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ABSTRACT

The tin-pigmented aluminum oxide film (Sn-Al;03) based solar selective
absorber for a new prototype evacuated tube collector (ETC) was successfully
prepared with 3 different contents of tin coated on aluminum fin by an anodization
process, The Sn pigment was deposited into the pores of ALO; film for 5, 7 and 10
minutes, which coded as Sn-Al,03-5, Sn-AL03-7 and Sn-Al,O;-10, respectively. The
Sn-Al,O; samples exhibited darker black color with increased coloring time.
Aluminum and tin phases were detected at the coating surface. The AlO3 films were
formed and compacted as a barrier on the Al substrate. The compositions of the oxide
film composed of tin (Sn), aluminum (Al) and oxygen (O) elements. The reflectance
(R) of the coating was determined by Ultraviolet-visible-near infrared spectrophotometer
in the wavelength interval of 300-2500 nm and the Fourier transform infrared
spectrophotometer in the wavelength of infrared region (2500-25000 nm) to calculate
the solar absorptance (a5, and thermal emittance (6menn) respectively. As a result, the
s were 0.89, 0.93 and 0.94 and the gy were 0,23, 0.24 and 0.21 for the Sn-AlyOs-
5, Sn-Al,03-7 and Sn-Al,Os3-10 respectively. In more detail, the solar selectivity
(Gsor/Emerm) Was evaluated, and the results were 3.87, 3.88 and 4.48 for Sn-Al;0s-5, Sn-
Al 03-7 and Sn-Al,03-10 respectively. The thermal conductivity of Sn-AlO; samples

decreased with increasing Sn content, In order to investigate the thermal performance



of ETC using Sn-AlO; on an Al fin as a solar receiver, thermal efficiency (1) of the
ETC was collected under steady-state conditions, as prescribed by ISO 9800-1
standard. The maximum thermal efficiency (Fz (7)) of the ETC under the nearly
constant heat loss coefficient (U;), was obviously increased with the increasing Sn
content. The Fr (1) was 0.42, 0.54, and 0.61, while the non-useful energy (-FrUr)
was -9.62, -11.64 and -11.49 W/m?-°C for the Sn-Al,03-5, Sn-Al,O3-7 and Sn-Al,Os-
10, respectively. An economic analysis identified the life cycle cost (LCC)
approximate 21,753.60 THB for the Sn-ALO;-5 sample and  22,360.91 THB for Sn-
Al,03-7 and Sn-Al,0:-10, and the levelized cost of energy (LCOE) was 2.05, 1.66 and
1.41 THB/kWh. The present result suggests that the increasing Sn content in the Sn-
AlLO; coating can enhance the solar selectivity properties and a good candidate for

selective solar absorbers in a new prototype of ETC.
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CHAPTER 1

INTRODUCTION

Rationale for the study and statement of the problem

Thailand is located in a tropical area that receives the energy from sun light
approximately 18.2 MJ/m?-day. The ratio of diffusion and total radiation is 0.42 and
the remaining is the beam radiation. In consequence; this is a potential country for
using solar energy as renewable energy, because it is clean, non-polluting and endless.
Presently, various technologies are used for solar applications, both for electric
production and heat production. In heat production, solar collectors are the main
implement for proceeding; focusing solar concentrators (for high temperature
production) and non-focusing solar collector (for low temperature production), are
used in the country. In order that, non-focusing solar collector is extensively used,
because of low cost and stable heat producing, Commercial flat type collectors are
generally used, e.g. flat plate collector (30 — 80 °C) and evacuated tube collector,
called ETC (50 — 200 °C) [1]. In this way, because of worthwhileness in higher
generate temperature than flat plate collector, evacuated tube collector is the most one
extensively collector for hot water producing. The performance of evacuated tube
collector according to solar selective absorber that coating on the glass tube inside
surface. The normal selective solar absorber coating, is coated on the surface of the
inner glass tube as in Figure 1 (a, b), which is applied by high technology and
complicated in the process, this causes high production costs. During applications, it
has a drawback when it cracks or splits, because it needs to change by a new one, that
caused an extra dissipation cost. A changing of solar absorber coating on aluminum
(Al) fin and inserting method into the transparent evacuated tube were developed to be
a new prototype of ETC as shown in Figure 1 (¢, d), while the spectral propetties,
thermal efficiency and potential for energy production are the same as the ETC in

commercial tubes [2].



Outer glass tube

Vacuum jacket

Inner glass tube

Solar selective absorber coating
Heat transfer fin

Heat pipe

Iigure 1 Cross-sectional images of the evacuated tube collector;

(a, b) original coating and (¢, d) Sn-Al;O; coating on Al fins

The selective spectral properties of a solar absorber can be enhanced by an
appropriate choice of substrate and antireflection layers, which can also protect its
surface [3]. There are many techniques for selective coating preparation, along with
prevent degradation and corrosion of the sﬁrface, such as sputtering, evaporation,
chemical vapor deposition (CVD), physical vapor deposition (PVD), spray pyrolysis,
sol-gel/dip-coating, electroplating, painting, anodization and other methods [3]. The
anodization is a simple technique in the aluminum coating industry that satisfies each
of these factors to produce a high-performance aluminum finish, which can have an
extremely long lifetime and offer significant economic advantages through
maintenance and operating savings. Metal pigmented-Al,Os solar absorbers prepared
by the anodization process are one of the cermet solar absorber coatings. Cermet
coatings consist of fine metal particles in a dielectric or ceramic matrix, which present
a good candidate for solar absorber materials at high temperature, and have been
successfully commercialized [3, 4]. The solar selectivity of the solar absorber
materials can be optimized by variation of metals and ceramic constituent elements,
thickness, concentration, shape, size, and orientation [3]. Several black metal pigments

can be deposited to the pores of the film as a solar selective absorber. The thickness of



Al,O; based cermet coatings was considered in the previous reports [5, 6, 7], which
correlated with spectral selective properties. But the thicker of AlOs is affect the
thermal emittance to be higher [5, 8]. Another way to improve the spectral selectivity
of the solar selective absorber and high corrosion resistance, several pigments
deposited in the aluminum oxide filin have been studied, e.g., coatings of black Cu-Ni,
black Ni-Co by electro-deposition [9, 10], Co- Al,0; by anodization [11], Cu-CuAlO4
hybrids deposited in anodic aluminum oxide (AAO) by electrochemical processes
[12], carbon nano-particles embedded in Si0,, ZnO and NiO matrices by a sol-gel
technique[13], W-ALO; cermet, Mo-ALO;, Pt-ALO;, Ag-Al,O; nanocermet, and
CrN,O,/Si0, coated with a sputtering technique [14, 15, 16, 17]. Content variation of
the pigment or composite coating on the surface has an influence on the spectral
properties [8], according to the theoretical properties of the solar absorbers. Tin (Sn) is
one of the famous pigments which is able to be deposited into the Al,O; film layer as
the cermet (metal-dielectric composite) coating for applying as solar absorber
materials in solar thermal applications [18, 19]. In addition, the tin pigmented-Al,O3
(Sn-AlyO3) coating prepared by the anodization process has been considered due to an
eco-innovative production method for sustainable development. Presently, the
applications of Sn-AlO3 coating as a solar absorber in solar tﬁennal devices with low
and mid-operational temperature ranges have not been investigated. Recently, there is
a little prior research on the influence of Sn content on phase, morphology, thermal
conductivity, solar selectivity of Al,O3; based cermet coatings, including the heat
transfer mechanism through the Sn-AlO; coatings, and the thermal efficiency of the

new prototype of ETC using Sn-Al,O3 on Al fin applied as a selective solar absorber.

Purposes of the study

1. To investigate the influence of Sn-Al,O;3 coatings with 3 different contents
of Sn pigment by the anodization process as a solar selective absorber on the phase,
morphology, chemical disttibutions, solar selective properties, together with the

thermal conductivity and heat transfer mechanism through the Sn-Al,O3 coatings.



2. To investigate the thermal efficiencies and thermal performances of
various Sn pigment contents in the Sn-Al;O; coatings on the Al fin applied as a solar
selective absorber for a new prototype of evacuated tube collector (ETC).

3. To evaluate the Life Cycle Cost (LCC) and Levelized Cost of Energy
(LCOE) of the new prototype of ETC when using different Sn-Al,0; coated on Al fin

as selective solar absorbers.

Scopes of the study

1. Aluminum (Al) sheet of 9 ¢m wide % 160 cm long with a thickness of 0.02
cm was used as a substrate.

2. The aluminum oxide (AlO3) film was formed on its surface by the
anodization process and it was controlled to an identical thickness in all samples,
Various Sn pigment contents were composed into the film as the Sn-Al,O3 selective
solar absorbers according to the appropriate conditions from a previous study which
can be produced by the factory.

3. The anodized Al was investigated the phase, morphologies, chemical
distributions, solar selective properties and thermal conductivity by X-ray Diffraction
(XRD), Scanning electron microscopy equipped with Energy dispersive X-ray
spectroscopy (SEM-EDX), Ultraviolet-visible-near infrared spectroscopy (UV-Vis-
NIR), Fourier transform infrared spectrophotometer (FTIR) and laser flash analyzer.

4. The Sn-Al,O; selective solar absorber coated on the Al fin was assembled
with a heat pipe and transparent double layer borosilicate evacuated tube as one set of
solar receiver tubes. And thermal efficiency tested under steady-state conditions as
prescribed by the ISO 9806-1 standard.

5. The economic analysis was evaluated by the Life Cycle Cost (LCC) and
Levelized Cost of Energy (LCOE) of the collector.

Benefits of the study

1. The efficiency of various tin pigment contents applied based on the
anodized aluminum oxide film as a solar selective absorber in evacuated tube collector
(ETC) will be demonstrated for further development to increase the performance of the

collector.



2. Leverage capability in local manufacturing for hot water producing
materials, which can reduce the initial and maintenance costs of a solar collector

system.



CHAPTER 11

LITERATURE REVIEW

Solar collectors

Solar collector is a solar absorb device which transform solar energy to heat,
and transfer the heat to a working fluid (usually water, air or oil), then the collected
heat in the fluid is used directly or kept in a storage tank. The solar energy can produce
either heat or electricity, dependging on the conversion device [8]. There are 2 types of
solar collector; non-concentrating and concentrating. Non-concentrating collectors
have the area intercepting the same as the absorber area, and the most common type of
non-concentrating collectors are suitable for low- to mid-temperatures. While the
concentrating collectors have a greater area intercepting the solar radiation, and
usually move for high temperature applications [1].

The solar collectors are also distinguished by their motion; non-tracking
systems and tracking systems (single-axis tracking and two-axis tracking). The

comprehensive collectors are available in the market are shown in the Table 1.

Evacuated tube collector

The evacuated tube is benefit collector which can generate higher
temperatures than flat plate collectors (50 - 200°C). The evacuated tube collector
(ETC) consists of 2 layers of vacuum glass tubes. The vacuum acts as an insulator to
reduce any heat loss to the surroundings either through convection or radiation. This
makes the collector much more efficient than flat plate collectors, A solar absorber is
coated onto inner glass tube surface. Liquid-vapor phase change materials are used to
be the operating fluid inside the copper heat pipe. Aluminum or copper fin is attached
to the heat pipe. The fin transfers heat to the heat pipe via conduction, and through to
the fluid via convection to a “hotbulb” that indirectly heats the manifold within a
header as shown in Figure 2. These heat pipes and glass tubes are connected to a
storage tank to collect the produced hot water for using at night time or the next day

[20].



