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Abstract
Optically selective surfaces in low concentrating PV/T-systems
One of the traditional approaches to reduce costs of solar energy is to use inexpensive reflectors to 
focus the light onto highly efficient solar cells. Several research projects have resulted in designs, where 
the excess heat is used as solar thermal energy. 

Unlike a solar thermal system, which has a selective surface to reduce the radiant heat loss, a CPV/T 
(Concentrating  PhotoVoltaic/Thermal)  system  uses  a  receiver  covered  with  solar  cells  with  high 
thermal emittance.

This project analyzes whether the heat loss from the receiver can be reduced by covering parts of the 
receiver surface, not already covered with solar cells, with an optically selective coating. Comparing 
different methods of applying such a coating and the long-term stability of low cost alternatives are also 
part of the objectives of this project.

To calculate the heat loss reductions of the optically selective surface coating a mathematical model was 
developed, which takes the thermal emittances and the solar absorptances of the different surfaces into 
account. Furthermore, a full-size experiment was constructed to verify the theoretical predictions.

The coating results in a heat loss reduction of approximately 20 % in such a CPV/T system and one of 
the companies involved in the study is already changing their design to make use of the results.
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1. Introduction
As the worlds population has increased rapidly in the last decade, the energy consumption has 
increased even faster. Since 1950 the energy consumption worldwide has quadrupled and at the 
same time the average global temperature has risen with about 0.6oC .

These are actually  two manifestations of the same problem.  Over three quarters  of  the total 
energy  consumption  worldwide  has  its  origin  in  fossil  fuels,  which  are  primarily  finite  and 
furthermore they release enormous amounts of carbon dioxide when used. According to many 
scientists the increased amount of carbon dioxide in the atmosphere contributes to an elevated 
green house effect, which traps the solar radiation beneath the earths atmosphere and in turn 
increases the average global temperature.

The only way to solve these problems is by investing in other sources of energy than fossil fuels. 
Solar radiation is the most abundant source of energy available to us and one way of retrieving 
the energy is by using a solar collector. 

1.1. The design of the X10 concentrator
The company Absolicon Solar Concentrator AB is developing a 
new design  of  solar  collectors,  which  not  only  provides  hot 
water  but  also  electricity.  This  is  done  by  concentrating  the 
solar  radiation  in  a  reflecting  trough towards a receiver.  The 
receiver  is  covered  with  solar  cells  on  both  sides  facing  the 
reflecting  trough.  The  solar  cells  produce  electricity  and  the 
excess heat is  conducted through the material of the receiver 
into its center, where cooling water is flowing. The heated water 
can then be used to produce hot tap water or for space heating. 
The X10 is a low concentration PV / T – system, where PV / 
T -system stands for PhotoVoltaic / Thermal system. The solar 
collector is depicted in figure  1.1 and more details about this 
specific system will be added in later chapters as well as in appendix A.

1.2. Objectives
The main objective of this degree project is to make the Absolicon X10 design more efficient 
through the use of an optically selective surface coating. This coating must be affordable, easy to 
apply on the receiver and it must also withstand the environmental strain of many years use.

What is an optically selective surface and why would it increase the efficiency of the X10 design?
What optically selective surface coatings are available on the market and how do they work?
Which coating would increase the efficiency of the X10 design the most?
Which coating would suite the X10 design best, taking pricing, environmental resistance and easy 
application into account?

1.3. Thesis structure
To answer the first question a literary study will be made in the field of electromagnetic radiation 
and the notion of optically selective surfaces. This is followed by a market survey for different 
commercial optically selective surface coatings and samples will then be ordered from companies 
producing interesting concepts. 

The optical properties of the samples will be measured using spectrophotometry and then again 
after  exposure  to  extreme conditions  in  a  climate  chamber.  This  will  show how the  optical 
properties change when exposed to extreme conditions.
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Figure  1.1:  The  Solar8  
concentrator.  Courtesy  of  
Absolicon  Solar  Concentrator  
AB.



To estimate the  reduced heat  loss  due to the use of  an optically  selective  surface coating,  a 
mathematical model of the X10 design will be constructed. The alternative that best suits the X10 
design will then be tried in a full-size prototype, to verify the theoretical predictions.
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2. Electromagnetic radiation
To understand how an optically selective surface works and why it would improve the efficiency 
of the X10 design it is important to understand the basics of electromagnetic radiation (in the 
remainder of this project the electromagnetic radiation will be referred to as just radiation). The 
radiation of interest in exploiting solar energy originates, as the name suggests, from the sun. 

2.1. Planck's radiation law  
Planck's  radiation  law  describes  how  the  intensities  of  the  radiation  from  a  blackbody  is 
distributed over a wide energy range [1]. The sun can be seen as a nearly perfect blackbody and 
therefore it is possible to use Planck's radiation law [2]. The law states that 

u=
8hc
5 ⋅

1

e
hc

kB T −1
, (2.1)

where

u : The power per unit area [ W /m2 ]
c: The speed of light in vacuum [ m/s ]
h: Planck's constant [ Js ]
 : The wavelength [ m]
kB : Boltzmann's constant [ J / K]
T : The temperature [ K ].

If  this  distribution,  equation (2.1),  is  integrated over  all  wavelengths,  Stefan-Boltzmann's  law 
emerges, which describes the radiant exitance from a blackbody (the total power emitted by a 
blackbody per unit area) [1],

J u=
c
4⋅∫0

∞

u d=∫
0

∞ c
4⋅ud =∫

0

∞

Ed , (2.2)

which can be solved into

J u=
2k B

4

60 ℏ3c2⋅T 4=BT 4 , (2.3)

where

J u : The radiant exitance [ W /m2 ]
E : The spectral radiant exitance [ W /m2 /nm ]

An  analytical  solution  to  equation  (2.2)  leads  to  the  conventional  expression  for  Stefan-
Boltzmann's law can be found [3], equation (2.3). 

2.1.1. The solar spectrum
An object at a temperature T  can be approximated by a blackbody to a very high agreement and 
therefore the radiation spectrum of that object can be described by Planck's radiation law  [2]. 
Figure 2.1 depicts  this  distribution  for  T=5900oC  and the data of  the solar  radiation from 
satellites  for  comparison.  Both  the  satellite  data  and  the  distribution  have  been  adjusted  to 
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conform to the value of the solar constant1, which is the power per unit area received by the 
earth above the atmosphere.

J solar≃1370 W / m2 . (2.4)
[6][7]
The earth's atmosphere absorbs energy in certain parts of the electromagnetic spectrum when the 
solar radiation penetrates the atmosphere [2]. The difference between the solar spectrum above 
and  beneath  the  earth's 
atmosphere  are  shown  in  figure 
2.1 as  the  green  and  the  red 
distributions. These  spectra  are 
standardized in the ASTM G173-
03 [6]. For the purposes of solar 
energy calculations the standard, 
at  an  angle  of  37o ,  has  been 
modified to represent the average 
solar irradiance2 of the USA. This 
standard  replaces  the  ASTM 
G159, where the solar spectrum 
beneath one and a half thickness 
of  the  atmospheres  were tabulated.  The G159 standard used this  abbreviation,  because   the 
amount  of  atmosphere  that  the  solar  irradiance  passes  through on average  is  1.5  times  one 
vertical column of atmosphere.  Virtually all the radiation corresponding to wavelengths longer 
than  2,5m are absorbed in the atmosphere, which is an important fact to remember when 
discussing the properties of an optically selective surface coating.

2.2. Reflectance-Absorptance-Emittance
The  derivation  of  these  relationships  starts  at  the  conservation  of  energy.  Radiative  energy 
incident on a surface has to be either absorbed or reflected, otherwise the energy would not be 
conserved. This holds true for the total energy of the radiation as well as the monochromatic3 
energies, as described in the section below.  

2.2.1. The monochromatic reflectance and absorptance
The monochromatic absorptance and reflectance [8] are defined as

=
E ,a

E ,b
, (2.5)

and

=
E , r

E ,b
, (2.6)

respectively, where

1 This constant is accepted by the space community even though different approximations are used [4, 5].[4] [5]
2 The difference between irradiance and radiant exitance is that the irradiance is the amount of power per unit area 

incident on a surface unlike the radiant exitance, which is the amount of power per unit area emitted from a 
surface  [7]. The expression solar irradiance will be used as the amount of power per unit area incident on the 
Earth's surface, that is beneath the atmosphere. 

3 Monochromatic means that the intensity is specific for a certain very small range of wavelengths and therefore it 
is only valid together with the average wavelength for the particular interval. The word monochromatic comes 
from monochrome, which in Greek means “of one color”. 
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Figure 2.1: Comparison between the ASTM G173-03 and the  
blackbody radiation from an object at T = 6000 K.
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E ,b : The monochromatic radiative energy absorbed by a blackbody surface at a 
certain temperature [ J ]

E , e: The monochromatic radiative energy absorbed by an object at the same 
temperature as the blackbody [ J ]

E , r : The monochromatic radiative energy reflected by the object at the same 
temperature as the blackbody [ J ].

The conservation of monochromatic energies yields;

E ,b=E , aE , r . (2.7)

When equation (2.7) is combined with equations (2.5) and (2.6) the following statement can be 
derived.

