 
or by using an organic overcoat. The use of organic 
overcoats to increase the moisture resistance has 
recently been discussed by Reiss [174]. Good 
humidity resistance, on the other hand, was also 
observed if a nickel base was applied on iron 
samples (provided it has a minimum thickness of 
i 2pm)  [175], and extraordinary durability was 
claimed for black chrome on stainless steel sub- 
strates (even on relatively less expensive 18Cr-2Mo 
ferritic steels) [62, 176]. On the effect of atmos- 
pheric contaminants, only meagre information is 
available, although no deterioration was found 
after 1200 h of salt spray testing of black chrome 
coatings applied on Ni-plated steel or copper [55]. 

Nickel black coatings, on the contrary, are 
generally observed to be less stable and less resis- 
tant to moisture, especially at higher temperatures 
[5, 7, 35, 88, 177, 178]. Experiments have been 
performed in which the black was washed away 
after only 24h humidity testing, even if the coat- 
ing was applied on a nickel base [35]. Accelerated 
humidity tests on black nickei applied on galvan- 
ized iron, zinc electroplated aluminium or zinc- 
ated atuminium showed a deleterious effect on c~ 
and e parameters (Table IV) [37] while stagnation 
tests in natural environments on black nicke! with 
a zinc plated mild steel substrate revealed some 
discolouration and visible corrosion after only 3 
months of exposure. One year of  stagnation in a 
humid tropical area of black nickel on galvanized 
iron gave a doubling of the infrared emittance 
(0.2-+0.4) [36]. Recently, however, polymer 
coatings which are highly transparent in the 
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TABLE IV Change of a and e for black nickel on differ- 
ent substrates after increasing times of accelerated humid- 
ity testing (MIL-STD-810B, Meth. 507, proc. 1) [37] 

Galvanized Zinc electro- Zincated alu- 
iron plated a lu -  minium 

minium 

I~ ~ 12/ e Ot E 

0 days 0.93 0.08 0.94 0.1 0.90 0.14 
2 days 0.90 0.14 0.91 0.17 0.85 0.2 
4 days 0.82 0.2 0.80 0.23 0.82 0.27 

infrared have been developed for use on black 
nickel surfaces. They seem to be able to provide 
long-term stability under severe corrosion test 
conditions [174]. Increased humidity resistance 
of black nickel coatings has also been claimed by 
Kumar et  al. [38] for their electroless surfaces 
since their coatings almost contained no sulphides. 
This would impede strong humidity degradation 
processes wherein the sulphides are converted into 
hydroxides and oxides, with corresponding loss in 
optical properties. Experimental proof, however, 
was not provided. Years of experience with black 
nickel selective absorbers in Israel, on the other 
hand, show that these surfaces can be durable. 
This discrepancy between everyday practical 
experience and many laboratory results might be 
partly explained by particular climatic conditions, 
but may also be interpreted as a lack of reliability 
or convertability of many test results or methods. 
More research in this field seems to be necessary. 

Also copper oxide on copper coatings have 
proven that they can be durable in practical service 
(Australia). Selectivity of the coating might how- 
ever diminish, due to patination of the surface 
under influence of moisture [7, 172], or because 
of further oxidation of the metal substrate 
(increasing e) [162]. The latter also explains the 
unsuitability of this type of coating for elevated 
temperatures [7,177]. 

Chemically oxidized stainless steel or anodized 
aluminium (only moderately selective) seem to 
suffer less from decreasing absorptance or increas- 
ing emittance values as a function of time [162]. 

Excellent durability properties may also be 
expected for some other wavefront-discriminating 
surfaces, such as dendritic tungsten, or might be 
achieved with absorbing surfaces such as black 
molybdenum or ceramic enamels. 

Table V summarizes generally the overall dura- 
bility of some common coatings for solar heat col- 
lectors. 
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TABLE V Durability of coatings for solar heat collectors 

Coating Durability 

Black Paint No general rules - depending upon 
type of paint and substrate material. 
Limited stability at high temperature. 
Extremely stable. 
Stable. 
May be destroyed by moisture. 
Patinates with moisture; limited stab- 
ility at elevated temperatures (grows 
in thickness with temperature). 
Not completely defined - probably 
not very successful (white corrosion 
products) 

Organic Enamel 
Ceramic Enamel 
Black Chrome 
Black Nickel 
Black Copper 

Black Zinc 

5. Conclusions 
From the results of an extensive literature search 
concerning absorber surfaces for photothermal 
solar energy conversion and their durability, the 
following conclusions appear to be most signifi- 
cant. 

1.Many promising coatings for enhanced 
photothermal energy collection exist and a lot of 
them can in principle be applied onto a variety of 
structural absorber plate materials, such as bare or 
galvanized carbon steel, copper or aluminium. Dur- 
ability problems, however, often demand for a 
more corrosion resistant substrate, such as a base 
nickel layer or stainless steel. 