Table 1 Solar energy collectors [1]

Motion Collector type Absorber  Concentration Indication
type ration temperature
range (°C)
Stationary  Flat-plate collector (IFPC) Flat 1 30-80
Evacuated tube collector Flat 1 50-200
(ETC)
Compound parabolic Tubular 1-5 60-240
collector (CPC)
Compound parabolic Tubular 5-15 60-300
collector (CPC)
Linear Fresnel reflector Tubular 10-40 60-250
(LFR)
Single-axis  Cylindrical trough collector Tubular 15-50 60-300
tracking (CTC)
Parabolic trough collector Tubular 10-85 60-400
(PTC)
Parabolic dish reflector Point 600-2000 100-1500
(PDR)
Two-axis  Heliostat field collector Point 300-1500 150-2000
tracking (HFC)




- Manifold Black Absorption Inner Layer

Heat Pipe Condenser

Heat Transfer Fin

Doubie-walled Vacuum Insnlation Tube

Centering Tube Stopper

Figure 2 Evacuated tube collector and its components

The process in the evacuated tube is operated by fluid flowing through the
absorber and it can be collected as heat by means of the heat pipe principle. There is a

small amount of fluid sealed inside each evacuated tube and the energy transfer takes
place in these steps:

1. The fluid is evaporated by solar radiation.

2. The vapor rises to the top, and when it meets a colder pipe, where a liquid
flows through.

3. The vapor is condensed, transferring the latent heat to the liquid in the top
pipe.

4, The condensed fluid in the tubes runs back to the bottom, where the

process can start again.

Selective solar absorber

A Solar absorber function transforms solar radiation to heat, by using heat
transfer fluid inside, yet the normal solar absorber surface reflectance is high and non-
selective in wavelength, Development of selective solar absorber gains the advantage
by increasing the solar absorptance efficiency, and decreaseing the heat loss. The

satisfying selective solar absorber materials ought to high absorptance or low



reflectance in the ultra violet — visible — near Infrared wavelength ranges (0.3 — 2.5
um), and low emittance or high reflectance in the infrared region (2.5 — 25 um) [8] as

shown in Figure 3.
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Figure 3 Normalized spectral power density of a black body (BB) at 720 K and
the solar spectrum (air mass 1.5, AMLS). The spectral absoxptivity is
shown for an ideal absorber at 720K [21]

Several types of selective solar absorber applied a absorber coating on the
solar collector surface (usually deposited on metals ot metallized substrates), although
black paint is selected normally because of high absorptance, but it also has high
thermal emissivity (Emittance, s ). General coating materials; black nickel (NiS-ZnS),
black copper (Cu-Cu,O:Cu), Black chrome (Cr-Cr,O;3), stable nickel pigment (Ni)-
pigment alumina (Al,O3) etc. [3].

The physical properties of selective solar absorber, solar absorptance and
emittance consider the following; 1. High absorptance for solar spectrum range 0.2-2.5
um and low emittance greater than 2.0 um, 2) The region between high absorptance
and low emittance of spectrum transition has to be as sharp as possible, 3) The coating
must be stable under long term operation at high temperature, repeating thermal

cycling, air exposure and radiations etc, 4) The coating must have a good fixing on the
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substrate, 5) The coating should be appropriately to apply, 6) The coating must be

economical [22, 23],

Table 2 Properties of selective coatings [24]

Coating Substrate Absorptivity Emissivity Tua(°C)
Selective electroplate deposits, Type A
Black Nickel Fe, Cu 0.96 0.07 > 288
on bright Ni
Zn/Al 0.96 0.07 > 288
Black Nickel Zn/Fe 0.94 0.09
Fe 0.90 Low
NiS/ZnS Al 0.94 0.15
Black Chrome on bright Ni Fe, Cu 0.95 0.09 427
Zn/Al 0.95 0.12 427
Any 0.96 0.10
Ni/Al 0.95 0.50
Cu 0.95 0.08 316
0.14
Zn/Fe 0.95 0.16 427
Fe 0.91 0.07 427
Fe 0.94 0.20 150
Selective electroplate deposits, Type B
Black copper Cu 0.85 0.10 316
Natural oxide Cu 0.75 0.33
CuQO Cu 0.09 0.11
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Table 2 (cont.)
Coating Substrate Absorptivity Emissivity Tua(°C)
CuC Al 0.93 0.11
CuO/Zn0O Zn/Al 0.88 0.20
KMnQy treatment Al 0.70 0.08
CuO Fe 0.90 - 0.16 427
Fe, Oy Fe 0.85 0.08 150
+Silicon Fe 0.89 0.32
Zn, Cr; O or ZnQ, Zn/Fe 0.93 0.08
Co,0 Ni 0.92 0.08

Types of absorbers were categorized to 1) intrinsic, 2) semiconductor-metal
tandems, 3) multilayer absorber, 4) multi-diclectric composite coating, 5) textured
surfaces and 6) selectively solar-transmitting coating on a blackbody-like absorber
[23, 24]. Suitability of application of each type absorber is considered by temperature
range of produced requirement and high efficiency in terms of high absorbtance and

low emittance. Property of selective coatings are shown in Table 2.

Aluminuni coating

The aluminum coating is the process to add anticorrosive on the aluminum,
by making thin films coating the aluminum surface, this can be prepared by various
deposition methods, ¢.g., evaporation, sputtering, polymer coating by electrochemical
technique [25] and also by an anodization method. The coatings of colored and black
solar thermal absorber on aluminum surface were studied for the application of
building integration such roofs, compared the chromaticity and optical properties by
varying the film thickness, 3-layer stack. Co-sputtering TizAl,N samples. The results
show the solar absorptance of such a single Jayer coating at 0.8 - 0.86 and the thermal
emittance of 0.04 - .08, the solar absorptance of green color is 0.92 and emittance of
0.08 which is close to the valuable of the black solar absorbers in the common market

if anti-reflection is added on the top layer [26].



12

Anodized aluminum
Anodizing is a decomposition protecting method of aluminum that causes
stable oxide of aluminum (Al;O3) by electrolysis. The oxide of aluminum that was
anodized is hardened with small porous that reserve the stain pigment, this is more
durable from corrosion and an insulator. The steps of anodization are shown in Figure
4, starting with the cleaning of the sample to remove all surface dirty, as the pre-
treatment, etching is the next step to remove a thin layer of aluminum by alkaline
(Sodium hydoxide) and desmutting, Rinsing in an acidic solution to remove unwanted
surface particles which are not removed by the etching process, and the passing the
anodizing step by immersing the sample in the tank containing an electrolyte, acid
solution (sulfuric, chromic, phosphoric or nitric). The direct cutrent is passed through
the sample to making anodized film, and coloring on anodic film by absorptive dyeing
then, the final step is sealing the porous oxide coating to resist corrosion and stains.
De-ionized water was used for rinsing in each step of the process, some using. The
propertics of produced thin films can be controlled by appropriate condition; chemical
composition of the electrolyte and other parameters such as temperature and current
density in case of an anodizing preparation process.
The main types of aluminum anodization method as;
Type I — Chromic acid anodization
Type II - Sulfuric acid anodization
Type ITI — Sulfuric acid hardcoat anodization
Other methods; following MIL-A-63576, AMS 2469, AMS 2470, AMS
2471, AMS 2472, AMS 2482, ASTM B580, ISO 10074 and BS 5599 [27].
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Pre-treatment

» Rinse

b

Ething

» Rinse

h 4

Desmutting

» Rinse

Anodizing

» Rinse
4

Coloring

» Rinse

h 4

Sealing

Tigure 4 Flow chart of the anodization steps

Surface cleaning is necessary before anodizing. Direct current electricity is
used in the anodize coating and the aluminum sheet is soaked in solution {Chromic
acid, Sulfuric acid, Phosphoric acid, chemical organic acid etc.) as shown in Figure 5.
The sulfuric acid (H;S04) is the most commonly use as electrolyte, because it can
make several film thickness, colorless film (for filling any pigments into the film). The
reaction releases hydrogen atoms at the cathode then becomes to hydrogen gas. The
oxygen ion from water splitting and hit the aluminum surface to build the aluminum

oxide up, chemical reaction as follows [28];
AA1+3H S04 +3H,0 —E"2 5 41, (SO4)3 + 41,03 +6H,
The redox reaction is shown below;

Anode . 24[+3H,0 - Al,O3 +6H " +6e”

Cathode : 6H +6e~ —3H,
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Redox reaction 2A1+3H,0 — Al)03 +3H,

When the current is flowing to the cells continuously, sulfuric acid begins to
decompose. The negatively charged anions, i.e. hydroxide, sulfate move to the anode.
The electrical charge in the circuit makes positively charged aluminum ions (A*") to
generate in the anode and form aluminum oxide at the surface. At the same time, the
hydrogen ions move to the cathode, where they are reduced to hydrogen gas.

The factors that affect the thickness of aluminum oxide formation, depending
on concentration of anodizing solution, temperature of anodizing solution and electric
current. More thickness as a result of higher corrosion durable, the shape of the oxide

film is hexagonal form, 5 — 150 um thickness could be produced.

1
I

+] -
|

_,_——"____—_r_———____‘——

e N -

A

VA

Acid electrolyte

Anode (The job) Cathode

Figure 5 Anodizing method of substrate in the acid electrolyte

The anodization method goes through an electrolytic oxidation process to
increase the oxide layer thickness on the aluminum surface by dipping the aluminum

in the electrolytic solution and then passing the current through it. The aluminum
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serves as the positive electrode and the hydrogen is formed by the reaction at the
negative electrode. The oxygen from the composition of water is reacted with the
aluminum surface causing the build-up of aluminum oxide film. The following 3 basic
methods are shown in detail below.
1. Surface dyes or pigments
The anodized substrate is soaked in the bath containing organic or
inorganic pigments. The colorant is absorbed into the pores of the film and
subsequently sealed in. The color from organic dyes can change and become pale from
environmental factors such as UV radiation. While the color from inorganic pigments
is more durable from UV radiation convincing, but no acceptable for longer time in
environmentally.
2. Integral color
The integral coloring process is like the electro-chemical method by
soaking the aluminum substrate in special electrolyte, with carefully controlled
electrical conditions and temperature for various time periods to produce a variety of
colors. The colors are due to the coloring of the intermetallic particles that are spread
throughout the depth of the anodic film.
3. Electrolytic Deposition
Coloring on the metal and metal oxide are electrolytic deposited at the
base of the porous anodic film, and the film is sealed and locked within the clear

anodic film.

Oxide layer with
Original metal part Barrier oxide layer Oxide layer dye/color deposit

Figure 6 Anodization procedure on the aluminum sheet

The process of anodizing on the aluminum sheet along with dye or color

deposit is shown in Figure 6, and the anodic film consists a small porous hexagonal
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cylinder on the substrate surface as shown in Figure 7, that can absorb and are ready
for the coloring process, absorptive dyeing and slither maintain, but it is not yet
corrosion durable until sealing by some coating the pigments such as teflon, nickel

acetate, cobalt acetate and sodium dichromate or potassium dichromate etc.

Hydrated aluminium oxide
Closes off the pore

Pore in the
anodized layer

Porous layer ~4

Barrier layer —|

Figure 7 Cross scction of anodic oxide layer on the aluminum surface

The relationship of reflectance and the deposited nickel and tin amount on the
aluminum anodic oxide film on the surfaces was investigated by two distinct methods;
energy dispersive X-ray fluorescence and specular reflectance measurement. Nickel
borate and boric acid, tin sulfate and sulfuric acid were used during electrolytic
coloring, In order to compare the surface density, the result shown that absorbance of
nickel and tin electroplated aluminum specimens, as a function of the surface density
that almost presented by linear relation, both of blank sample and also additives in
coloring solutions. Nickel and tin had no significant difference properties. The
absorbance of the electrolytic colored aluminum increases when the quantity of metal
contained with the oxide layer increase until maximum absorbance value is reached

[29].