E ,b= E ,b E ,b . (2.8)

The  left  side  of  equation  (2.8)  is  easily  eliminated,  which  gives  the  relationship  between 
monochromatic absorptance and monochromatic reflectance:

=1 (2.9)

2.2.2. Kirchhoff's law
If an object is in an isothermal enclosure (for example a furnace), the surfaces of the object will 
absorb a certain amount of radiation from the furnace. If  the object is to maintain the same 
temperature as the furnace, it has to radiate the same amount of energy back into the furnace [8]. 
Otherwise the temperature of the object would rise and, if the furnace and the object were in 
thermal equilibrium at the beginning,  this  would cause the zeroth law of thermodynamics to 
break down. Kirchhoff's law for monochromatic absorptance therefore states

= (2.10)

where

 : The monochromatic absorptance of a surface
 : The monochromatic emittance of a surface.

As will  be derived in the next section the law also holds true for total absoptance and total 
emittance.

2.2.3. The total absorptance and the total emittance
In most solar  energy applications  it  is  convenient  to use the  total  absorptance and the  total 
emittance  of  a  surface  instead  of  the  monochromatic  ones.  They  are  produced  of  the 
monochromatic ones using weighted average.  The statistical weights are the specific intensities 
of the different wavelength in a certain electromagnetic  spectrum. This implies  that the total 
absorptance  and  the  total  emittance  are  specifically  calculated  for  different  electromagnetic 
spectra. The total absorptance is defined as [8]

=
∫

0

∞

 Ed 

∫
0

∞

Ed
(2.11)
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where

E : The spectral irradiance at wavelength   [ J ]
 : The wavelength [ m].

If  equation  (2.11)  is  combined  with  Kirchhoff's  law,  equation  (2.10),  the  definition  of  total 
emittance can be derived:

=
∫
0

∞

 Ed 

∫
0

∞

Ed
(2.12)

To avoid breaking the zeroth law of thermodynamics the total  emittance of a surface and a 
certain radiation spectrum has to be equal  to the total  absorptance of  the same surface and 
radiation spectrum.

The definitions of the total absorptance and the total emittance, equation (2.10) and (2.11), are in 
reality impossible to use in calculations due to the integrals. An approximation can be made by 
replacing  the  integrals  with  sums,  which  have  their  limits  set  by  the  limits  of  the 
spectrophotometers. The total absorptance will be calculated using this sum

=
 ∑

300 nm

2500nm

 E

 ∑
300 nm

2500nm

E

, (2.13)

where =5nm , which can be eliminated because it is constant .

The total emittance will be calculated using this sum

=
∑

2.5m

22.5m

 E

∑
2.5m

22.5m

 E

, (2.14)

where   is wavelength dependent and given by the spectrophotometer.
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2.3. Exchange of radiation between parallel surfaces
If two surfaces are finite and parallel, all the radiation emitted by 
one of the surfaces will not be absorbed by the other surface. The 
surfaces are depicted in figure 2.2 and equation (2.15) can be used 
to calculate the fraction of the emitted radiation that actually is 
absorbed by the opposite surface [9],

F 12=
2e2

bd ln1b
e 

21d
e 

2
1b

e 
2

d
e 

2 
½

b ,d  d ,b− b− d  , (2.15)

with

 x , y= x
e 1 y

e 
2

½

tan−1 x
e

1 y
e 

2
½  , (2.16)

and

 x = x
e tan−1 x

e  . (2.17)
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Figure  2.2:  This  picture  
shows the two surfaces and 
how  the  geometric  
quantities,  used in  equation 
(2.15) – (2.17), are defined.



3. Theory of heat transfer
The fundamental equations of heat transfer are related to the three main types of heat transfer; 
radiation, convection and conduction. 

3.1. Radiation
When radiation  is  exchanged between a surface  and its  surroundings  the  following equation 
describes the amount of power transferred from the surface [10]; 

qrad= A T surface
4 −T ambient surfaces

4  , (3.1)

where

qrad : The power leaving the surface [ W ]
A : The area of the surface [ m2 ]
T : The temperature of the surfaces [ K ]
 : Boltzmann's constant [ W /m2 K4 ]
 : The emittance of the surface [ ].

For equation (3.1) to be true the temperature of the emitting surface must be similar  to the 
temperature  of  the  surrounding  objects.  This  is  so  because  the  equation  assumes  that  the 
following approximation is accurate: 

 T surface≃ T ambient surfaces  (3.2)

Another approximation that equation (3.1) implies is that the ambient surfaces emits radiation as 
a perfect blackbody at the temperature T ambient surfaces .

Radiation exchanged between two surfaces with known optical properties is described another 
form of equation (3.1),

qrad=A  surf1,T surf1
T surf1

4 −surf1 ,T surf2
surf2 ,T surf2

T surf2
4  , (3.3)

by considering the emittance of the second surface and the absorptance the first surface. The 
absorptance  is  dependent  on  the  monochromatic  intensities  of  the  radiation  emitted  by  the 
second surface. Radiation from objects of different temperatures implies different emittance and 
absorptance, see section 2.2.1.

3.2. Convection
The  heat  transfer  through  convection  from  a  surface  to  its  surroundings  is  a  complicated 
phenomenon  to  describe  analytically,  but  an  estimate  which  gives  the  amount  of  power 
transferred from the surface [10] is given by

qcon=h A T surface−T ambient  , (3.4)

where

qcon : The power leaving the surface [ W ]
h: The heat loss coefficient for convection [ W /m2 K]
A : The area of the surface [ m2 ]
T : The temperature of the surfaces [ K ].
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The  analytically  complicated  part  is  the  convection  heat  loss  coefficient,  h .  There  are  no 
equations for evaluating h  that are easily incorporated in a two-dimensional model of the solar 
collector  [11].  Especially  hot inclined surfaces have no analytical  solutions  at all  for the heat 
transfer directed upwards.

To get  an idea  of  how the  convection  heat  transfer  in  the  solar  collector  is  affected by  an 
optically  selective  surface coating  the  convection  heat  loss  coefficient  is  set  to  constants  for 
different environments in the solar collector, such as

hIN=8W / m2⋅K ,
hUT=15W /m2⋅K ,
hglaz=4.5W /m2⋅K ,

where

hIN : The heat loss coefficient inside the solar collector [ W /m2⋅K ]
hUT : The heat loss coefficient outside the solar collector [ W /m2⋅K]
hglaz : The heat loss coefficient between the glazing and the top of the receiver 

[ W /m2⋅K].

The two first values are pure estimates based on the fact that convection must have a greater 
influence on the outside of the solar collector because of the outside environment. The inside is 
closed, thus it should be less affected by convection. Convection problems in text books specify 
15W /m2⋅K  as an example value [10].

In  the  lecture  “Development  of  High  Efficient  Flat  Plate  Collectors”  by  T.  Beikircher  the 
convection heat loss coefficient between the glazing and the receiver of a flat plate solar collector 
is discussed  [12]. He means that this coefficient is dependent on the temperature difference as 
well as the distance between the glazing and the receiver. As the discussion concerns flat plate 
solar collectors it is not directly applicable on the X10 design. Therefore the maximum value for 
the coefficient in the discussion is chosen, thus overestimating the losses.

3.3. Conduction
Conduction is analogously described by [10],

qcond =−k A dT
dx =−k A T

L , (3.5)

where

qcon : The power leaving the surface [ W ]
k : The thermal conductivity [ W /m⋅K]
A : The area of the surface [ m2 ]
dT
dx : The temperature gradient in the direction of the heat transfer [ K/m].

3.4. The efficiency of a solar collector
Normally the efficiency of a device is constant and easily calculated by dividing the useful output 
power  by  the  supplied  power.  The  problem  with  a  solar  collector  is  that  the  efficiency  is 
dependent  on the temperature difference between the  receiver and the  ambient  temperature. 
Furthermore,  the  market  for  solar  energy  devices  includes  a  great  variety  of  types  of  solar 
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collectors with different temperature ranges. To be able to compare completely different types, a 
set of efficiency coefficients  has been defined. An analogy to this definition is  the efficiency 
coefficient  for  a  window;  the  temperature  difference  is  relatively  small  and  the  efficiency 
coefficient  dependence  can  therefore  be  linearly  approximated.  For  a  solar  collector  the 
temperature  difference  is  significantly  higher  and  therefore  a  linear  approximation  does  not 
suffice.  As  shown  later  in  the  experiments  the  linear  approximation  overestimates  the 
temperature difference dependence on the heat losses. Therefore a polynomial approximation in 
two degrees are often used in solar energy discourse. 

The approximation is defined as

P L  x =0⋅I sU 1 x U 2 x 2 , (3.6)

where

x =T R−T amb  , (3.7)

and

P L : The heat losses in the solar collector [ W /m2 ]
I s : The solar irradiance [ W /m2 ]
T R : The average temperature in the receiver [ K ]
T amb : The average ambient temperature [ K ],

which leaves three efficiency coefficients,

0 : The optical efficiency of the solar collector [ ]
U 1 : The first degree efficiency coefficient for the solar collector [ W /m2⋅K]
U 2 : The second degree efficiency coefficient for the solar collector [ W /m2⋅K2 ].

Equation (3.6)  are defined on the fact  that  the  thermal losses are known,  but if  the  known 
quantity is the efficiency instead, the equation can be reshaped to find the efficiency coefficients. 
This is done through the definition of efficiency,

=
P
I s

=
I s−P L

I s
=1−

PL

I s
, (3.8)

which  is  combined  with  equation  (3.6)  and then  the  whole  equation  is  divided  by the  solar 
irradiance, yielding

=1−
P L

I s
=1−0−U 1

x
I s

−U 2
x 2

I s
. (3.9)

When  the  linear  approximation  is  used  the  x 2 -term,  or  effectively  the  U 2  coefficient,  in 
equation (3.7) and (3.9) is assumed to be insignificantly small.
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4. Theory of optically selective surfaces
In a perfect world a solar collector would absorb all of the solar irradiance incident upon it and 
then reflect all other parts of the spectrum, thus trapping the solar energy inside the receiver. In 
reality this is far from the case, but with an optically selective surface it is possible to approach 
that situation. This chapter will describe why an optically selective surface increases the efficiency 
of a solar collector and how an optically selective surface is constructed. 