2. Selective absorber surfaces potentially offer 
the best optical and thermal performance, but 
with their exacting optical properties they can be 
expected to be most sensitive to degradation. 
Some promising cost-effective coatings for low 
temperature use (< 150 to 250 ~ C) are copper 
oxide formed by chemical conversion, black nickel 
and black chrome. Although stability is greatly 
influenced by the corrosion resistance of the sub- 
strate metal, the latter coating appears to be the 
most stable but will probably be matched in 
durability (and maybe cost) by, for instance, 
chemically or electrochemically converted stainless 
steel surfaces. To date the former systems are how- 
ever favoured because the capital equipment 
already exists and several of the proprietary pro- 
cesses have been used for years, although not 
necessarily for solar energy applications. For 
higher temperatures diffusion and/or oxidation 
processes will cause severe problems. Some sys- 
tems in which these have been overcome are, for 
instance, the multilayer AMA coating, stabilized 
silicon absorbers, tungsten dendrites and a num- 
ber of cermets. Most of these systems, however, 



need a careful tuning of production parameters 
and are only vacuum-compatible. Cost-effective- 
ness will at least require concentrating collector 

designs. 
3. Several types of coatings and surface prepar- 

ations, other than selective absorbers, can be util- 
ized for economical collection of solar energy, 
especially for low-temperature applications such as 
flat plate solar collectors. This group of non- 
selective or moderately selective coatings consists 
of matt black paints, ceramic or organic enamels 
and certain chemical metal conversion coatings. 
Ceramic enamels have the advantage of high tem- 
perature and long-term durability and painted or 
chemical conversion coatings are very attractive 
because so many potential processes exist, they are 
fairly easy and inexpensive to apply and a variety 
of substrate materials may be used. The equipment 
to apply these coatings already exists and the coat- 
ings are currently used for many commercial items. 
The coatings even have a potential to be selective 
by coating them with an IR-reflecting window 
material or by embedding semiconductor particles 
(e.g. PbS), in which case the painted coatings need 
a binder that is highly transparent or poorly emit- 
ting in the infrared wavelengths. The binder should 
not suffer from infrared absorptions and must 
withstand fairly high temperatures (at least 150 to 
200 ~ C). The conversion coatings need to be opti- 
mized and formed in such a way that they exhibit 
poor infrared emittance. 

Energy losses of the present absorber system 
can also be reduced by making the cover window 
of the collector box IR-reflective in order to 
achieve a similar low effective emittance. 

4. All of the previous coatings need to be evalu- 
ated in terms of stability and lifetime. Until the 
durability and expected life of a solar heating sys- 
tem are determined, decisions on cost effectiveness, 
savings etc. are meaningless. 

Efficient, economic design and operation of a 
solar collector is a trade-off between a set of 
materials which possess favourable optical and 
thermal properties and a choice of compatible 
materials which can be relied upon to provide a 
relatively long, trouble-free lifetime involving a 
minimum of maintenance. In these durability con- 
siderations, absorber surfaces play a determining 
role. If the receiver surface degrades, so does the 
entire system. 

5. Evaluation of durability and lifetime of the 
absorber coating has to be carried out in circum- 

stances which involve temperature cycling and 
(a simulation of) actual collector environments. 
These environments can be very harsh. In "inert" 
environments, such as in evacuated tube collector 
designs, problems will mainly be caused by ele- 
vated temperatures (including important tempera- 
ture fluctuations and thermal shocks) and possibly 
the UV irradiation. In reactive environments, such 
as in most flat-plate collector designs, moreover, 
climatic conditions will have a significant or even 
determining effect on the durability of the 
exposed surface: Coastal sites expose the coating 
to sea air and salt, industrial and urban localities 
can produce atmospheres with above average levels 
of sulphur dioxide, chlorine, nitrous oxide and 
more toxic effluents and contaminants. Moreover, 
wetting of the absorber surfaces, due to diurnal 
temperature fluctuations with condensation at 
night, might lead to an important increase of the 
corrosivity of the local environment. 

6. At the present time, only a minute amount 
of useful durability data (i.e. which would allow 
an informed evaluation of the relative trade-off 
between production costs and predicted lifetime) 
exist. Some very basic testing needs still to be 
done to determine humidity and corrosion or 
degradation resistance. A full-scale durability and 
materials evaluation programme is highly demand- 
ing. Not only should efforts be directed towards 
producing a quantity of durability data in in- 
service conditions, but attempts should be taken 
to identify basic causes of degradation in order to 
facilitate product improvements or the outlining 
of protective measures. If possible, the effect of 
individual environmental parameters should be 
quantified, together with their synergetic action. 
Therefore it is necessary to develop suitable accel- 
erated tests and to establish the correlation with 
in-service conditions. 
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