Properties of anodized aluminum
The range of anodized aluminum has very good corrosion resistance,
especially in the pH 4 — 9. Generally, the oxide layer is transparent and harder than

glass and as hard as corundum but it depends on the anodizing process used. The
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reflectivity of bright etched aluminum is high. The oxide layer is an electrical

insulator. A sealed 15 pm oxide layer has a breakdown voltage of 500 — 600 V [30].

Determination of anodized aluminum

The physical and mechanical properties of aluminum oxide form (Al;O3)
depending on the temperature of formation, which make it quite different thickness,
structure, porosity, micro-hardness and resistant to change, while their chemical
compositions almost remain unchanged. Determination method for characterized the
anodized aluminum was presented by Oliver and Pharr approximation method [31].
The mechanical property of ALO; is determined by instrumented indentation
techniques. The means of nano-indentation measurements is a method of
determination of anodized aluminum material characteristics, that the indentation
hardness and the indentation modulus are determined on the alumina film, SEM and
EDX are used to analyze for performance to understand the structure changing,

visualize the imprints and surrounding area of the aluminum layer [32].

Collector thermal performance

The collector performance test is operated with steady radiant energy falling
on the collector surface under steady-state conditions [1], that can obtain and maintain
the temperature to the fluid outlet, according to the ISO 9806-1 standard which
provide the basic information to determine the efficiency base on the gross area of

collector aperture area as shown in the following equation.

mep Ly —T;)

= 4,G, (1)

Where
n = Collector efficiency
m = Fluid flow rate (kg/s)
¢, = Specific heat capacity (J/kg'K)
T, = Fluid temperature at the collector outlet (°C)
T: = Fluid temperature at the collector inlet (°C)
A, = The gross collector aperture area (m?)

G, = Global solar irradiance at the collector plane (W/m?)
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The useful energy gain of the collector is calculated from

Q, =1ic,(T, - T) @)
Where
0, = Usetul energy (W)

And the useful energy from a solar collector at steady state is given by

Qu = AaFR [Gt(ra)n _UL (Tr —Ta)] (3)
Where
Fpr = heat removal factor

7 = Transmittance

a = Solar absorptance
U, = overall heat loss coefficient (W/m?°C)
T, = Ambient air temperature (°C)

The thermal efficiency is taken by dividing Q, by the energy input (4,Gy), as

shown in this equation.

T.-T
77=FR(W)—FRUL[ ; QJ (4)

G,

A thermal efficiency equation was performed with a convenient mathematical
tool of a linear least-squares fit established with a 30 data points/sample. The
performance curve of the ETC is presented as a straight line of the efficiency versus
the estimation of different temperatures divided by solar irradiance as shown in Figure
8. The intercept of the line with vertical axis is the maximum efficiency of the
collector (Frfra)) and the slope of the line has no useful energy (-FrUp) [1]. The

collector was tested according to ISO 9806-1 standard for an open loop system as

shown in Figure 9.
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Figure 8 ETC performance curve
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Figure 9 Open loop collector test system
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Absorptance and emittance
The absorptance of substrates depends on the type of surface and the angle of

incidence, that compare with the black body as an ideal absorber, and the emittance
depends on the property of the surface and conductivity. Normally, metals have less
emittance and smaller on the glossy surface (< 0.02), but may be increase on the
coating surface by coating dyes or pigments, and oxidized metals. Calculation of
absorptance () and amittance (&) is similar (as equation 3), except the incident
radiation must be specified [32]. In addition, the absorptance and emittance depend on
the operating temperature. The solar absorptivity is expected to change a little at
higher temperatures. In contrast, the thermal emissivity at different temperatures is
strongly dependent on the position and sharpness of the cut-off edge from low
reflectivity to high reflectivity at the operating temperature {33], they are defined as

shown in equation 5.

- r@)(aa
A b, (ar )

Where

R(1) = The spectral reflectance, measured at a specific

wavelength, A

(i
Il

The solar spectra radiation

A,

Wavelength range

Thermal conductivity

The thermal conductivity (k) is calculated from thermal diffusivity (),
which is measured by the laser flash analyser over the temperature range of 25 —

275°C according to ASTM 1461-13 standard, with density (p) and specific heat (C,) as

follow:

k=kqpCp ©6)
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Economic Analysis
1. Life cycle cost (LCC)

Life cycle cost (LCC) is the average energy price for lifetime using, which
is a process for estimating the total cost and economic performance of the project over
its whole life. It takes into account all costs of requiring, owning, and disposing of the
project. LCC is based on assumptions of multiple project design options that diverge
with respect to initial costs, operating costs, maintenance costs and possibly different
life cycles, that have to be compared to select the maximizes net savings [34, 35], as

shown in equation 7.

LCC=C, +C,+C,, +Cp — 8§ N
Where

C. = Initial capital cost
C, = Operating cost
C,, = Maintenance cost

C,. = energy cost

S = Residual values

2. Levelized cost of energy (LCOE)

Levelized cost of energy (LCOE) is defined as the total lifetime cost of an
investment divided by the cumulated generated energy by investment [36], including
operation and maintenance cost, operating results and fuel costs. Approach to
definition by means of the net present value (NPV). The LCOE is the {(average)
internal price at which the energy is to be sold in order to achieve a zero NPV. Low
LCOE, show the cost per energy prices are low, and if the LCOE is lower than the
current cost of energy, shown to be highly effective technically and economically, as

shown in equation 8.
Yy C
CC +Z 1 ”' u
LCOE= — {4+

¥ E
Z "

S+9)"

8
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Where

C,= Initial capital cost
C,= Operating cost
E, = Energy produced each year

i = Interest rate or discount rate
n = Project period

N = Year at the end of project

Literature Review

Many types of solar selective absorbers for concentrating solar power for high
solar absorptance, and high reflection wavelengths: of blackbody radiation at their
operating temperature. Desirable characteristics for manufacturing are low cost and
long-term stability.

Bermel, P. et al. [4] summarized selective solar absorbers in an overview.
There are six types of selective absorbers; intrinsic absorbers, semiconductor-metal
tandems, multilayer absorbers, cermets (ceramic-metal composite coatings), surface
texturing and PhC-based designs. Cermets have good selectivity for using at high
temperatures and can be successfully commercialized. A Cermet consists of one or
more cermet layers, an anfi-reflection layer and reflective substrate, to reduce
absorption of undesired IR region. The solar selectivity of cermet can be optimized by
varying the metal and constitute of the ceramic, particle and thickness of coating
materials, particle concentration, size, shape and orientation. The high melting point
metals are good candidates for cermet composition such as Au, Cu, Ni, Co, Mo, Cr, Pt,
W and oxides such as SiO,, MgO and AL O;. The widely used solar selective coatings
are black chrome, a graded Cr-Cr,0; cermet, and Ni-pigmented AlyOs.

Various well known methods for anodizing aluminum to aluminum oxide
(Al;03) forming were proved many studied since preparation of aluminum plate,
electrolytes, through to conditions of anodizing; electric current and temperature

during operation.
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Zhang, X. [37] determined the preparation of porous aluminum by
anodization, cleaning or impurity removal from the surface aluminum plate is
necessary. The two-step method of anodization is a general method for porous alumina
preparation, electrolyte from any acids (e.g. sulfuric acid, oxalic acid, boric acid,
phosphoric acid) and voltage is generated during this method. The lower voltage is an
important factor for attraction to the advantage of pore density and porosity of alumina
membrane fabrication and also the temperature offer to get more regular pore array if
lower and vary under a small range.

Padwal, P., & Kulkami, S. [38] prepared the aluminum oxide film by anodic
oxidation and the effect of plasma etching on its surface by glow discharge plasma,
and studied the surface using scanning electron microscope (SEM) and atomic force
microscope (AFM) on 3 samples; untreated aluminum sample, Aluminum oxide film
formed on Al substrate by the process of anodic oxidation and Aluminum Oxide film
etched in Air Plasma, Different results of the oxide coating on the surfaces such as
roughness, related to the parameters of the anodizing process selected and deposition
conditions. The volume expansion of anodized aluminum oxide was and conducted
with mixed solutions of phosphoric and oxalic acids. In the study it was revealed that
the anodization conditions increase the volume expansion, when you increase the
current density, aluminum consumption rate, anodizing voltage, temperature and pH
values of electrolytes. The anodization time for coating the aluminum surface is an
essential factor for different thicknesses of paint color.

Shaffei, MLF. et al, [18] compared the optical, protection from environmental
aspects, and thickness of black Tin and Nickel as selective absorber coatings.
Variation of anodization time from 10 to 60 minute at a constant coloring time of 5
minute. The study revealed that the thickness of the anodic coating was increased with
increasing anodic oxidation time, but the anodic layer form the tin coating is higher
than the nickel coating at all anodization times. The reflection percentage of anodized
aluminum reduced lower than aluminum before processing markedly, and the tin
coatings anodized for 45 minute is strongly recommended to produce more thermally

efficient solar collectors.



24

The corrosion rate and corrosion resistance of anodized aluminum are sharply
reduced compared to lower non-anodized aluminum. Moreover, the nickel coated
samples are rapidly corroded higher than tin coated samples.

Djozan, D., & Amir-Zehni, M. [39] investigated a method for anodizing the
inner surface of long and small-bore aluminum tubes, to indicate the optimum
conditions of electrolyte solution, temperature, voltage and anodizing time for the
AlLO; layer during processing time in both dynamic and static modes. The study
revealed that, a porous and stable layer, 45 pm thick. The inner surface of a long and
small-bore aluminum tube using the dynamic anodizing process, could effectively be
coated by AlLO3, and the uniformity of the coated layer, chemical stability, and long
durability are the main advantages of this coating.

Tsangaraki-Kaplanoglou, 1. et al, [40] studied the effect of alloy types (AA
5083 and AA 6111, unheated and heat-treated) the anodizing process of aluminum to
compare with pure aluminum, by SEM/EDS and XRD techniques. The results
revealed that, the stage of porous structure development of AA 5083 alloy were
considerably identical with that of pure aluminum. For AA 6111 alloy, the stage of
readjustment of pores during the process before the current reaches a steady stage was
missing, this is proof that modification of composition and morphology of the film,
and oxide growth rate of AA 6111 alloy under standard anodizing conditions was
similar to that of pure aluminum, And although under various operating conditions,
both alloy types were also relative to that of pure aluminum. In addition, for AA 6111
alloy, the heat treatment affects anodizing kinetics and enhances slightly the anodizing
current efficiency.

Belghith, M. et al. [5] studied the preparation of selective solar absorbers
obtaining Ni pigment by anodization of 6060 aluminum surface, and measured the
optical properties of the coated layer. They found that the optical properties depend on
both the oxide film thickness and the Ni content. The thicknesses of the oxide film
were 0.30, 0.50 and 0.70 um. The pigmentation time took between 4 — 6 min. The « of
0.30, 0.50 and 0.70 um of oxide thickness were 0.95, 0.95 and 0.94 respectively, and
the normal & at 100°C were 0.18, 0.13 and 0.22 respectively. The thermal stability was
investigated in the optimized optical properties coated layer (0.5 um) by varying the

heat treatment in air and under vacuum conditions at 400 and 500°C for 5 and 10 days.
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The optical properties of the coating at 400°C have no change. While at 500°C for 10
days, the a dropped to 0.92, but there is no significant change of the normal e.
Furthermore, the state of the coated surface was quit homogeneous up to about 450°C.

Sella, C. et al. 6] investigated the michrostructure and growth mechanism of
co-sputturing Pt -Al;O; nanocermet films onto float-glass, stainless steel and silicon
substrates. The volume fraction of Pt was fixed at 0.25, The film thickness, metal
concentration and thermal annealing were considered by small-angle X-ray
reflecometry (SAXS), transmission electron microscopy (TEM) and atomic force
microscopy (AFM). The Pt -AL,O; film is more compact in the growth direction than
in a plane.