4.1. The purpose of an optically selective surface
As seen in chapter two, the solar irradiance is 
negligible at wavelengths longer than 2,5  μm. 
The  blackbody  spectrum  of  a  body  at  a 
temperature  of  about  80oC  the  intensity  of 
the  radiation  is  negligible  at  wavelengths 
shorter than 2,5 μm. This is depicted in figure 
4.1 using the formulas in section 2.1.

These  statements  are  very  useful  when 
thinking  about  an  optically  selective  surface. 
The perfect surface for a solar collector would 
absorb all  radiation in short wavelengths and 
emit  no  radiation  in  long  wavelengths.  The 
problem  is  that,  as  Kirchhoff's  law  states,  a 
surface  is  as  good  an  absorber  as  it  is  an 
emitter. Therefore an optically selective surface 
has  to  have  properties  that  makes  it 
absorbing/emitting in the interval of the solar 
spectrum  and  reflecting,  or  non-emitting,  in 
the infrared spectrum [8]. Figure 4.2 shows this 
graphically.

4.2. Characteristics of  different 
surface designs
There are many different methods to achieve 
the  optically  selective  properties  described  in 
the previous section. The most straightforward 
approach to optically selective surface coatings 
is to use a material, which has intrinsic optically selective properties. There are some materials, 
for example ZrB2, which exhibit these properties, but for none of them the edge between low 
reflectance and high reflectance is placed at the proper wavelength for solar applications  [13]. 
Another method is to use a highly reflective substrate and cover it with a coating, which exhibits 
high solar absorptance and high infrared transmittance [13]. Such a system is called an absorber-
reflector tandem.

4.2.1. Absorber-Reflector tandems
When a  metal  base  with  intrinsic  high  reflectance  is  used,  the  task  at  hand is  to  make  the 
substrate highly absorbing in the solar spectrum and at the same time keep the high reflectance in 
the infrared part of the spectrum. Another way of describing this type of system is that the 
coating  should  have  high  absorptance  in  the  solar  spectrum  and  high  transmittance  in  the 
infrared part of the spectrum [13]. Highly reflective materials that are appropriate as a substrate 
for these systems are aluminum, copper, silver etc. It is important to remember that oxides of 
these materials don't exhibit the same optical characteristics. These coatings can be just one layer 
or multiple layers, depending on what characteristics the different layers exhibits.
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Figure  4.2:  This  graph  shows  how  the  
monochromatic  emittance  and  absorptance 
should  be  distributed  in  a  perfect  selective 
surface.
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Figure  4.1:  The blackbody radiation spectrum 
for T = 353 K or 80°C.
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4.2.1.1. Semiconductors
A property of a semiconductors is that it absorbs photons with higher energies than the width of 
the band gap of  the semiconductor  [13].  Therefore it  would make a good optically  selective 
absorber,  but  most  semiconductors  have large  refractive  indexes  and therefore  much of  the 
incident radiation is lost due to reflection against the surface. This can be adjusted by applying an 
anti-reflection  coating  on top of  the  semiconductor  layer.  These  surfaces  are  not  that  easily 
applied  onto  the  substrates  though.  The  application  method  used  in  some  early  work  was 
chemical vapor deposition.

4.2.1.2. Textured surfaces
If a surface of a highly reflective substrate was to be roughed up, creating dendrites (large teeth of 
the metal surface, about 2 μm apart), the surface will be flat to infrared radiation and therefore 
still  be highly reflective. The radiation of shorter wavelengths will  be trapped in between the 
dendrites  and  reflected  until  most  of  it  is  absorbed,  even  though  the  metal  itself  is  highly 
reflective [13].

4.2.1.3. Paints
There  are  paints  that  can  be  used  in  an  absorber-reflector  tandem.  They  consist  of  solar-
absorbing inorganic pigments dispersed in a resin. For these paints it is important that the dried 
film is thin enough, otherwise the resin causes undesired infrared absorption. There are in reality 
two different types of paints that exhibit  these optical  properties;  thickness sensitive selective 
surface paints and thickness insensitive selective surface  paints [13].

4.2.1.4. Other coatings applied via electroplating
The most used optically  selective  surface coating is a  composite  of metallic  chrome and the 
dielectric  Cr 2O3 , which is called “black chrome” [13]. There are also coatings with resembling 
properties called “black nickel”. These coatings are applied by electroplating4.

4.2.2. The effects of an anti-reflection treatment
M.  Lundh  has  studied  the  advantages  of  anti-reflection 
treatments  on  a  substrate  covered  with  an  optically  selective 
surface  coating.  In  the  study  she  investigates  two  TSSS 
(Thickness  Sensitive  Selective  Surface)  paints,  Solkote™ 
HI/SORB™-II and Solarect-Z.
The results  of  her spectrophotometric  measurements  was the 
solar absorptance and emittance at 100°C that are displayed in 
table 4.1 [15].

This project will not include trials with anti-reflection treatment, 
but  the  optical  properties  serve  as  good  comparison  to  the 
measurements done later in the project.

4.3. Application methods
As described earlier, different application methods are used for optically selective surface coatings 
and the simplicities of these methods are very different. The objectives of this degree project 
states that the surface coating should be easy to apply and therefore the only type of coating that 
will be investigated further are the paints. There are also, as described later, ready-to-use foils 
which have already been prepared with optically selective paint on one side and an adhesive on 
the other, which therefore makes them easy to attach to the substrate.

4 Electroplating is a method using an electric current to transfer cations (positively charged ions) from a material in 
a solution to a conductive object [14]. The result is a thin and homogeneous coating on the cathode. 
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Table  4.1:  Solar  absorptance  
and  emittance  at  100°C in  a  
study  performed  by  M. 
Lundh.

0.922 0.930
0.219 0.437

0.933 0.944
0.268 0.429

Solkote™ Solarect-Z
Without anti-reflection treatment

α
solar

ε
100°C

With anti-reflection treatment
α

solar

ε
100°C



5. Experiment equipment
In this section the equipment needed for the measurements and the experiments are presented 
and described in detail.

5.1. Spectrophotometry
To describe the radiation energy flux from a surface, it is important to know the surface's total 
absorptance  and  total  emittance  for  different  spectrum,  as  defined  in  section  2.2. A 
spectrophotometer is a device that can measure light intensity as a function of the wavelength 
and therefore it  can measure the  reflectance  of  a  surface in a  certain wavelength interval.  It 
consists of a light source, a device to make the light monochromatic, a beam splitter (to produce 
a reference beam) and a detector [16]. The parts are different for each model used, therefore they 
will be individually discussed later.

The detector is built on the same principles in both devices and 
it consists of two different parts, the integrating sphere and the 
actual  detector,  which  are  shown in  figure  5.1.  Because  the 
total  reflectance  –  or  transmittance  –  are  the  measured 
quantities, all the radiation reflected by the sample has to reach 
the  actual  detector.  This  is  done  by  the  integrating  sphere, 
which has a highly reflecting surface. All the radiation reflected 
by the R-sample will  reach the detector either directly or via 
reflection  in  the  surface  of  the  integrating  sphere.  The 
integrating  sphere  is  only  an  approximately  perfect  reflector 
and  therefore  the  data  has  to  be  compensated  in  the 
subsequent analysis. 

When the intention is to measure the transmittance of a surface the R-sample is replaced by a 
reference sample with the same reflectance as the integrating sphere, thus the radiation detected 
is first transmitted through the T-sample, reflected on the R-sample and then either reflected on 
the integrating sphere or directly detected. In the opposite situation, when the reflectance of the 
R-sample is measured, the T-sample is removed.  The detected intensities are interpreted as

Idetected=I transmitted⋅ integrating sphere=I reference beam⋅T integrating sphere , (5.1)

when measuring transmittance of the T-sample and as

Idetected=I reflected⋅integrating sphere=I reference beam⋅R integrating sphere , (5.2)

when measuring reflectance of the R-sample, where

I : Monochromatic light intensities
 : Monochromatic transmittance
 : Monochromatic reflectances.

The transmittance of the T-sample,  T , in equation (5.1) and the reflectance of the R-sample, 
R ,  in equation (5.2) are easily resolved and then calculated based on the measured intensity 
data. The spectrophotometer performs these calculations automatically, except for the correction 
because of integrating sphere≠1  [16].
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Figure  5.1:  Schematic  of  the 
detector  and   integrating  
sphere.  
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5.1.1. PerkinElmer Lambda 900
This device gives the total reflectance of a surface in the UV, visible and near-infrared part of the 
electromagnetic spectrum, or in the interval  0,3m2,5m .  It will  be referred to as the 
L900 device.

In  the  L900 the  UV radiation  source  is  a  deuterium lamp and the  visible  and near-infrared 
radiation  source  is  a  tungsten  lamp  [17].  A  monochromator  is  used  to  make  the  radiation 
monochromatic,  after which the beam is  divided into a  reference beam and a sample beam, 
which is done with rotating mirrors. That way the same detector can be used for the reference 
beam as well as the sample beam. The detector then uses semiconductors to transform the light 
intensity to a measurable electric current .

The reflection correction discussed earlier  is  wavelength dependent and given by a reference 
measurement performed by the equipment.

The L900 measures the light intensity within an interval of =5nm  and produces 441 values 
per measurement.

5.1.2. Bruker Tensor 27
This device gives the total reflectance of a surface in the infrared part of the spectrum or in the 
interval 449cm−1k3996 cm−1  corresponding to 2,5m22m . It will be referred to as 
the T27 device. 