Kallithrakas-Kontos, N. et al. [29] studied two methods for investigation of
the relationship between the specular reflectance in the visible region and the
deposited amount of nickel and tin on aluminum oxide film surfaces. The coloring
solution contained nickel borate and boric acid, another solution contained tin sulphate
and sulphuric acid. Various organic additives were used as electrolytes in the coloring
solutions to improve the efficiency of the electrolytic procedure. The absorbance was
derived by an exponential relation, which was a function of the deposited metal
density on the surface. The absorbance of anodized aluminum in nickel electrolytes
increases with the increasing of amount of nickel contained within the oxide pores. A
rather linear relation exists for the low density region, while the tendency of
absorbance increases to the maximum value as the surface increases density. The
absorbance of anodized aluminum in tin electrolytes were almost a linear relation. The
lower absorbance indicating a lower metal filling in the aluminum oxide pores. The
initial slope of nickel and tin deposited is similar at about 0.021 cm’/ug, and the slope
increases in the nickel electrolytes with-additive solutions.

Tesfamichael, T., & Roos, A. [41] succeeded in antireflection improvement
of tin oxide (SnO,) coated on nickel-pigmented anodic aluminum oxide (Ni-Al,O3) as
a selective solar absorber. The solar absorptance of Ni-Al,O; depends on the coating
thickness and quantity of nickel particles embedded in the Al,O; pores. The doping
and deposition temperature of the pyrolytic sprayed SnO; coating can modify the solar
absorptance and thermal emittance. Enough coating thickness also can be a good

protecting layer. Dipping samples in silica sol was a further improvement of solar
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absorptance without affecting to thermal emittance. The coated layer seems to be
durable; resists high temperature, cotrosion, chemical attacks and unaffected by
outdoor exposure for 2 months.

Nuru, Z.Y. et al. [42] studied about Pt-Al,O; nanocoatings for high
temperature concentrated solar power applications (> 650 °C). This study focus on the
optimization of Pt concentration in Pt-Al,O3 multilayer of cermet samples with and
without reflection layers. The cermet layers were Pt-Al,O3/Mo/Stainless steel substrate
and anti-reflection Pt-Al,Oi/Mo/Stainless steel substrate. The samples with and
without reflection layers demonstrated very low reflectance < 0.05% and optical
absorption was high in the UV-vis-NIR regions (> 98%). |

Wazwaz, A. et al. [43] determined the solar thermal performance of a nickel-
pigmented aluminum oxide (Ni-Al,Os) selective absorber by using a prototype modei
of flat-plate collector with different volumes and different selective absorber samples,
The models were tested outdoor under a clear sky during daylight. The collective flux
was in the range of 590 — 699 W/m”. They found that at constant emissivity, the net
collective flux strongly increases as absorptivity increases, and conversion efficiency
slightly increases. At constant absorptivity, the net collective flux decreases as
emissivity increases, while conversion efficiency was not strongly affected. The
maximum conversion efficiency was in range 0.73 — 0.78. The absorptivity was in the
range 92.0 — 97.0%, while the emissivity was in the range 11.0 —22.5%.

Ghoneim, A. A. ct al. [44] analysed the performance of ecaunated tube
collector (ETC) in a hot climate (Kuwait). The model of ETC was validated by
experimental data and provided by a manufacturer to investigate the thermal
performance of the ETC for space heating, domestic water heating and air
conditioning as required for typical house in the country. The optimum area of the

2. The annual life cycle saving (L.CS) was 2,300

collector was approximatly 44 m
USD.

Ghoneim, A. A., & Mohammedein, A. M. [45] studied the effect of different
parameters of a collector’s thermal performance of a parabolic trough solar collector in
a hot climate (Kuwait). The possibility and environmental impacts of integrating
renewable energy in buildings were considered. The life cycle saving (LCS) and

levelized cost of energy (LCOE) also were calculated. The calculation was based on
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the estimated initial cost of the system and the discount rate adopted by the Kuwaiti
government’s plan for long-term use (6.5%). The optimum collector area was 850 m?,
which could avoid CO; emissions of approximately 980 t/year, and the cost of CO;
saved was 0,024 USD/kWh. The LCS for the optimum conditions was 2,300
USD/kWh, The LCOE of the system after deducting the CO; cost exhibited
approximately equal to 0.153 USD/kWh, which is similar to the current electricity
producing cost in Kuwait (0.15 USD/kWh),



CHAPTER III

RESEARCH METHODOLOGY

Procedure and methodology

The procedure and methodology in this study are shown in Figure 10.

Aliminum (Al) sheet preparation

L

Produce the Al,O; Film layer on the Al sheet surface
by anodization process

h 4

Varing 3 contents of Sn deposited into the Al,O; Film

A 4

y

Determination of phases, morphologies,
spectral properties and chemical
characteristics of samples by

- XRD

- SEM-EDX
- UV-Vis NIR
- LFA

- FTIR

Thermal efficiencies and
Thermal performance analysis

-y

- Fufra)
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y

Data and economic analysis

4

Conclusion

Figure 10 Flow chart of procedure and methodology of the study
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Preparation of anodized aluminum sheet

Aluminum (Al) sheet of 9 cm wide % 160 ¢cm long with a thickness of 0.02
cm was used as a substrate. It was followed by the anodization process, under suitable
conditions calculated by the surface area of the samples. Firstly, the aluminum sheet
was degreased with a commercial cleaning solution, and then etched by NaOH
solution, and immersed in 165 g/l sulfuric acid solution. The Al substrate was
connected with an anode (3) and a lead plate was used as the cathode (-}, and then a
direct current of electrical density with 1,000 A at the constant potential of 15-17 V at
20°C was applied for 45 minutes to achieve the AL O; film thickness of 9.1 - 9.5 um,
Subsequently, the formed AlLbO; film was directly transferred to the colouring bath
containing tin (II) sulphate (SnSOy). In this process, the deposition of tin pigmentation
into the pores of translucent AL,O; film (Sn-Al,O3) was carried out for 5, 7 and 10
minutes, which were coded as Sn-AlOs-5, Sn-Al,03-7 and Sn-ALO;3-10, respectively.
Then, the porous Al,O; was sealed in a hot water tank at 50-60°C for 30 minutes.

Characterization of Tin

Tin (Sn) is a chemical element in group IVA, period 5, atomic number is 50,
atomic weigh is 118.71 g/mol, density is 7.365 g/ m’(for white, B-tin) and 5.769 g/ m®
(for gray, o-tin), thermal conductivity is 66.8 W/m.K.,

Tin resists corrosion from water but can be attacked by acids and alkalis, high
polished and is used as a protective coat for other metals, As prevent further oxidation

in oxide layer form.

Apparatus for characterization of anodized aluminum sheet

The samples of the aluminum sheet characterized the phase, morphology,
spectral reflectance (R) to calculate the solar absorptance (¢y,7) and thermal emittance
(€ierm) and thermal diffusivity to calculate the thermal conductivity (k) by following
instruments:

1. X-ray Diffractometer (XRD)

X-ray diffractometer (XRD) is a device for phase identification of a

crystalline structure, atomic spacing and provides information for unit cell dimension.

X-ray diffraction is based on the interaction between X-ray interference and crystalline
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sample. Bragg’s law (n1=2d sin ) was used to calculate the X-ray diffraction that
scanned through a crystalline sample as shown in Figure 11. The wavelength of
electromagnetic radiation related to the diffraction angle and lattice spacing in the
crystalline structure. The diffracted X-rays are detected and counted. The diffraction
peaks are conversed to d-spacing provides the mineral identification because d-spacing
of each mineral is unique. Typically, it is achieved by comparison with reference

standard patterns [46].
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Figure 11 Bragg's law diagram

The basic elements of X-ray diffractometer consist of an X-ray tube, an X-
ray detector and a sample holder. The cathode ray tube can generate X-rays by heating
a filament to produce electrons. The electrons are accelerated toward a target by using
voltage and bombarding electrons on the target. When the electrons have adequate
energy to exclude the inner shell electrons of the target, the X-ray’s spectra is
produced. The main component of these spectra are K, and K, which are different in
wavelength and intensity, The specific wavelengths identity each material (Cu, Mo,
Fe, Cr). Copper (Cu) is the most common material as a target for single crystal
diffraction (Cu-K, = 1.54 A). These X-rays are directed at the sample and detector are
rotated, then the intensity of the reflected X-rays is recorded. The impingement of
incident X-rays on the sample satisfies the Bragg equation, then the interference and
peak in intensity occurs, The X-rays signals are converted to a count rate, then output

to a monitor or printet.
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In this study, the XRD pattern is applied to find the phase of composition
in the Sn-Al;O; samples. The phase of the samples will be carried out on a Philips
X’pert PANalytical X-ray diffractometer (Figure [2) with Cu-K, radiation in the 20
range of 10 - 100°,

Figure 12 X-ray Diffractometer (XRD, PHILIPS X’Pert-MPD)

Sources: https://www.icsp.nat.fau.cu/philipspanalytical-xpert-pro-mpd-powder-
diffractometer/
and http://www .x-ray.gatech.edu/images/mpd HTK2000. JPG

2. Scanning Electron Microscope equipped with an Enetrgy Dispersive X-ray
analyser (SEM-EDX)

Scanning Electron Microscope (SEM) is a device that provides
information about the surface, topography, chemical composition, crystalline structure
and electric behavior of specimens by scanning the sample surface with a focused
electron beam. Interaction between electrons with atoms at various depths in the
sample can produce secondary electrons (SE), back scattered electrons (BSE),
characteristic X-ray, diffracted backscattered electrons, visible light, and heat. The

signals from the SE or BSE are the two most common types of images [47]. These
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clectrons are collected by detector and display the image on a cathode ray tube (CRT),
computer monitor or TV screen, The secondary electron image (SEI) occurs from
interaction of the primary electron beam with the specimen surface, then the secondary
electrons are emitted from the surface, and the high resolution image is produced. The
BSE image occurs from primary electrons impinging the specimen surface, which
emerge from deep locations in the specimen, then reflected to the monitor. The SEI is
higher resolution than the BSE image, but the intensity of the BSE signal is strongly
related to the atomic number of the elements. Furthermore, the BSE image can provide
the distribution of the elements in the specimen. For this reason a BSE image is often
used in the SEM analysis along with the characteristic X-rays spectra. A schematic of
the main component of SEM are shown in Figure 13, A typical SEM’s parts consists
of electron guns, electron lenses, column parameters, image formation and vacuum
system [48]. The electron gun typically uses a tungsten filament thermionic emission
type and the field emission guns are used for higher resolution. The electrons are
accelerated to an energy between 1 - 30 keV. The condenser lenses consist of 2 or 3
lenses for controlling the electron beam to 2 — 10 nm [49]. The amount of electrons are
controlled by an aperture. The fine electron beam is focused and scanned across the
specimen surface by scanning coils. A detector counts the number of SE or BSE, then

the signals are convert to topographic image of the sample.
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3 Secondary Electren
Detedtor

Figure 13 Internal component of Scanning Electron Microscope

Source: http://www.nanoimages.com/sem-technology-overview/

There are many types of SEM; Conventional (High vacuum) SEM, Low
Vacuum SEM, Cryo on an SEM, Environmental SEM, Focused ion beam (FIB) and
Electron-beam lithography. Tn this study the Low Vacuum SEM (LV-SEM) was used
to characterize the morphology of the samples. The LV-SEM can be used to analyze a
non-conductive sample surface. The back scaliered clection (BSE) is used for
imaging. BSE of non-conductive and uncoated samples can provide information about
the composition via the contrast image: darker regions have a lower atomic number
than brighter regions [50]. Furthermore, Energy Dispersive X-ray spectroscopy (EDX)
can be coupled with SEM (SEM-EDX). The EDX is a technique to identify the
elemental composition which is non-destructive to the specimen. The data generated
by EDX provides mapping with their relative proportions (atomic % of elemental -

composition for example) [S1]. The Low Vacuum Scanning Electron Microscope
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equipped with an Energy Dispersive X-ray analyzer (LV-SEM-EDX) used for sample

analysis in this study is shown in Figure 4.

Figure 14 Low Vacuum Scanning Electron Microscope equipped with an Energy

Dispersive X-ray analyzer (LV-SEM-EDX, JSM-5910 JEOL)

3. Ultraviolet-Visible-Near Infrared Spectrophotometer (UV-Vis NIR
Spectrophotometer)

Spectrophotometry is a measurement technique to measure the amount of
intensity or concentration of a chemical substance. Ultraviolet-Visible-Near Infrared
Spectrophotometer (UV-Vis NIR Spectrophotometer) is an instrument to measure the
percentage of light reflected, transmitted or absorbed by the sample. The light source
can be classified into 2 types: UV-Visible wavelengths are in the range of about 185 —
700 nm of the radiation spectrum and Near Infrared wavelength is in the range of
about 700 — 2500 nm of the radiation spectrum [52]. When an incident light comes
into a solid, many phenomena happen. The beam may be reflected, diffused,
transmitted, absorbed, refracted or polarized as shown in Figure 15. Measurement of
reflectance for a solid sample, there are 2 kinds of reflectance: specular and diffuse,
Specular reflectance is the part of the reflected incident beam at the same angle as

incident angle (as mirror reflectance). Diffuse reflectance is the part of reflected
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incident beam in all directions (as occurs from powder reflectance). Most samples

produce both types of reflectance [33].

Absorption
Incident beam
Scatter
Front reflection L.
Transmission
Refraction
Back reflection
Polarization

Figure 15 Light interaction with a solid

UV-Vis-NIR spectrometer consist of a means for sources of UV-Vis-NIR
radiation, wavelength selector, sample containers, detector and signal processor and
readout. The spectrometer operates by a light beam passing through a sample and the
wavelength reaches a detector. The information from analysis can be revealed in
transmittance or reflectance. Light is quantized into small packets of photons, the
photon transferring occurs when the energy level of the photon is equal to the energy
required to get the promoted electron to the next energy state. Normally, a certain
wavelength of light and energy is irradiated on a sample, which absorbs from the
incident light. The energy of the light transmitted from the sample can be measured
using a photon detector. The Lambert-Beer rule is a principle of quantitative analysis.
The relationship establishes when light intensity Z, is directed to a material and light
intensity 7 is transmitted. The value of I/l, is called transmittance (7), the value of
I/I,*100 is transmission rate (7%) and the value of log (1/7) = log (I,/]) is absorbance
[54].

In order to characterize the performance of an absorber material, solar
absorptance (¢ is one parameter that needs to be considered. The ¢, is defined as a

fraction of incident radiation at a given wavelength on the surface that is absorbed.
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Tt is calculated by weighting the spectral reflectance with the solar irradiation over the
solar spectrum wavelength (Z(1)) [8] as indicated in Eq.5. In this study, the R of the
samples is measured by UV-Vis NIR Spectrophotometer, Shimadzu UV-3101PC

model as shown in Figure 16.

Figure 16 Ultraviolet-Visible-Near Infrared Spectrophotometer (UV-Vis-NIR
Spectrophotometer, Shimadzu UV-3101PC)

Source: https://www.wotol.com/1-shimadzu-uv-3101pc-uv-vis-nir-w-isr-3100-

integra/second-hand-machinery/prod_id/1272941

4, Laser Flash Analyzer (LFA)

A laser flash analyzer is an instrument used to measure the thermal
diffusivity of materials. An energy or laser pulse heats from the back or bottom side
surface of a sample and the temperature signal is detected versus time on the front or
top side of the sample as shown in Figure 17. The laser flash measurement is supposed
to have a single heat source. Supposing that the laser beam fits uniformly at the front

of the sample, the heat source generates the thermal gradient in one direction [55].
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Temperature signal
versus time
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Figure 17 Principle thermal diffusivity analysis by laser flash method
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Figure 18 Laser Flash Analyzer (NETZSCH LFA 447 NanoFlash-A)

Sources: https://scientificservices.eu/item/thermophysical-indicator-light-pulse-
analysis-facility/534 and https://www.sciencedirect.com/science/article/

pii/S0008622307004009
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In this study, the laser flash analyzer model NETZSCH LFA 447
NanoFlash-A as shown in Figure 18 is used to measure the thermal diffusivity of the
samples, over the temperature of 25 - 275°C according to ASTM 1461-13 standard.
This laser flash analyzer generates the heat from the front side of the plane parallel
with the short light pulse, The temperature rises from the back surface and it is
detected by an infrared detector. The thermal diffusivity can be determined by the
resulting temperature versus time curve analysis [56]. The thermal conductivity (k)
was then calculated as the equation 6.

5. Fourier Transform Infrared spectrometer (FTIR)

Infrared spectroscopy is a measurement of interaction between a substance
and the electromagnetic fields in the IR region. The molecule of the substance has
specific frequencies of internal vibrations, and a higher vibration of the molecule
occurs from absorbing IR radiation. The absorbed particular IR frequency depends on
the vibrational frequencies of the molecule, but transmit all other frequencies [54].
Fourier Transform Infrared spectrometer (FTIR) is an instrument which uses the
interferometer to identify about material placed in the IR region.

The IR light source passes through a Michelson interferometer and the
sample. The interferometer consists of a beam splitter, fixed mirror, and moving
mirror as shown in Figure 19. When the light passes through the beam splitter, it is
divided to 2 optical beams. One beam reflects to a fixed mirror then back to a beam
splitter, and another beam reflects to a moving mirror. The 2 beams reflect off their 2
reflective mirrors and meet up again and recombine at the beam splitter, but the path
length of these 2 beams are interfering with each other (constructive and destructive
interference). This signal is called an interferogram, which is a uvnique propetty
depending on the position of the moving mirror, which makes the different IR

frequencies , and all these frequencies are measured simultaneously [57].
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Figure 19 Schematic of a Michelson interferometer

Source: https://www.thermofisher.com/us/en/home/industrial/spectroscopy-
elemental-isotope-analysis/spectroscopy-elemental-isotope-analysis-
learning-center/molecular-spectroscopy-information/ftir-information/ftir-

basics.html
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Figure 20 Fourier Transform Infrared spectrometer (FTIR, Bruker Tensor 27)

Sources: http://www.uakron.edw/cpspe/research-centers-facilities/equipment-
polymer-science.dot

and https://www.cnyn.unam.mx/~wencel/departamento/irbruker
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In this study, the FTIR, Bruker Tensor 27 model (as in Figure 20) is used
to measure the reflectance (R) of all samples in IR region (2.5 — 25 pm) to calculate

the thermal emittance (&4 as define in equation 5,

Sample preparation for analysis
1. XRD analysis
The X-ray Diffraction (XRD) was used to measure the phase of the
samples. The samples for the XRD analysis were prepared to 1x1 square centimeter as
shown in Figure 21,
2. Morphology characterization
The morphology was measured by Low Vacuum Scanning Electron
Microscope equipped with an Energy Dispersive X-ray analyser (SEM-EDX). The
samples for the morphology characterization were formed in Bakelite as shown in
Figure 22,
3. Spectral reflectance measurement
The spectral reflectance (R) was measured by Ultraviolet-Visible-Near
Infrared Spectrophotometer {UV-Vis NIR Spectrophotometer) to calculate the solar
absorptance (t5), and by Fourier Transform Infrared spectrometer (FTIR) to calculate
the thermal emittance (€4em). The samples for investigation of the R were prepared to
1x1 square centimeter as shown in Figure 21.
4, Thermal diffusivity measurement
The thermal diffusivity was measured by Laser Flash Analyzer (LFA) to
calculate the thermal conductivity (k). The samples for investigation of the thermal

diffusivity were prepared to 1.25x1.25 square centimeters as shown in Figure 23.



41

SIl-Ale_o,-S Sil-A1203-7 SH—A1203-10

Figure 21 The 1x1 square centimeter samples for phase and reflectance

characterizations

Sn-Al,0;3-5
- Sn-AL0;-7

Sn-Al,05-10

Figure 22 The samples were mounted in Bakelite for morphologies

characterizations

SIl-Aleg,-S Sll-AizO3-7 Sn"A1203—10

Figure 23 The 1.25x1.25 square centimeter samples for thermal diffusivity

characterizations
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Thermal efficiency

The Sn-Al, Q3 selective solar absorber coated on Al fin was assembled with a
heat pipe and transparent double layer borosilicate evacuated tube as one set of solar
receiver tubes. Then, the new prototype of ETC was obtained by using 15 tubes of
solar receiver tube sets mounted with a header and manifold as shown in Figure 24.
The thermal efficiency test of the ETC was measured under steady-state conditions as
prescribed by the ISO 9806-1 standard. The collector area is 1.08 m”, The parameters
for the thermal efficiency test consists of ambient temperature (75), fluid mass flow
rate (711) and global solar irradiance (G)) at the collector plane, as summarized in Table
3, The inlet temperature (7;) was controlled to be at 30, 40, 50 and 60 °C, while the
outlet temperature (7,) was collected, The thermal efficiency (i) was calculated by the

first-degree equation (linear regression) according the equation L,

Solar reference cell — Water outlet

Whater mlet —

Temperature
measured box

Heater

Figure 24 The evacuated tube collector equipped with header and stand as a solar

water heater system for thermal efficiency test
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Table 3 Parameters for the thermal efficiency test

Parameters Factors
Solar irradiance (GY) 800 + 50 W/m®
Ambient or surrounding air temperature (75) 29 -31°C
Fluid mass flow rate (#1) 0.216 kgfs, + 1%
Fluid temperature at the collector inlet (77) 30-60°C,+0.1°C

Economic analysis

Life Cycle Cost (LCC) and Levelized Cost of Energy (I.COE),

The Life Cyecle Cost (LCC) and Levelized Cost of Energy (I.COE) of the
evacuated tube collector (ETC) applied the Sn-ALO; coatings with 3 different Sn
contents on the Al surface as a solar selective absorber were calculated by equation 7
and 8, respectively. The data for calculations were as follow;

1. Initial investment costs

The initial investment costs of the system or project includes;
1.1 Initial capital costs, consist of
1.1.1 Cost of the glass tube for evacuated collector
1.1.2 Cost of the aluminum sheet
1.1.3 Cost of the anodization coating
1.1.4 Cost of transportation fee
1.2 Operating and Maintenance cost
The Operating and Maintenance cost were calculated by 0.5% of the
initial capital costs [58] for a 16 year project life time [59].
2. Benefits
The benefits from the project includes;
2.1 Salvage value
The salvage values were calculated by 10% of the initial capital costs
[58] at the end of project.
2.2 Energy production

The energy production was calculated from the efficiency equation.



CHAPTER 1V

RESULT AND DISCUSSION

This chapter presents 3 sections of the tin-pigmented aluminum oxide film
(Sn-Al,O3) base solar selective absorbers. It was successfully prepared in 3 contents of
Sn by the anodization process. The first section is characterization of phase and
morphology. The second section is the thermal efficiency of the evacuated tube
collector (ETC), and the last section is an economic analysis to evaluate the feasibility
of using Sn-Al,Os as a solar selective absorber material.

As received Al sheet in the Figure 25(a) was successfully prepared by anodic
anodization. The the Sn-Al,O3 coating with variation of time in the coloring bath was
shown in Figure 25(b). It was observed that the coatings reached a darker black with
increasing coloring time. The Sn-Al,O3-5 was dark brown, the Sn-Al»O3-7 was black

and brown and the Sn-Al,0;-10 was dark black.