The difference between this device and the L900 is that this one uses a glow bar as radiation 
source and the monochromator is replaced by a Michelson interferometer. This device uses a 
single beam and the reference beam is measured in a separate measurement.  The device can 
detect the entire spectral range simultaneously and therefore it is faster than the L900.

The principles behind a Michelson interferometer is shown in 
figure  5.2. The beam from the light source is split into one 
that reflects on the semitransparent mirror and one that  is 
transmitted through it. One beam is then reflected against a 
fixed  mirror  and  the  other  is  reflected  against  a  movable 
mirror  [18].  This  introduces a temporal  difference between 
the beams, which can be translated by Fourier transformation 
to  the  wavelength  of  the  light.  The  detectors  used  are 
photoconductive and photovoltaic [19].

The  reflection  correction  discussed  earlier  is  0.98  and 
independent of wavelength.

The T27 has a photometric accuracy of 0.1 % T [19]. This means in reality that a monochromatic 
reflectance should be given as =0.645±0.001 .

The T27 measures the light  intensity  at  an interval  of  k=2cm−1 ,  which corresponds to a 
wavelength interval of 1nm93nm . The T27 produces 1840 values per measurement.

5.2. Climate chamber
To determine how well the different types of optically selective surface coatings and the X10 
receiver, as a whole, will withstand weather changes a series of specimen were tested in a climate 
chamber. The climate chamber used was a Vötsch VC 4020 [20]. 
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Figure 5.2: Simple schematic of a  
Michelson interferometer.



After these tests the samples were first visually surveyed and then again evaluated by means of 
spectrophotometry.

5.2.1. Temperature test
The  temperature  test  involves  cycling  the 
temperature. Figure  5.3 shows how one actual 
temperature  cycle  changes  with  time.  The 
important thing is that the samples are held at 
the maximum (90° C) and minimum (-40° C) 
for ten minutes. The temperature must lie in an 
interval of ±5oC  from the given values above. 
The cycle in figure  5.3 is  repeated 200 times, 
which  means  that  the  samples  were  tested 
continuously for about 15 days. 

5.2.2. Moisture test
The  moisture  test  exposes  the  samples  to 
extreme moisture  conditions.  In  this  test  the 
samples  were  held  at  T=85oC ±2oC  in  a 
humidity of  60 %±5 % .  It was planed to do 
this  continuously  for 1000 hours,  but due to 
lack of time only 666 hours were completed. 

5.3. Equipment  for  full-size 
experiment
In the full-size experiment the surface coating is tested in reality on a solar collector receiver. Due 
to the lack of solar irradiance at the geographic position of Härnösand, Sweden in January a full-
size experiment in real conditions was impossible. 

Therefore an equipment for 
testing  the  heat  losses  in  a 
solar  collector  receiver  was 
used  instead.  It  circulates 
water  in  the  receiver  and 
conclusions  about  the 
thermal losses in the receiver 
can  be  made  from  the 
temperature  difference 
between  the  water  flowing 
into and out of the receiver. 
Furthermore, the equipment 
records the water torrent in 
the system and the ambient 
temperature. The system can 
be  set  to  different 
temperatures  between 
ambient  temperature  and 
90°C (measured in the water 
heater) and the water torrent can be regulated up to 2.4 l/min [21]. 

5.3.1. Receiver setup
It was soon established that it would be difficult to paint the receiver profile directly, because of 
the complicated design of the receiver and because the side with solar cells would afterwards be 
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Figure  5.3:  The  blue  curve  demonstrates  the  
progress through time of the first temperature  
cycle in the temperature test and the red dotted 
lines are the maximum/minimum temperature  
intervals.
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Figure  5.4:  Schematic  of  the  receiver  testing  equipment.  The  
schematic  is  a  remake  of  the  original  sketch  done  by  Olof  
Eriksson [21].



laminated,  thus overlapping the optically  selective coating on the areas beside the solar  cells. 
Furthermore, the optically selective surface coatings are delicate to handle without disturbing the 
optical properties of the surface. The lamination process could make the coating less effective. 
Measurements of the emittance of a surface with optically selective coating and laminate on top 
show that the selectivity is removed by the laminate, see section 8.1.

Therefore two aluminum sheets were bent into shapes 
suiting  the receiver,  see figure  5.5,  and then painted 
with an optically selective coating. The shapes in figure 
5.5 are the ones used in the model later described. In 
the  real  experiment  the  bottom plate  has a  v-shape, 
instead of the shape shown in figure 5.5, which implies 
a  slightly  larger  area.  The  receiver  setups  will  be 
referred  to  as  setup  one,  two  and  three,  which 
correspond to the receiver covered with just the top 
plate,  with  the  top  plate  and  the  bottom  plate  and 
without plates, in that order.

The area of these plates are:

A top plate=A htopA lam≃2 m⋅0.23 m=0.46 m2 (5.3)

Abottom plate=A hcol≃2m⋅0.07 m=0.14 m2 (5.4)

A plates=A top plateA bottom plate=0.6 m2 (5.5)

The areas  mentioned in  equation (5.3)  and (5.4)  are  taken from the definitions  made in  the 
efficiency model, for more details see appendix A.
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Figure  5.5:  Receiver  profile  with 
aluminum sheets.



6. Commercial alternatives
In this section four optically selective surface coatings are presented. The coatings were applied 
on an aluminum substrate equivalent to the material in the X10 receiver design.

6.1. Anodized Aluminum
This surface is not optically selective, but it is a common absorber (receiver) coating due to its 
high solar absorptance. The present coating of the X10 receiver design is anodized aluminum and 
therefore it is measured in the same manner as the optically selective surface coatings to make 
comparisons  possible.  The  coating  consists  of  aluminum  oxide,  which  is  the  result  of  an 
anodization process and will be referred to as AlO.

6.2. Paints
This  section  presents  one  thickness  sensitive  selective  surface  paint  (TSSS  paint)  and  one 
thickness insensitive selective surface paint (TISS paint). 

6.2.1. Solkote™ HI/SORB™-II
According  to  the  homepage  of  Solec,  the  company  that  provides  the  paint,  Solkote™ 
HI/SORB™-II has been in use worldwide since 1982 and it is easily applied with a traditional air 
atomization spray gun. The ideal wet film thickness is 20 μm – 25 μm [22]. It is recommended to 
use  aluminum,  copper  or  stainless  steel  as  substrate  for  the  coating  because  of  their  high 
reflectance.  Emittances  for  this  type  of  dried  coating  can  range  from 0.28  –  0.49  and  the 
absorptance can range from 0.88 – 0.94, both depending on painting conditions. This paint will 
be referred to as  Solkote.

6.2.2. Suncolor PUR BLACK
The Suncolor PUR BLACK is provided by Color and it is a polyurethane based paint, with highly 
absorptive pigments [23]. This paint is thickness insensitive, which will be shown by the analysis 
of the spectrophotometric measurements. This paint will be referred to as Suncolor.

6.3. Ready-to-use foils
Two types of ready-to-use foils have been found, which are presented here.

6.3.1. Skultuna Flexible
This coating is provided by Skultuna Flexible, who has been unavailable for further details on the 
foil as well as pricing. The foil has an aluminum base and an adhesive covered backside, thus it 
will experience thermal coupling with the substrate. As described in the section about SolMax, 
this implies an maximum length of the foil for the adhesive to work properly.  This foil will be 
referred to as Skultuna. 

6.3.2. SolMax®
This coating is provided by Energy International Systems Group Ltd. and the foil is nickel based 
with  an  adhesive  covered  backside  [24].  The  adhesive  is  silicone  based  and  can  withstand 
temperatures up to 180°C, as well as a range of solvents. Due to the thermal coupling between 
the foil and the substrate EIS Group Ltd. does not recommend lengths of the foil that exceed 
416 mm (this  assumes  that  the  temperature  difference between the  surrounding  air  and the 
substrate is 60°C) for the thermal expansion not to exceed 0.2675 mm. This foil will be referred 
to as just SolMax.
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6.4. Sample Preparation

6.4.1. Paints
The samples covered with paints were prepared according to the following sequence:

• The aluminum oxide was removed from the surface.
• The paint was applied using an air atomization spray gun. It was sprayed at a distance of 

approximately 0.5 m in five swipes (swiping the gun from left to right five times). 
• This was done again a few hours later for the samples with multiple layers, allowing the 

paint to dry in between.
• The  samples  were  then  cured  at  room  temperature  for  at  least  two  days  before 

spectrophotometrically measured.

6.4.2. Foils
These products are delivered as foils and coated with an adhesive on the backside. Therefore the 
preparation was simply to attach the foil to the aluminum receiver, without first removing the 
aluminum oxide layer.

6.5. Pricing
The pricing was provided from the different companies. Skultuna Flexible has not replied with 
any price information despite multiple contact attempts.

6.5.1. Solkote
The paint from Solec is priced as shown in 
table  6.1.  The  applied  cost  was  calculated 
using  the  factor  of  coverage  for  hand 
sprayed  surfaces  of  40 m2 / gallon  or 
0,0946 l /m2  [22].  According to Solec the 
applied  cost  can  be  dropped  by  50  % 
through  automated  spray  application.  An 
exchange rate of 8.35 kr / $ was assumed.

6.5.2. Suncolor
The Suncolor  paint  is  priced  as  shown in 
table  6.2.  The  applied  cost  was  calculated 
using  the  density  of  the  mixed  color, 
1390 kg / m3 ,  and  the  theoretical  spreading 
rate, 7 m2 / l  [23]. An exchange rate of 10.57 
kr / € was assumed .