Figure 25 (a) Aluminum sheet and (b) Sn-Al;0; coating on Al fin with variation

of coloring times
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Characterization of phase and morphology of the Sn-Al,O;

The methods for characterization of phase and morphology of the Sn-AlLO;
were;

1. The phase of the Sn-AL O,

Figure 26 shows the XRD patterns of Sn-Al,O; with various Sn contents,
compared with the JCPDS database No. 01-1176, 01-1243 and 01-0926 for the
elemental Al, Al,O3 and Sn, respectively. The phases of Al and Sn were indexed for
all samples, and the phase intensity of Sn was increased by increasing the Sn contents.
The crystallite size was also calculated by Scherrer’s equation [60] (equation 9) using

the Sn (200) peak in the XRD spectrum.

1 KL
- Peosb ©)

K is the crystallite shape factor which usually takes a value of 0.9, 4 is the
X-ray wavelength of Cu-Ka radiation (0.15406 nm), f# is the full width at half
maximum (FWHM) in radians and @ is the Bragg’s angle of the (200) peak of Sn. The
calculated results for the Sn-Al,0s3-5, Sn-Al,O3-7 and Sn-Al,O3-10 were 23.24, 23.24
and 46.48 nm, respectively. It was observed that the crystallite size of the Sn-Al;03-10
sample is double the size of the others, indicating that the crystal nucleation of Sn
inside the Al,Os pores continuously occurs by the higher nucleation sites than other
conditions during the coloring process beyond 7 min. According to the double
intensity for (200) plane of Sn, the crystallinity of the highest content of Sn is also
improved due to the sufficient time in the colouring process. However, the Al,O;
phase was not found in the XRD patterns because its structure is the amorphous phase,
which is consistent with previous studies of W-Al,O3 [14], Pt-ALO;3 [42] and Mo-
AlOs3 [16].
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Figure 26 The XRD patterns of the Sn-ALO; at different Sn contents

2. The morphology of the Sn-AL O,
The surface morphologies of the Sn-Al,O3 solar absorbers prepared by the

anodization process were presented by SEM images. The anodized Al surface was
heterogeneous nucleation like ordinary anodized aluminum substrate prepared to be

solar absorber black coatings (Fig. 27 (a-c})) [5, 61, 62]. The coating samples consist of
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2 layers; a compact Al,O3 barrier layer close to the interface of the Al substrate and a
porous Al,O3 layer. The shallow marks of the surfaces occurred during the
phenomenon of sealing the Al,O; pores. Fig. 27 (d-f) indicates that the Al,O; films
were formed with a thickness of 9.1 — 9.5 pum, with a perpendicular pore structure and
compact AlQ3 barrier on Al substrate, corresponding with Ni-Al,O; selective

absorbers [63].

Figure 27 LV-SEM images of a-c) surface and d-f) sectional image of Sn-Al;03-5,
Sn-A1203-7 and Sn-A1203-10

In addition, it detected different contrast regions on the Sn-AlO; films,
due to the different atomic numbers of the elements. The Al;Os phase presented
contrast regions, according to the atomic number of the elements. Elements with
higher atomic numbers caused more reflection of the electron beam during the SEM
measurement, making the colour appear lighter in that area. Sn has its highest atomic
number in the Al,O3 phase, the Sn rich revealed a spike shape and light region close to
the interface of Al substrate, corresponding with a previous study [64]. The light gray
arca was the Sn pigment rich area which exhibited a high content near the Al substrate
interface of the Al fin, The length of the spike shape or Sn pigment rich area increased

when increasing the coloring time in the order Sn-Al;03-10 > Sn-Al;03-7 > Sn-AlyOs-
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5. This is due to the increasing time for electrochemical deposition in the coloring
process leading to increasing the Sn content deposited into the pores of Al,O;. The
phase structure of Sn-Al,O; of all coatings was not changed with increasing the
coloring time.
3. The chemical composition and distribution of the Sn-Al,O3

In order to ascertain the increase of Sn content in the porous Al,O; films,
SEM-EDX with line scan analysis techniques were used (as shown in Figure 28). All
the samples consist of detected Al, O and Sn elements, corresponding to the XRD
pattern. The Sn content exhibited a high count rate close to the interface of the Al

substrate, and the accumulation of Sn according to the incremental deposition time.

btk

Figure 28 SEM-EDX line scanning of (a) Sn-Al;O3-5, (b) Sn-Al,03-7 and (¢} Sn-
Sn—Al;O;-lO

In addition, the chemical distribution over a cross section of the surface of
the Sn-Al,O; coatings indicated the different chemical distributions in each layer, as
presented by the EDX mapping images in Figure 29. The fundamental elements of
these samples were dispersed in different densities in each region. Al displayed the

highest density in the Al substrate, while the O revealed the highest density in the



49

AlyOs layer, and the Sn also appeared in the AlbO; layer but the highest density is at

the interface of the Al substrate, consistent with the EDX line scanning images.

£ 1 sl 36 LY

E pr 1 M 3EY gt

Figure 29 SEM-EDX Mapping of the (a) Sn-Al,03-5, (b) Sn-Al;03-7 and (¢) Sn-
Al O5-10

Figure 30 presents the elemental distribution profiles in the cross-section
of the Sn-Al,O3 coatings on Al fin samples which characterized by SEM-EDX with
the line scan analysis. The Al, O and Sn elements were found in all coatings. The
highest content of Al was found at the Al substrate, the content immediately decreased
at the interface between the Al,Os layer and Al substrate, and kept relatively constant
through the oxide film layer. The O exhibited a larger content in the Al,O3 film in all
the samples, indicating that AlbO; was formed by anodic anodization. The Sn
presented high content in the Al,Os film layer near the Al substrate interface. The
increasing amount of Sn in the Al,Os film lead to an increasing length of the spike-like
Sn layer. This is due to the increasing time for electrochemical deposition in coloring

process leading to increasing the Sn content deposited into the pores of Al,Os,
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4. The reflectance (R) in the Ultraviolet-Visible-Near Infrared (UV-VIS-
Near IR) region
According to the theoretical properties to achieve high performance in
selective solar absorbers, the coatings require a high as,y (050 = 1) or low R (R = 0) in
the solar spectrum region (0.3 <A <3 pm) and low &germ (Egherm = 0) or high R (R = 1)
in the infrared region (A > 3 um) at the operational temperature of the solar thermal
applications [3]. As the cermet selective solar absorbers, ceramic matrix or dielectric
layers increase the absorption in the UV-VIS regions, and metal layers and a highly
IR-reflective metal substrate effectively increése the R in the IR region [4].
Figure 31 presents the measured R of all the Sn-Al,O3 coatings in the UV-
VIS-NIR region, according to the whole wavelength interval of the solar spectrum at
AM 1.5 (03 - 2.5 um). All the Sn-Al,O; samples exhibit low R in the whole
wavelength range. However, the R of all samples gradually increased with the
increasing wavelength due to the maximum of the scattering and reflectance
efficiencies at high wavelength [3]. With increasing the Sn content in the pores of
Al O3, the spectral R of the samples relatively decreased in the wavelength range of
UV-VIS-NIR regions due to the thickness of Al,Os layer behaved as an anti-reflection
(AR) layer reducing the reflection between the air and the Sn pigment layer [42, 65].
The ¢, of the samples was calculated from equation 5 and summarized in Table 4,
together with the previous reports. The ¢y of the Sn-AbOs-5, Sn-Al,05-7 and Sn-
Al O3-10 were 0.89, 0.93 and 0,94, respectively. All are close to commercial solar
absorbers (0.85-0.95) [3], and consistent with solar absorbers with related metal-AlO3
film such as Co-AlLO;, W-ALOs;, Ag-AlLO; Mo-Al,O3, Pt-Al,O;3 and Ni-AlO; [11,
14, 15, 16, 42, 63]. In addition, sy of the Sn-Al,O3 samples increased according to the
increase of Sn content as a result of the solar radiation trapped inside the Al,O3 pores
by the light resonant scattering with Sn particles. The light scatter caused more solar
radiation to be trapped in the absorber materials [3, 63]. It corresponds to a previous
study which found that the Al,O; layer plays the role of antireflection, obstructing the
reflection of solar radiation from the Sn particles, as a result of the reflective index
mismatch between air and the Sn-A1203 layer and the amount of Sn pigment filling in

the Al,O; pores affect the a, [19].
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These results indicate that the Sn pigment in the pores of Al,O; film forms
a structure that facilitates solar radiation trapping and the conversion of solar radiation
for solar thermal applications, The great increase of Sn in the coating leads to a
significant increase in absorptance capacity. It is therefore clear that, the increase of

the Sn content in the Sn-Al; Qs solar absorber can result in a good solar selective

absorber in solar collectors.
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Figure 31 Spectral reflectance (R) of the Sn-Al;0; solar absorber, compared with
the sun spectrum at AM 1.5 in the wavelength range of 300 — 2500 nm



Table 4 The solar absorptance (@) and thermal emittance (gy.rn) of the Sn-

AL O3 samples with different Sn contents compared with the previous

studies
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Solar Thermal
Solar selective absorber Preparation Absorptance  Emittance
(Osr) (Etherm)
Present study
Sn-Al,O3-5 Anodization 0.89 0.23
(100°C)
Sn-Al,03-7 Anodization 0.93 0.24
(100°C)
Sn-Al,O3-10 Anodization 0.94 0.21
(100°C)
Previous studies
Co-AlLO; [11] Anodization/ >0.98 0.03
Electrodeposition (100°C)
W-AlO; [14] Sputtering 0.94 0.10
(400°C})
Ag-AlLO3[15] Sputtering 0.93 0.04-0.05
(82°C)
Ni-AlLO; [63] Anodization 0.92-0.97 0.14-0.23
(70°C)
Pt-Al,05 [66] Evaporation 0.98 0.36
(200°C)
Mo-Al,Os [67] Sputtering 0.91-0.93 0.19-0.27

(80°C)
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5. The reflectance (R) in the Infrared (IR) region

The measured spectral R in the wavelength range of the IR region is
presented in Figure 32. The spectral R was above 0.95 for all the samples in the
wavelengths of 2.5-8.0 um, and there was no display of the spectral R beyond 17.5 pm
due to extreme noise. It is observed that the spectral R has little effect on Sn content in
the wavelength range of the IR region. The ey, Was calculated by equation 2, on the
Planck blackbody distribution at 100°C, as shown in Table 5. The g was 0.23, 0,24
and 0.21 for Sn-Al,03-5, Sn-Al>03-7 and Sn-Al;03-10, respectively. It seems that the
emerm 18 insignificantly changed with the increasing Sn content. When considering
previous studies, the ey, of this study was lower than the Pt-Al,O3 coating (8merm =
0.36) [66] and close to the Ni-Al,O3 coatings (eperm = 0.14-0.23) [63] and Mo-Al,O3
coating (&merm = 0.19-0.27) [67].
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Figure 32 Reflectance of non-anodized Al and anodized Al at different Sn

contents in the IR region
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As the results shown in Figure 31 and 32, all the Sn-Al,O3; samples exhibit
low R in the wavelength range of 0.3 — 2.5 pm, and high R in the wavelength range of
2.5-17.5 um, according to the theoretical property of solar absorber materials for
achieving a high solar selectivity. Therefore, the increasing Sn content in the pores of
AlyOs leads to a significant increase in the o,y but has little effect on the egem. To
consider the morphology of the segregated Sn at the interface, the &, is dependent on
the morphology (spike size and length) of the spike-like Sn layer, while the &pem has
little effect.

To consider the morphology of the segregated Sn at the interface, the a5/
is dependent on the morphology (spike size and length) of spike-like Sn layer, while
the &0 has little effect.

6. Solar spectral selectivity (¢sor/Etherm)

In order to discuss in the spectral solar selectivity of the Sn-ALQ; solar
absorber materials in more detail, the solar selectivity (¢so/merm) 0f the samples should
be evaluated. Although there is no theoretical limit for the maximum ase/Euerm, in
order to maximize the d.,/Emerm Of solar absorber materials, the ¢, is required to be at
the highest, but &ge.» should be reduced as much as possible. The &s,r/emerm of the
samples are summarized in Table 5.

The tsorcmern OF the Sn-Al,O3 samples were 3.87 - 4.48. With increasing
the Sn content, the dse/8merm of the Sn-AL O3 coatings increased. The ¢so/eimerm of the
coatings was relatively lower than that of the related coatings prepared using various
sputtering techniques such as Ag-ALO; [15], AINi-Al,O3 [65], Pt-ALLbOs; [68] and
AL O3-WC [69]. The aso/Emerm of the Sn-Al;03-10 sample is close to that of the Mo-
AlyO; deposited by the magnetron spuitering technique [67], and the Ni-Al,O; coating

prepared using an anodization process [43].
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Table 5 The solar selectivity (¢tsor/Emerm) of the Sn-AL O3

Samples Solar Thermal  Solar selectivity
absorptance emittance (5ot Etierm)
(asal) (E.rh erm)

Present study

Sn-Al,03-5 (.89 0.23 3.87
Sn-Al,03-7 0.93 0.24 3.88
Sn-Al,03-10 0.94 0.21 4.48
Related and previous studies

Ag-AlLO, [15] 0.93 0.04 - 0,05 18.8-23.5
AINi-Al,O3 [65] (0.94—-095  0.07-0.078 12.18-13.43
Pt-Al;,O; [68] 0.97 0.05 19.4

Al O3;-WC [69] 0.94 0.08 11.75
Mo-AlyO3 [67] 0.92 0.19 4.84
Ni-Al,O; [43] 0.92-0.97 0.11-0.22 4.41-8.36

7. Thermal conductivity (k)

Figure 33 presents the temperature dependences of thermal conductivity
for non-anodized Al and Sn-AlQ; solar absorbers with various Sn contents to propose
the quantity of heat transmitted through a unit thickness of the samples at interval
temperatures from 25 - 275°C. The thermal conductivity of non-anodized Al was the
highest related to the thermal conductivity of pure Al which was reported by National
Standard Reference Data Series-National Bureau of Standards [70]. While, the thermal
conductivity of the Sn-Al,O3; samples was lower than that of the non-anodized Al
because AlLO; film on the surface acts like an insulator and imperfections in the
atomic structure as ceramic behavior, It was observed that the thermal conductivity of
all the samples slightly decreased with increasing the temperature, indicating that the
Sn-ALOs coatings are able to be used in special thermal applications by maintaining
the thermal conductivity of materials over the operational temperature range (50 -

275°C). Furthermore, the thermal conductivity in each sample decreased with increasing
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Sn content as a result of the increasing thickness of the Sn layer at the interface

leading to obstruct free clectrons and phonon contributions.
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Figure 33 Thermal conductivity of anodized Al with different Sn contents

Figure 34 represents a diagram of the heat flow in the sample for thermal
conductivity measurement indicating the thermal direction from Al substrate to the
AbLOs layer. In the Sn-Al,0; samples, thermal conduction in the Al substrate occurs
from free electrons, where heat is transferred through kinetic energy in the elements
but is easily scattered [71]. The heat transferred through the Al,O; layer by lattice
vibration (phonons), which is directly transmitted from high to low temperature
regions. It is well known that free electrons are predominant in the thermal
conductivity of metals and non-anodized Al, causing high thermal conductivity.
However, the thermal conductivity of all Sn-Al,O; samples was higher than
commercial hard anodic coatings (0.7 W/m K) and also greater than previous studies
with Al anodic coatings using several electrolytes (no more than 1.33 W/m K} [72].
The solar spectrum is converted to thermal energy at the Sn-AlO3 solar absorber,
then, useful heat is casily transferred through the Al substrate to the exchanger. It

implies that the heat loss from the Sn-Al,O3 solar absorber to its surroundings is
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blocked and reduced by the Al,O3 layer, as illustrated in Figure 35, Therefore, the low
thermal conductivity of the Sn-Al,O; solar absorber (Al,O; layer) has advantages in

solar thermal applications.

Thermal conductivity

N

.

Heat

B R 'S
Al substrate  ALO;

Figure 34 Heat flow in the thermal conductivity measurement on the Sn-ALQO;

specimen
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Figure 35 Solar radiation and heat transfer through the Sn-Al,O; specimen
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Thermal efficiency of the evacuated tube collector (ETC)

The Sn-Al,O3; with different Sn contents were applied as selective solar
absorbers in the new prototype of ETC. According to the collected data from the
thermal efficiency testing system, the 7 wete calculated by equation 1 and 4. The
thermal performance curve, of 7 verses (7-7,)/G,, was plotted, as shown in Figure 36.
To consider determine the thermal efficiency equations, the interception on the vertical
efficiency, Fy (1c), was 0.42, 0.54, and 0.61 for the Sn-Al,03-5, Sn-Al,03-7 and Sn-
Al,03-10, respectively. While, the slope (-FrUr), which is defined as no useful energy,
was -9.62, -11.64 and -11.49 W/m?-°C for the Sn-Al,03-5, Sn-AL03-7 and Sn-ALO;-
10, respectively.

In order to consider determine the influence of different Sn content
impregnated Sn-Al,O3 selective solar absorbers on the thermal performance of ETC,
the parameters related to the thermal efficiency equation should be performed. Table 6
presents the summary of the thermal performance parameters of ETC using Sn-Al,O;
selective solar absorbers. It is clearly observed that not only the /7z increase with
increasing the Sn content into the pores of AlL,O;, but also the Uy decreases. The Fr
increased with increasing Sn content, indicating that the actual useful energy gains of
the new prototype ETC also increased. It implies the solar radiation is directly
converted to thermal energy at the Sn-Al,O; solar absorbers, after that useful heat is
easily transferred through the Al fin and exchanger, respectively. According to the
Usol/Eerm OF SN-Al,03 coatings, the Uy, of the new prototype of ETC decreased with the
increasing amount of Sn. Among the thermal performance testing, the new prototype
ETC using the Sn-Al;03-10 solar absorber exhibits the highest thermal performance. It
is clearly seen, that the higher Sn content into the AlO3; porous layer leads to
enhancing the thermal performance of the new prototype ETC as a result of increasing
Fpg, together with decreasing the Uy,

However, the thermal performance curve of the ETC prototype using Sn-
Al,O; with different Sn content over an Al fin as a solar absorber was slightly lower
than in previous studies with several approaches for enhancing the thermal
performance [2, 44, 73, 74], but using Sn-AlyOs-10 seems higher than applying the
ETC with a mini-CPC prototype [75]. So, the new prototypes of ETC with changing

the position of the solar absorber from the inner double glass tube to Al fin coated with
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the Sn-AlyO; selective solar absorber is considered as a good competitor to
commercially available solar collectors, indicating that the role of the Al fin is a solar

receiver and heat transfer medium at the same time,

O Sn-ALO-S
e 17 = 0,4214-9,6235%
Fa Sn-A1203-7
& senase 7= 0,5355-11.643x
5 o S$n-AlLO-10
[3} 273
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=
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o
g
3 02
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Figure 36 Thermal performance curve of the new prototype ETC using (a) Sn-
Al;03-5, (b) Sn-AL;(O3-7 and (¢} Sn-Al;03-10 as a selective solar
Absorber

Table 6 Summary of thermal performance parameters of the new ETC

prototype using Sn-Al,Oj3 as a selective solar absorber

Samples U:FR(TQ')“FRUL(T}&T“ J FR(TO!) Fp U -Fply

!
Sn-Al,03-5 n=04214—-9.6235x 0.42 0.52 18.35 -9.62
Sn-Al,O3-7 n=05355-11644x 0.54 0.64 18.04 -11.64

Sn-Al,03-10 n=0.06144— 11.492x 0.61 072 1594 -11.49
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Table 7 The thermal efficiency of the ETC using Sn-Al;O3 as solar selective

absorber compared with previous studies

Samples Equations
Present study
Sn-ALOs-5 n=04214—9.6235(T;-T,)/G,
Sn-Aly05-7 n=0.5355—11.644(T-T,)/G,
Sn-Al03-10 n=0.6144— 11.492(T-T)/G,
Previous studies
Ni- AlLO3 [2] n=0.722-15825(T-T,)/G,
ETC with U-pipe [73] n=0.708 = 3.516(1T-To)/Gy
ETC with U-tube [44] n=0.696 - 3.31{T-T)/G;
Flat micro-heat pipe collector [74] 0=075-636(T-Ty)/G
ETC with mini-CPC [75] n=03555-0967HT-T)/G,

Economic analysis

The economic analysis of an evacuated tube collector applied the Sn-Al,Os
coating on the surface as solar selective absorber was calculated by Life Cycle Cost
(LCC) and Levelized Cost of Energy (LLCOE)

The LCC and LCOE of this project were calculated bases on assumptions of
multiple project design options are shown in Tables 8 and 9. This project was
calculated for 16 years of the project life time including initial capital cost (C¢),
operating cost (Cp), maintenance cost (Cyy), fuel or energy cost (Cr) and also disposal
cost (S). The projected costs for years 1 - 15 were discounted back to present value by
calculation of a NPV formula with a discount rate of 8.17 [76].

The initial capital costs at year 0 was 21,491.71 THB for the Sn-Al,0;-5 and
22,091.71 THB for the Sn-Al,03-7 and Sn-Al;03-10. Operating and maintenance costs
were calculated at 0.5% and salvage value was calculated at 10% of the initial capital
costs. The operating and maintenance costs for the whole project lifespan were 889.69

THB for the Sn-Al;03-5 and 914,53 THB for the Sn-Al03-7 and Sn-Al,O03-10.
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Parameters Details Costs (THB)
1. Initial capital cost [59] 1. The glass tube for evacuated 12,053.60
collector
1) The aluminum sheet 838.11
(30 pes/set x 0.81 USD x 34.49
THB) [77, 78]
2) The shipping and tax [59] 9,600.00
3) The anodization cost for 3 sample
coatings 5,400.00
3.1 Sn-ALOs-5 6,000.00
3.2 Sn-AlL,O3-7 6,000.00
3.3 Sn-Al;03-10
2. Operating and 1) Sn-Aly03-5 107.46
maintenance costs 2} Sn-Al,Os-7 110.46
(THB/Year) [79] 3) Sn-Al0s5-10 110.46
3. Salvage value, S 1) Sn-ALO;-5 627.80
2) Sn-ALO3-7 645.33
3) Sn-Al;03-10 645.33
4. Energy production 1) Sn-AlO3-5 38,206.34
(MJ) 2) Sn-Al;O3-7 48,575.02
3) Sn-Al;05-10 56,957.35

The estimated benefits of the project included the salvage value and energy
production. The salvage value was 2,149.17 THB for the Sn-Al;O3-5 system and
2,209.17 THB for the Sn-Al;03-7 and Sn-Al,O;-10 systems. The energy production
was calculated from the equation of thermal efficiency with parameters as shown in
Table 9. It was 38,206.34 MJ, 48,575.02 MJ and 56,957.35 MJ, and electric hot water
production consumed 707.52 kWh/year, 899.54 kWh/year and 1054.77 kWh/year for
the Sn-Al,03-5, Sn-Al,0;-7 and Sn-Al,O3-10 systems respectively. If converted, these

energy to the annual electricity cost multiplied with the current electricity tariff in
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Thailand at 4.42 THB/unit (for electricity consumed over 400 unit/month) [80] there
will be savings of 3,127.26 THB, 3975.96 THB and 4662.06 THB respectively.