6.5.3. SolMax
The SolMax foil is priced as shown in table 
6.3. All foils are delivered with an width of 
250 mm [24]. An exchange rate of 12.28 kr / 
£ was assumed .
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Table  6.3:  Pricing  of  EIS  Group  Ltd.  
SolMax®[24].

0,05 6,52 80,07 1525,06
0,25 15,25 187,27 749,08

1 36,36 446,5 446,5
4 115 1412,2 353,05

Quantity 
[m²]

Price 
[£]

Price 
[SEK]

Applied cost 
[SEK/m²]

Table 6.2: Pricing of Color Suncolor PUR [23].

1 kg 44,99 108 1617,08 321,11
5 kg 224,94 108 703,84 139,76
10 kg 449,88 108 589,68 117,09

Quantity Price 
[€/kg]

Shipping 
[€]

Total  
[SEK/kg]

Applied cost 
[SEK/m²]

Table  6.1:  Pricing  of  Solec  Solkote™ 
HI/SORB™-II [22].

69,95 2,5 159,81 15,12
59,95 1,05 134,56 12,73
53,49 1,05 120,31 11,38
49,21 1,05 110,87 10,49
47,17 1,05 106,37 10,06
46,38 1,05 104,62 9,9
45,84 1,05 103,43 9,78

Quantity Price  
[$/gallon]

Shipping 
[$/gallon]

Total  
[SEK/liter]

Applied cost 
[SEK/m²]

1-4 gallons
5-9 gallons

10-19 gallons
20-29 gallons
30 -39 gallons
40-49 gallons
50+ gallons



7. Analysis of experimental data
Before conclusions can be made from measurements and experiments, the derived data has to be 
analyzed. The analysis was done according to the following discussion.

7.1. Data from spectrophotometic measurements
Both devices measure the ratio between the reflectance of the sample and a reference. These 
references are not perfect reflectors and therefore the measured data has to be refined in this 
way:

R measured=
Rsample

Rreference
⇔R sample=R reference⋅R measured . (7.1)

In the L900 the reflectance of the reference is a function of the wavelength and for the T27 it is 
constant:

R referenceT27 =0,98 . (7.2)

The monochromatic reflectances were averaged for samples measured more than one time.
Different samples of the same surface with the same coating were also averaged and table  8.1 
shows how many samples and measurements each obtained value is an average of. 

7.1.1. Solar absorptance and thermal emittance
These  quantities  were  calculated  according  to  the  formulas  in  section  2.2.3. with  the  solar 
irradiance as basis for the solar absorptance and the blackbody radiant exitance5, at two different 
temperatures, as basis for the thermal emittances.

The ASTM G173-03 solar irradiance spectrum uses uniform wavelength intervals; = 0.5 nm 
below 400 nm, = 1 nm between 400 nm and 1700 nm, an intermediate value at 1702 nm and 
then = 5 nm above 1705 nm [6]. These intervals are not the same as the ones given from the 
spectrophotometer,  which  is  why  the  ASTM  G173-03  values  were  averaged  to  suit  the 
spectrophotometer interval; = 5 nm between 300 nm and 2500 nm.

7.2. A mathematical model of thermal efficiency in two dimensions
A mathematical  model was developed to estimate the benefits  of using an optically  selective 
surface coating in the system studied.

7.2.1. Limitations
To simplify the model it considers a cross section of the concentrating trough instead of the 
whole  three  dimensional  trough.  Because  of  this  simplification  the  heat  transfer  due  to 
conduction in a direction orthogonal to the cross section of the through is ignored. 

Furthermore, the model assumes that the temperature is uniform in the different surfaces of the 
cross section, for example that the glazing temperature is constant in all points of the glazing. In 
reality  this  is  not  the  case  due to the  fact  that  the  heat  transfer  through conduction  is  not 
instantaneous. A consequence of this as well as a basis for the model is that each surface has 
reached thermal equilibrium, thus not requiring any energy to heat the material.

Conduction through the receiver holder is neglected, because the receiver is suspended in each 
end by the holders and therefore it is difficult to estimate the heat transfer through it in a two-

5 The radiant exitance is the amount of power per unit area emitted from a surface [7]. 
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dimensional  model.  There  are  also  contributing  conductive  heat  transfers  not  considered 
between the glazing and the reflector sheet.

7.2.2. Model basis
The model of the solar concentrator can be derived from the first law of thermodynamics. This 
law states that the difference between the energy entering a system and leaving the same system is 
equal to the work done by the system [25].

In the solar collector the work done would be the energy produced by the solar cells and the heat 
absorbed by the fluid cooling the receiver, under the assumption that the materials in the system 
has reached the stagnation temperature.

The definitions of the quantities not defined in this chapter, as well as a figure describing the 
cross section of the trough, can be found in appendix A.

7.2.3. The four equations
The system includes four unknown variables;  P ,T in ,T g ,T r . These variables specify in order; 
the output power of the solar collector, the temperature of the inside air in the solar collector, the 
temperature of the glazing and the temperature of the reflector sheet.

The  input  temperatures  in  the  systems  are;  T R ,T amb ,T atm .  Their  meanings  are;  the  average 
temperature of the receiver, the average temperature of the air and objects surrounding the solar 
collector and the average temperature of the atmosphere with which the radiation exchange of 
the glazing occurs. 

Four equations were developed to find a solution to the unknown variables; the first considers 
the solar collector as a whole, the second considers the heat transfer through the glazing, the 
third considers the heat transfer through the reflector sheet and the fourth considers the heat 
transfer through the receiver.

If  {}  are  used  in  the  expression  the  expression  inside  has  three  different  alternatives.  Each 
alternative corresponds to the different setups used in the experiments (see the receiver setup in 
section 5.3.1.). The different setups correspond to when the receiver is covered with only the top 
plate, when the receiver is covered with both the top plate and the bottom plate and last is the 
original setup without plates. The setups will be referred to as setup one, two and three, each one 
corresponding to the different lines in that order.

The first law of thermodynamics can be expressed as

E IN

dt −
EOUT

dt =
dU
dt P , (7.3)

where

E IN

dt : Energy flux entering the solar concentrator [ W ]

EOUT

dt : Energy flux leaving the solar concentrator [ W ]

dU
dt : The change in internal energy of the system [ W ]

P : The total power (electric and thermal) output of the system [ W ].

20



As stated in section 7.2.1. one limitation of the model is that the change in internal energy of the 
system is assumed to be zero in all of the models equations. This assumption is possible, because 
the different surfaces are thought to be in thermal equilibrium. 

It is only the solar collector as a whole and the receiver that have a power output, thus the power 
output term is zero in the second and third equation.

7.2.3.1. Equation one - The solar collector as a whole
In this equation the energy fluxes in equation (7.3) can be described as

E IN

dt =g ,high g, high I s A g (7.4)

and 

EOUT

dt =Ė c ,rĖ c , gĖ r , rĖr , g . (7.5)

Incident  radiation  on a  surface  is  either  absorbed,  transmitted  or  reflected.  The  energy  flux 
entering the solar collector system, equation (7.4), is the absorbed and the transmitted radiation 
of the total radiation incident upon the glazing.

The different types of energy fluxes that leaves the system, equation (7.5), are:

Ėc ,r=hUT A r T r−T amb  (7.6)

Ėc , g=hUT A gT g−T amb  (7.7)

Ėr ,r=rb , low A r  T r
4−T amb

4  (7.8)

Ėr , g= g , low A g T g
4−T atm

4  (7.9)

Equations  (7.6)  and (7.7)  describe power  losses due to convection  from the backside  of  the 
reflector and the glazing respectively. Equations (7.8) and (7.9) describe the power losses due to 
the exchange of radiation between the backside surface of the solar collector and the ground and 
between the glazing and the atmosphere, respectively.

The infrared radiation emitted from the receiver could be transmitted through the glazing, but 
the transmittance of glass in the infrared part of the spectrum is close to zero.

If equations (7.4) and (7.5) are combined with equation (7.3) the resulting equation is

g ,high g,high  I s A g−hUT A r T r−T amb −hUT A g T g−T amb −
−rb , low A r  T r

4−Tamb
4 − g , low A g T g

4−T atm
4 =P.

(7.10)

7.2.3.2. Equation two - The glazing
The same discussion applies for the glazing, but there is no power output from the glazing itself, 
thus the power output term equals zero. Accordingly

E IN

dt = g,high I s A g (7.11)
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and

EOUT

dt =Ė c , insideĖ c ,outsideĖ r , insideĖr ,outside . (7.12)

The energy flux entering the glazing system is the fraction of the solar irradiance absorbed in the 
glazing, as equation (7.11) states.

The different types of energy fluxes that leave the system, equation (7.12), can be described as:

Ėc , inside=hIN  A g−A htop  T g−T inhglaz A htop T g−T R  (7.13)

Ėc ,outside=hUT A g T g−T amb  (7.14)

Ėr , inside= g , low A gT g
4−r , low  g , low  A g−A htop T r

4− g, low T R
4⋅

⋅{top ,high A htopr , low lam ,high A lamtop ,high A lam2⋅PV ,high A PV 
top ,high A htopr , low lam ,high A lamtop ,high A lam2⋅PV ,high A PV 
2⋅top ,high A topcol ,high A col 1−F col 2⋅r , low lam ,high A lamPV ,high A PV  } (7.15)

Ėr ,outside= g, low A g T g
4−T atm

4  (7.16)

Equations (7.14) and (7.16) are equal to equations (7.7) and (7.9), respectively. They describe the 
energy flux leaving the outside of the glazing. Equation (7.13) describes the convectional heat 
loss towards the inside of the solar collector and equation (7.15) describes the radiation heat loss 
in the same direction. The first line of that equation describes the energy flux out of the glazing 
inwards due to radiation minus the radiative heat flux received from the reflector sheet due to its 
temperature. The three last lines describe the heat flux from the receiver to the glazing, either 
directly or via the reflector sheet. 

Equations (7.11) through (7.16) can then be combined to form a similar equation to equation 
(7.10), except it will equal zero instead of the power output.

7.2.3.3. Equation three - The reflector sheet
The same discussion applies for the reflector sheet as for the glazing, thus

E IN

dt =r ,high g ,high I s A r (7.17)

and

EOUT

dt =Ė c , insideĖ c ,outsideĖ r , insideĖr ,outside . (7.18)

The energy flux entering the reflector sheet system is the fraction of the solar irradiance first 
transmitted through the glazing and then absorbed in the reflector sheet, as equation (7.17) states.

The different types of energy fluxes that leave the system, equation (7.18), can be described as:

Ėc , inside=hIN A r T r−T in (7.19)
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Ėc ,outside=hUT A r T r−T amb  (7.20)

Ėr , inside=r , low A r  T r
4− g , low r , low  A g−A htop T g

4−r , low  T R
4⋅

⋅{col ,high A col 1−F col lam ,high A lamtop ,high A lam2⋅PV , high A PV 
2⋅top ,high A lam2⋅PV ,high A PVtop ,high A hcol 
col ,high A col 1−F col 2⋅lam ,high A lam2⋅PV ,high A PV  } (7.21)

Ėr ,outside=rb , low A r  T r
4−T amb

4  (7.22)

Equations (7.20) and (7.22) are equal to equations (7.6) and (7.8), respectively. They describe the 
energy flux leaving the backside of the reflector sheet. Equation (7.19) describes the convection 
heat loss towards the inside of the solar collector and equation (7.21) describes the radiation heat 
loss in the same direction. The first line of that equation describes the energy flux out of the 
reflector sheet inwards due to radiation, minus the radiative heat flux received from the glazing 
due  to  its  temperature.  The  three  last  lines  describe  the  heat  flux  from the  receiver  to  the 
reflector sheet. It is divided in three different lines because of the different setups used in the 
experiments, as discussed in the previous section. 

Equations (7.17) through (7.22) can then be combined to form a similar equation to equation 
(7.10), except it will equal zero instead of the power output.

7.2.3.4. Equation four - The receiver
The fourth and last equation that governs the system is describing the receiver system,

E IN

dt
=PV , highr ,high g ,high I s  A g−Ahtop top ,high g,high I s⋅{ A htop

A htop

2⋅A top
} (7.23)

and

EOUT

dt =Ė c ,sideĖc ,topĖ r , sideĖ r , top . (7.24)

The energy flux entering the receiver system originates from two effects. Firstly the fraction of 
the solar irradiance first transmitted through the glazing, then reflected in the reflector sheet and 
finally absorbed in the PV surface. The second effect is the fraction of the solar irradiance that is 
transmitted  through  the  glazing  and  then  directly  absorbed  by  the  top  of  the  receiver.  As 
equation (7.23) states, the three setups imply different top surface areas of the receiver.

The different types of energy fluxes that leave the system, equation (7.24), can be described as:

Ėc ,side=2⋅hIN  A PV A lam  T R−T in  (7.25)

Ėc ,top=hglaz A htop T R−T g (7.26)

Ėr ,side= T R
4 −r , low  T r

4− g, low r , low T g
4 ⋅

⋅{col ,high A col 1−F col lam ,high A lamtop ,high A lam2⋅PV ,high A PV 
2⋅top ,high A lam2⋅PV ,high A PV top ,high Ahcol 
col ,high A col 1−F col 2⋅lam ,high A lam2⋅PV ,high A PV  } (7.27)
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Ėr , top= TR
4 { top ,high A htop

top ,high A htop

2⋅top ,high A topcol ,high A col 1−F col }−top , low g , low  T g
4 { A htop

A htop

2⋅A top
} (7.28)

Equations (7.25) and (7.26) describe the heat losses through convection from the top and the 
sides of the receiver. Equations (7.27) and (7.28) describe the radiation energy fluxes from the 
receiver. Equation (7.27) describes the radiation that the receiver emits from the sides and the 
bottom.  Those  surfaces  also  receive  radiation  both  directly  and  via  the  reflector  sheet.  In 
equation (7.28) the radiation emitted and absorbed by the top of the receiver is described.

Equations (7.23) through (7.28) can then be combined to form a similar equation to equation 
(7.10).

7.2.4. System of non-linear equations
The equations are polynomials of fourth degree, due to the fourth degree dependence of the 
temperature in Stefan-Boltzmann law. This implies that the system does not have an analytical 
solution and therefore it has to be solved through iteration.

The iteration is done by the software GNU Octave6 and the programming code is shown in 
appendix B.

The program also includes  a  calculation  of  the  efficiency  coefficients  for  the  solar  collector. 
These calculations use the built-in function to fit a second-degree polynomial to the data points 
generated by the model. The results are then analyzed according to equation (3.9) in section 3.4.

7.3. Data from full-size experiment
The output data in the full-size experiment are:.

T INL : The temperature at the inlet of the receiver [ K ]
T OUTL : The temperature at the outlet of the receiver [ K ]
j : The water flow in the system [ l / min ]

T AMB : The ambient temperature around the receiver [ K ].

The data is the basis for a second-degree polynomial fitting, discussed in section 3.4. For this to 
be possible the data was refined through

J = j⋅H 2O⋅1/60 min /s⋅10−3 m3 / l , (7.29)

and

P L= J cv T INL−TOUTL  , (7.30)

and

x = T INLT OUTL 
2

−T AMB , (7.31)

where

6 GNU Octave is an open-source software intended for numerical computations and the programming language 
used is mostly compatible to MatLAB [26].
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J : The water flow in the system [ kg /s ]
H2 O: The density of common water at 100°C [ kg /m3 ]
P L : The power losses over the receiver [ W ]
cv : The specific heat capacity of common water under constant volume [ J / K⋅kg ].

The optical efficiency mentioned in section 3.4. is zero for this experiment because the receiver is 
heated from the inside. To ensure that the fitting of the polynomial takes this into account the 
data point P L , x =0,0   is added to the experimental data. The results from the second-degree 
polynomial fit are then analyzed according to equation (3.7).
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8. Results
This section contains the results from the analysis described in the previous chapter.

8.1. Spectrophotometric measurements

Table  8.3:  Comparison between the samples  
exposed to extreme conditions in the climate  
chamber and the originals. 

Table  8.4:  Comparison  between  the  
absorptance  values  of  the  aluminum  oxide  
and  the  different  optically  selective  surface  
coatings.
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0,7% -2,8% -4,0%
0,1% 11% 12%
-0,2% -1,4% -3,3%
-0,2% -22% -27%

Absorptance 
ASTM

Absorptance 
for 80°C

Absorptance 
for 25°C

Solkote
Suncolor
Skultuna
SolMax

-13% -88% -89%
-15% -84% -85%
-1,3% -65% -66%
5,1% -89% -90%

Absorptance 
ASTM

Absorptance 
for 80°C

Absorptance 
for 25°C

Solkote
Suncolor
Skultuna
SolMax

Table  8.2:  This  is  a  detailed  table  over  the  spectrophotometric  measurements  on  the  
surfaces in the full-size experiment.

0,653 0,079 0,075 0,759 0,139 0,132
0,652 0,058 0,056 0,732 0,229 0,218

0,705 0,079 0,075 0,689 0,128 0,118
0,707 0,068 0,067 0,701 0,099 0,093

0,731 0,159 0,151 0,820 0,270 0,263
0,734 0,177 0,167 0,847 0,240 0,227

0,70 0,10 0,10 0,76 0,18 0,18

0,04 0,05 0,05 0,06 0,07 0,07

Absorptance 
ASTM

Absorptance 
for 80°C

Absorptance 
for 25°C

Absorptance 
ASTM

Absorptance 
for 80°C

Absorptance 
for 25°C

Top plate 
one

Bottom plate 
one

Top plate 
two

Bottom plate 
two

Top plate 
three

Bottom plate 
three

Average 
value

Average 
value

Standard 
deviation

Standard 
deviation

Table 8.1: Results of the spectrophotometric measurements.

0,916 - 0,832 0,838 1 1

0,80 - 0,10 0,09 1 1
0,78 - 0,13 0,12 1 1
0,90 - 0,29 0,29 1 2
0,96 - 0,09 0,09 1 2

0,80 - 0,09 0,09 2 1
0,78 - 0,15 0,14 2 1
0,90 - 0,28 0,28 1 2
0,96 - 0,07 0,06 1 2

0,83 0,93 0,93
0,96 0,93 0,93

0,70 - 0,10 0,10 3 2
0,76 - 0,18 0,18 3 2

0,060 0,89 0,88 0,87 1 2
0,14 - 0,80 0,80 1 2

- - 0,78 0,81 1 2

PV-cell 0,924 - 0,938 0,937
0,936 - 0,935 0,935

Absorptance 
ASTM

Transmittance 
ASTM

Absorptance 
for 80°C

Absorptance 
for 25°C

Number of 
samples 

Number of measurements 
per sample

Aluminum Oxide

Selective surfaces
Solkote
Suncolor
Skultuna
SolMax
After trials in the climate chamber
Solkote
Suncolor
Skultuna
SolMax
Laminated selective surfaces
Laminated Solkote
Laminated Suncolor
The coating used in the full-size experiment
Top plate – Solkote
Bottom plate – Solkote

Surfaces in the design
The glazing
The reflector
The backside of the reflektor

The PV-cells and the laminated aluminum oxide These measurements were done for 
Absolicon Solar Concentrator AB by Arne 
Roos at Uppsala University.Laminated AlO



The  results  of  the 
spectrophotometric  measurements 
are  presented  in  table  8.1,  which 
show  the  number  of  samples  and 
the  number  of  measurements  for 
each sample. 

Table 8.3 displays the changes in the 
optical  properties  of  the  surfaces 
after the exposure to extreme conditions in the climate chamber. The red and green values are 
negative and positive changes in the  optically selective properties.

The results from all measurements performed on the samples from the surfaces used in full-size 
experiment are shown in table 8.2 and the average value as well as the standard deviation of the 
measurements are presented for the top and bottom plates.  The corresponding samples have 
been photographed and are presented in appendix D.

The enhancements of  the  absorptance,  when using an optically  selective  surface coating,  are 
displayed in table 8.4 as percentages of the corresponding aluminum oxide absorptance.

In table  8.5 the thickness  sensitivity  is  shown, which was part  of  the analysis  from the first 
spectrophotometric  measurement.  The following  measurements  of  the  Solkote  coating  never 
reached such an elevated solar absorptance and therefore the one-layer values in table 8.5 were 
discarded in the analysis of values for table 8.1.

27

Table  8.5: This table shows how the absorptances varies  
with increasing layer thicknesses.

Solkote One layer 0,95 0,17 0,16
Two layers 0,94 0,35 0,34
Three layers 0,95 0,49 0,51

Suncolor One layer 0,78 0,13 0,12
Two layers 0,82 0,20 0,20
Three layers 0,78 0,22 0,22

Absorptance 
ASTM

Absorptance 
for 80°C

Absorptance 
for 25°C



8.2. Results from the efficiency model
The  results  of  the  spectrophotometric 
measurements are a part of the input data to the 
efficiency  model,  together  with  the  specific 
details of the X10 design. The input data used 
are  shown  in  the  code,  which  is  attached  as 
appendix B. The following  values are calculated 
using  the  efficiency  model  and  the  theory 
presented  in  section  3.4. The  percentages  are 
comparisons  between  the  original  setup  with 
AlO coating and the different optically selective 
coatings with the receiver setup mentioned in 
section  5.3.1. The  efficiency  model  has  also 
been used to calculate explicit power fluxes in 
the  solar  collector  and  these  are  displayed  in 
appendix  C  for  the  Solkote  and  SolMax 
coatings.

The  graphs  in  figures  8.1,  8.2 and  8.3 are 
included to show how the different efficiency 
coefficients  are  affected  by  changes  in  the 
assumed convectional  heat loss coefficients.  The first graph shows the change in the second 
degree efficiency coefficient, the second graph shows the change in the optical efficiency and the 
last graph shows the change in the first degree efficiency coefficient. The first degree efficiency 
coefficient is the most affected one, while the others only changed with a few percent.

Table 8.7: The input data given to the model  
are  in  this  case  the  same  as  in  table  8.6,  
except for Is = 400 W/m2.

Table 8.8: The input data given to the model  
are in this case the same as in table 8.6, except 
that 25°C <  TR < 80°C.
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Table  8.6: The input data given to the model  
for these results are; Is = 800 W/m2, 25°C < 
TR  <  120°C  and  the  convection  heat  loss  
coefficients as introduced in section 3.2.

0,73
2,3

7,4E-03

0,74 0,5%
1,7 -24%

3,4E-03 -54%

0,73 0,3%
1,8 -22%

3,6E-03 -51%

0,74 1,4%
1,9 -17%

4,6E-03 -38%

0,75 2,0%
1,7 -24%

3,4E-03 -54%

Original receiver 
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Receiver setup with 
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Receiver setup with 
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2
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0

U
1

U
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Figure  8.1:  A  graph  that  shows  how  the  
second degree efficiency  coefficient  changes 
when the  different  heat  loss  coefficients  of  
convection are varied.

Figure  8.2:  A  graph  that  shows  how  the  
optical efficiency changes when the different  
heat loss coefficients of convection are varied.

Figure 8.3: A graph that shows how the first  
degree   efficiency coefficient changes when 
the  different  heat  loss  coefficients  of  
convection are varied.
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8.3. Full-size experiment

The  calculations  based  on  the  temperatures  and  water  flow, 
given  by the  equipment,  resulted in  the  heat  loss  coefficients 
presented in table 8.9.

During the full-size experiment a thermometer was attached to 
one of the receiver holders to get a picture of the amount of 
power loss that flows through the receiver holder down to the 
reflector  sheet.  These  temperatures  are  shown to the  right  in 
table  8.10 together  with  the  ambient  temperature,  T amb ,  the 
average receiver temperature, T R , and the receiver setup.
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Table  8.9:  This  table  presents  the  results  from the  full-size  experiment.  The  different  
efficiency values are calculated according to the discussion in section 3.4. The temperature 
TR is the average receiver temperature and TVVB is the temperature set in the water heater.

60 54 2,1
75 65 2,4
90 76 2,6

1,4
5,3E-03

60 55 1,4 -34% 1,4 -34%
75 66 1,6 -33% 1,5 -39%
90 77 1,6 -37% 1,5 -41%

1,1 -20% 1,1 -20%
2,4E-03 -54% 1,9E-03 -64%

T
VVB 

[°C]
T

R 

[°C]
Original receiver 

setup
Receiver setup with top 

plate
Receiver setup with top 

and bottom plates

AlO Linear dependence U
1

U
1

U
1

Second degree U
1

polynomial dependence U
2

Solkote Linear dependence U
1

U
1

U
1

Second degree U
1

polynomial dependence U
2

Table  8.10:  The  temperature 
of  the  receiver  holder  is  the  
last  column  (see  text  for 
details). 

55 23 30
66 22 32
77 23 34
55 23 29
66 23 32
78 24 34
54 23 27
65 23 28
76 23 30

Receiver 
setup

T_R 
[K]

T_amb 
[K]

T_rechol 
[K]

one
one
one
two
two
two

three
three
three



9. Discussion
The discussion first concerns three topics; the spectrophotometric measurements, the efficiency 
model of the solar collector and the full-size experiment. Afterwards the efficiency model and the 
full-size experiment are discussed in relation to each other and at last the cost and the practical 
aspects of the different coatings are taken into account.

9.1. The spectrophotometric measurements
In table  8.2 the absorptances for the plates used in the full-size experiment are displayed. The 
plates  were  painted  simultaneously  and  then  spectrophotometrically  measured  on  the  same 
occasion. Therefore they should have similar optical properties. The standard deviation of the 
measurements  shows  that  the  errors  in  these  measurements  are  at  least  0.04  –  0.07.  The 
spectrophotometer is highly accurate, see section 5.1., so the reason for this error must lie in the 
preparation of the samples. The results in table 8.2 are similar and therefore this error is probably 
underestimated for the other samples as well,  thus it  can be established that the absorptance 
values should not be discussed with more than two significant digits.

A comparison was made between different layer thicknesses,  which is  shown in table  8.5.  It 
shows that the thermal emittance is quickly elevated for the Solkote sample, for the Suncolor 
sample this increase is much slower.

After the samples had been exposed to extreme conditions in the climate chamber, they were 
once again spectrophotometrically measured. The difference between the optical properties of 
the samples before and after are shown as percentages in table 8.8 and the changes in the solar 
absorptance is insignificantly small. Also the thermal absorptance for Solkote and Skultuna are 
insignificant. The thermal emittance is however negatively affected for Suncolor and positively 
affected for SolMax by approx. 10 % and approx. -20 %, respectively. Because only two thirds of 
the  moisture tests  were  performed,  these  changes  might  be  underestimated,  but  over  all  the 
coatings withstand extreme conditions well without losing their optical properties.

The first indication of an elevated power output from a solar collector using an optically selective 
surface coating relative to one using aluminum oxide coating is shown in table 8.7. Depending on 
which property that is most important for an elevated power output, the results are different, 
which will be discussed later. The obvious best choice is the SolMax foil, which both increases 
the solar  absorptance and decreases the  thermal emittance.  The Skultuna foil  has the lowest 
decrease in thermal emittance and the Suncolor paint decreases the solar absorptance highly. The 
Solkote paint has a very similar thermal absorptance to SolMax, but with a slightly decreased solar 
absorptance. 

9.2. The efficiency model
The limitations of the theoretical model are described in section 7.2.1. These limitations make the 
results of the efficiency model less reliable, of course, but the limitations affects the convectional 
and conductional heat transfer mostly and when evaluating the effects of different coatings these 
heat transfers remain constant and should not have any immense effects at all on the comparative 
results.  The reason why  they  could  have  effects  on  the  results  is  that  the  convectional  and 
conductional heat transfers are parts of the link between the receiver and the glazing as well as 
the reflector sheet. Depending on how this link is affected by the decreased radiant heat transfer, 
it could have some influence on the results.

To estimate the heat transfer through conduction in the receiver holders  a thermometer was 
attached during the full-size experiment. These temperatures are shown in table 8.10 and suggest 
that  it  is  due  to  conduction.  As  suspected  the  receiver  holder  has  an  elevated  temperature 
compared with the surroundings, thus the heat transfer through it is not negligible. Furthermore, 
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the temperature increases with a higher receiver temperature in a manner that appears to be 
linear, which is expected in conduction heat transfer. The third receiver setup in the experiment 
gives an interesting result for the receiver holder temperature. In that case the temperature is 
lower than in the two other receiver setups. This implies that the top plate with optically selective 
coating elevates the heat transfer through the receiver holder. This has a natural explanation: 
because the plate rests upon the receiver holder the area of conduction between the receiver 
holder and the receiver is increased, thus so is the heat transfer.

The fact that the above mentioned phenomenon is not included in the efficiency model, implies 
that  the  model  is  underestimating  the  heat  losses  and,  in  addition  to  that,  it  might  be 
overestimating  the  effects  of  an  optically  selective  surface,  when using  the  first  and  second 
receiver setup.

The best way to describe the system, which the solar collector consists of would be to use a 
computer software to model the heat transfer in all points of the system (In reality in the points 
set by the mesh that describes the system. This mesh can be more or less detailed depending on 
the  computer  and  time  resources  available).  Such  a  software,  COMSOL  Multiphysics,  was 
evaluated for replacing the theoretical model, but it was discarded based on these arguments;

– modeling in such a software is very time-consuming, because the model must be very 
detailed to receive results more reliable than the ones provided by the theoretical model 
described earlier,

– the software does not support wavelength dependent absorptance and emittance,
– the software also assumes that all reflectance is diffuse, thus making it difficult to simulate 

the reflector sheet.

As discussed in the section about solar collector efficiencies, section 3.4., the conventional power 
loss  descriptions  in  solar  energy  use  the  efficiency  coefficients.  These  are  calculated  in  the 
efficiency  model  and  the  results  were  presented  in  section  8.2. Table  8.6 compares  these 
coefficients for the solar collector in conditions, which are assumed to be most similar to reality. 
The coatings affect the solar collector in different ways; SolMax affects the coefficients most 
positively, it heightens the optical efficiency with almost 2 % and decreases the U1  and U2 with 
almost 24 % and 54 % respectively. Solkote follows with a slightly lower decrease, but with an 
increase in optical efficiency of only about 0.5 %. Suncolor has an even lower increase in optical 
efficiency than Solkote and Skultuna increases the optical efficiency almost as much as SolMax, 
but does not decrease the other coefficients enough.

Tables  8.7 and  8.8 are included to see how the input data affects the coefficients. One of the 
reasons that these coefficients are used instead of regular efficiencies is that these coefficients 
should be relatively independent of solar irradiance and receiver temperatures, which the data in 
the tables verifies. 

The graphs  in  figures  8.1,  8.2 and  8.3 describe  how the  efficiency  coefficients  change when 
different convectional heat loss coefficients are used. These graphs confirm that the convectional 
heat  loss  coefficients  influence  the  efficiency  coefficients,  especially  the  U 1 -coefficient.  The 
other two efficiency coefficients are only affected by a few percent. To be able to draw more 
precise  conclusions  about  the  accuracy  of  the  convectional  heat  loss  coefficients  a  deeper 
investigation is necessary.

To get a more detailed picture of how the heat transfer works in a concentrating PV/T solar 
collector the explicit power fluxes were calculated from the model. This was done for the leading 
coatings as well as for the original receiver setup, see appendix C. As expected all the power 
fluxes were decreased with a few exceptions. The power output was increased with between 0 % 
- 9 % for Solkote at different receiver temperatures and with between 2 % - 11 % for SolMax. 
The power fluxes were calculated for solar irradiance of 400 W/m² as well, which gave power 

32



output increases of between 1 % and 26 % over the same receiver temperature interval. Because 
the heat losses are constant the effect of the coating becomes much more important with low 
solar irradiance. The fluxes that are negatively affected by the coating is the convection heat loss 
from the top of the receiver. This is because a lower radiation heat flux from the receiver to the 
glazing decreases the temperature of the glazing, which in turn affects the convection heat flux 
from the receiver top to the glazing in the way that the larger temperature difference between the 
glazing and the receiver increases the convectional heat transfer. These increases are just a few 
percent and do not affect the whole system more than slightly. 

9.3. The full-size experiment
The efficiency model gives an incentive for using an optically selective surface coating, but as 
discussed the model has limitations and without any type of real verification it would be hard to 
draw any conclusions. Therefore a full-size experiment was constructed using an equipment for 
circulating hot water inside a receiver as described in section 5.3. There are obvious limitations in 
this  type of experiment,  because it  does not simulate solar irradiance.  The best experimental 
setup would have been to set up a full-size solar collector and then analyze the results in the same 
manner as in the efficiency model, but due to the lack of solar irradiance in northern Sweden in 
January the conducted experiment was next best.

The experiment can verify the benefits of the decreased thermal emittance caused by an optically 
selective surface, but not the increased solar absorptance. Therefore the optical efficiency will be 
equal to one in this experiment, eliminating the 0 -term in equation (3.9). Table 8.9 shows the 
results  from the analysis  of the temperatures measured in the experiment.  The results  are in 
agreement with the theoretical predictions, thus verifying the efficiency model. 

The table also exhibits the difference between discussing a linear or second-degree polynomial 
dependence of the temperature difference. The linear approximations of the data is obviously 
dependent  on  receiver  temperature,  which  makes  it  inappropriate  as  a  comparative  between 
different solar collectors.

The predictions of the model was that an optically selective surface coating implies an efficiency 
coefficient reduction of 24 % in U 1  and 54 % in U 2  for the Solkote coating. This resembles 
the corresponding efficiency coefficient reductions in the experiment quite well, which gave a 
reduction of 20 % and 63 %, respectively.

9.4. Costs  and  practical  aspects  of  optically  selective  surface 
coatings
The costs of the different alternatives are presented in section  6.5. and the prices for Solkote, 
Suncolor and SolMax are 15.12 SEK/m², 117.09 SEK/ m² and 353.05 SEK/m², respectively. 
The prices  assumes a production of 100 solar collectors,  each two meters long.  The Solkote 
coating is obviously the most cost effective alternative.

The application of Solkote was easy except that it was difficult to paint even layers, which affects 
the optical properties as discussed previously. Suncolor was much more complicated, because the 
air-spray paint gun did not work properly with the paint. These problems are easily solved by 
automatically applying the paint with purpose-designed equipment. If the design of the X10 were 
to  be  altered,  an  automatic  air-spray  of  the  surfaces  would  anyway  be  used,  because  hand 
spraying is much too time-consuming, furthermore the coverage per liter is expected to go down 
by 50 %. If hand spraying anyway is interesting a better air-spray hand gun would improve the 
results significantly. 

The foils are even easier to apply than the paints, but they have a significant disadvantage. As 
described in section 6.3., they have to be cut into pieces for the thermal coupling not to affect the 
adhesive. This makes the application process more complicated in a series production.
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10. Conclusions
An optically  selective  surface  is  a  surface  that  has  different  monochromatic  reflectances  in 
different wavelength intervals. In solar applications the monochromatic reflectances should be as 
close to zero as possible for photons with wavelengths shorter than 2.5μm and close to one for 
wavelengths longer than 2.5μm. This implies a solar absorptance of close to one and a thermal 
emittance of close to zero.

The receiver of the X10 design is covered with aluminum oxide, which has almost the same solar 
absorptance as thermal emittance. An optically  selective surface coating retains the high solar 
absorptance, but decreases the thermal emittance significantly. That is the reason why an optically 
selective surface would increase the efficiency of the X10 design.

There are many different types of optically selective surface coatings, but few of them have been 
commercialized. Among them only the ones with easy application are suitable for the X10 design. 
Because these coatings are commercially available it has been difficult to find details about their 
composition. The coatings tested in this project can be divided into two categories; paints and 
ready-to-use foils. The paints consist of solar absorbing inorganic pigments dispersed in a resin, 
transparent  for  infrared  radiation.  When  these  are  applied  on a  metallic  substrate  with  high 
intrinsic reflectance, the desired optical properties are obtained.

The SolMax foil would increase the efficiency of the X10 design the most. It implies a nearly 2 % 
increase in the optical efficiency and a 24 % as well as 54 % reduction in the first-degree and 
second-degree efficiency coefficients, respectively.

The SolMax foil has the most suited optical properties, but it is expensive (over 20 times more 
expensive than Solkote) and it has the practically complicating property of thermal coupling. The 
SolMax coating withstood best the extreme conditions of the climate chamber as well.

The second best coating, with respect to optical properties and environmental resistance, was the 
Solkote paint. It is most cost effective and  had an easy application, especially if the painting 
process were to be automatized. This would also improve the optical properties of the Solkote 
paint, thus making it equivalent to the SolMax foil. On those grounds the Solkote paint is the 
coating best suited for the X10 design.

10.1. Recommendations for further work
There is much room for improvements in the theoretical model. The convection heat transfer 
both inside and outside the solar collector is important for the total heat losses and it would be 
interesting to investigate how the convection heat transfer changes when the solar collector is 
tilted. The conduction heat transfer is not described at all in this work and an investigation of, for 
example,  how the  conduction  heat  fluxes  in  the  receiver  holders  are  changed depending  on 
structural changes of the receiver holder would be interesting. 

There are aluminum sheets available with an optically selective surface coating on one side but 
not on the other. These sheets are provided by the company Sunstrip and were discovered during 
the time of writing. Because of their low price, they would be an interesting alternative to the 
Solkote  paint,  especially  since the painting  process is  already done.  To see how these sheets 
would work in the solar collector they would need to be spectrophotometrically examined.

The inside of the aluminum plates was in the full-size experiment not coated at all and it would 
be interesting to calculate the heat loss differences in the solar collector between coating the 
inside with aluminum oxide or leaving it as it is. The obvious difference is that the aluminum 
oxide is an absorbing coating in all wavelengths and the aluminum itself is a reflecting surface in 
all wavelengths.
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