Table 9 The parameters for calculation

Parameter Symbol Sample Unit
Sn-AlLO3-5  Sn-ALO:-7  Sn-Al0;3-10
1. Initial capital costs C. 21,491.71 22,091.71 22,091.71 THB

2. Operating and

) C, 107.46 110.46 110.46 THR
maintenance costs
3. Salvage value S 2,149,17 2,209.17 2,209.17 THB
4, Amnual Energy kWh/
L, 707.52 899.54 1054.77
production Year
5. Interest rate or
f 8.17 8.17 8.17 Percent

discount rate
6. Project period b 16 16 16 Year

7. Year at the end of
N 15 15 15 Year

project

Table 10 Parameters for calculation the annual energy of the ETC [81]

Parameter Symbol  Variable Unit
value
Solar irradiance G, 800 W/m*
Ambient or surrounding air temperature T, 30 °C
Fluid temperature at the collector inlet T 35 °C
Fluid temperature at the collector outlet T, 60 °C
Average annual solar energy of Thailand E 1,800 kWh/m?-year
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The annual energy from the new prototypes of ETC with different Sn content
in the Al,O3 pores as the Sn-AlO; solar selective absorbers was calculated using the
parameters mentioned in Table 10 and were used in the following equations:

The sample annual energy calculation from the thermal efficiency equation of
the Sn-Al,O3-10;

nm0.61—11.49(1}_T"]
Gt

Substituted the variables in the Table 10 to the equation;

17=0.61-11.49
800

35~ 30 J
n=10.54
Annual energy calculations = 0,54 x E kWh/m* ‘Year
=0.54 % 1,800 kWh/m’ ‘Year

= 976.64 KWh/m? -Year

The annual energy output for each Sn-Al,O3 sample for the new ETC

prototypes are shown in Table 11,

Table 11 The annual encrgy from the new prototypes of ETC with different Sn

content coatings

Samples Annual Energy Annual Energy Annual Energy
Yield (kWh/m?) Yield (kWh) Yield (MJ)
Sn-Al03-5 655.12 707.52 38,206.34
Sn-Al,O3-7 832.90 899.54 48,575.02

Sn-AlO;-10 976.64 1,054.77 56,957.35
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The LCC and LCOE of this project were calculated from equations 7 and 8
respectively, and the net present value (NPV) was considered. The results are shown
in Table 12 and Figure 37. The LCC of the projects were 21,753.60 THB for the
system using the Sn-Al,O;-5 as a solar selective absorber, and 22,360,91 THB for the
system using Sn-Al;O3-7 and Sn-Al;O;-10 as solar selective absorbers. The LCOE
were 2.05 THB/kWh, 1.66 THB/kWh and 1.14 THB/kWh for the system using the Sn-
Al;03-5, Sn-Aly0;-7 and Sn-Al;03-10 as solar selective absorbers respectively. All are
similar to previous studies using Ni-Al,O3 and solar paint on Al fins as a selective

solar absorber for the ETC [59, 82].

Table 12 The LCC and LCOE of the Sn-ALOj; solar absorbers

Sample LCC LCOE
(THB) (THB/KWh)
Sn-Al,04-5 21,753.60 2.05
Sn-Al 057 22,360.91 1.66

Sn-Al03-10 22,360.91 1.41
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Figure 37 The LCC and LCOE of the new prototype of ETC using Sn-ALO;

as solar selective absorbers

The results of this study, it was found that tin (Sn) is one of the pigments
which is able to deposit into the AlL,Os filin layer as the metal-dielectric composite
(cermet) coating for applying as a solar absorber material in solar thermal applications
[18, 19]. In addition, the tin pigmented-Al,O; (Sn—A1203) coating prepared by the
anodization process has been considered due to an eco-innovative production method

for sustainable development.



CHAPTER V

CONCLUSION

The Sn-AlO; selective solar absorber was successfully prepared by the
anodic anodization process onto Al fin with different Sn contents in the pores of the
AlO; layer. The conclusions and recommendations for studying the Sn-Al,O3 are
described in this chapter,

The characteristics of the Sn-Al;Oj3 solar selective absorbers

The Al,Os film layer for all samples was formed with a perpendicular pore
structure and compact Al,O; barrier on Al substrate, and the film thickness was
controlled identically. Different contents of Sn were deposited into the pores of the
AlyO; layer as the Sn-AlyOs solar selective absorbers. The Sn-Al,O3 coatings achieved
a darker black with increasing coloring time and their surfaces were quite
homogeneous. The XRD pattern found the Al and Sn phases composed in the samples,
which corresponds to the SEM-EDX results. The Al, O and Sn distributions were
found in the cross section of the specimens. The Sn impregnated into the pores of
Al,O; appeared spike shaped and expanded into the oxide film layer. The Sn content
exhibited a high count rate close to the interface of the Al substrate, and the
accumulation of Sn according to the incremental deposition time.

Spectral and thermal properties of the Sn-Al,Oj; solar selective absorbers

The spectral reflectance (R) in the wavelength range of 0.3 - 2.5 um was
measured in the wavelength range of UV-Vis-NIR regions (0.3 - 2.5 pm). The R of
Sn-Al;O3; samples exhibited low in the whole wavelength range, and relatively
decreased with increasing the Sn content in the pores of the AlLO; film, which
correlates with the solar absorptance (a,;). The increasing Sn content, the ay,; of all
samples gradually‘ increased (us,; = 0.89 — 0.94), which is close to commercial panels.
While the R in the infrared region (2.5 - 17 um) presented high (R > 95%)
corresponding with the theorctical property of the solar absorber materials. The
thermal emittance (8mem) of all samples was relatively low (0.21 — 0.24), but it was

insignificant when compared to the increasing Sn content. The solar selectivity
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(Csor/Emerm) O the Sn-Aly Oy coatings increased with increasing Sn content. The thermal
conductivity (k) of anodized Al samples was relatively lower than non-anodized Al,
especially with Sn filling in the pores leading to the decrease in heat loss from the Al
substrate in the surroundings. It can be concluded that the increased Sn contents in Sn-
Al O3 is able to enhance the solar selective properties and hence is considered to be a
candidate for good solar absorber materials for solar collectors.

The thermal performance of an ETC applied the Sn-AL;O; as selective
solar absorbers

The thermal performance curve of the new ETC prototype, the higher Sn
content into the pores of Al,O3 leads to the enhancement of the thermal performance
of the new prototype ETC as the result of increasing Fg, together with decreasing Uj.
The maximum thermal efficiency (¥ (7)) increased according to the increasing Sn
content, that was 0.42, 0.54, and 0.61 for the Sn-Al,03-5, Sn-Al,03-7 and Sn-AlO3-
10, respectively. Therefore, the new prototype of ETC using the Sn-Al,O3 selective
solar absorber is considered as a good competitor to commercial solar collectors,
indicating the role of the Al fin is a solar receiver and heat transfer medium at the
same time. Also, it is a guideline for enhancing thermal performance and developing
the new eco-innovative ETC prototype.

The economic analysis

The Life Cycle Cost (LCC) and Levelized Cost of Energy (LCOE) were
indicators for economic evaluation. The LCC of the ETC with the Sn-AlOj as solar
sclective absorbers were 21,753,60 THB for applying Sn-Al,03-5 and 22,360.91 THB
for applying the Sn-Al,03-7 and Sn-Al;03-10. The higher LCC came from the higher
cost in the anodization process. The LCOE of this project were 2.05 THB/kWh, 1.66
THB/kWh and 1.41 THB/kWh for the Sn-Al,03-5, Sn-Al;03-7 and Sn-Al,03-10
respectively. It was observed that the LCOE decreased with the thermal efficiency of
collectors increased.

From the results and worthiness of this study, using Sn-Al;O; as solar
selective absorbers with different Sn contents in the pores of the Al,O; film layer
demonstrated that the spectral and thermal properties of the Sn-AlO3 samples were

close to solar selective materials in the market. The increasing of the Sn content also
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affect to improve many better properties, including well worth economics for energy
producing cost.

Recommendations

1. Further experiments are recomnended to test the thermal stability of the
Sn-Al;Os solar absorbers for long term use as collectors,

2. Reducing the anodization cost could reduce the investment costs of the
ETC system.

3. The Sn-Al,O3 solar absorbers should be applied for hot water production
for the whole day, to know the highest temperature and heat produced in one day.

4. The Sn-Al,O; solar absorbers should be developed more to reduce the

thermal emittance (e4.r) and increase the solar selectivity.
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Powder —Diffract-File from JCPDS-ICDD

Name and formula

Reference code:
PDF index name:
Empirical formula:

Chemical formula;

Crystallographic parameters

Crystal system:
Space group:

Space group number;
a(?):

b (7):

c(?):

Alpha (?):

Beta (7):

Gamma (?):

Measured density (g/cm”3):

Volume of cell (106 pm”3):

Z

RIR:

Status, subfiles and quality
Status:

Subfiles:

Quality:

Comments

Deleted by:

Color:

Melting point:

00-001-1176
Aluminum
Al

Al

Cubic
Fm3m
225
4.04006
4.0406
4.0406
90.0000
90,0000
90.0000
2.69
65.97
4.00

Marked as deleted by ICDD
Inorganic

Blank (B)

Deleted by NBS card,
White
660
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References
Primary reference: Davey., Phys. Rev., 25, 753, (1925)
Optical data: Data on Chem. for Cer. Use, Natl. Res. Council Bulil. 107
Unit cell: The Structure of Crystals, 1st Ed.
Pealk list
No. h k 1 d [A] OTheta[deg] I [%]
1 1 1 1 2,34000 38.439 100
2 2 0 0 2.02000 44.833 90
3 2 % 0 1.43000 65.186 80
4 3 1 1 1.22000 78.300 160
5 2 2 2 1.17000 82.352 50
6 4 0 0 1.01000 99.401 40
7 3 3 1 0.93000 111.845 70
8 4 2 0 0.91000 115.662 70
9 4 2 2 0.83000 136.273 50
10 5 1 I 0.78600 161.909 60
11 0.72000 20

Stick Pattern
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Name and formula

Reference code:
PDF index name:;
Empirical formula:

Chemical formula:

Crystallographic paranieters

Crystal system:
Space group:

Space group number:
a7

b (?):

c(7):

Alpha (7):

Beta (7).

Gamma (7):

Measured density (g/cm”3);

Volume of cell (1076 pm”3):

Z:
RIR:

Status., subfiles and guality

Status:
Subfiles:
Quality:
Coinments
Deleted by:
Color:
Optical data:
Melting point;
Unit cell:

00-001-1243
Aluminum Oxide
Al O,

AbLOs

Rhombohedral
R-3¢
167
4.7500
4.7500
12,9700
90.0000
90.0000
120.0000
4.02
253.43
2.00

Marked as deleted by ICDD
Inorganic Alloy, metal or intermetalic

Blank (B)

Deleted by NBS.

Various

A=1.7604, B=1.7686, Sign=-
2050

Rhombohedral cell: a=5.120, a=55.28.
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References

Primary reference: ~ Hanawalt et al., Anal. Chem., 10, 475, (1938)

Unit cell: Dana’s System of Mineralogy, 7th Ed.

Peak list

No. h K I dA] 2Theta[deg]  1{%]

1 0 1 2 3.47000 25.652 50.0
2 1 0 4 2.55000 35.165 75.0
3 1 1 0 2.37000 37.934 30.0
4 i 1 3 2.08000 43.473 100.0
5 0 Y 4 1.74000 52.553 50.0
6 1 1 6 1.59000 57.955 100.0
7 2 1 1 1.54000 60.026 5.0
8 0 1 8 1.50000 61.799 5.0
9 2 1 4 1.40000 66.763 40.0
10 3 0 0 1.37000 68.425 50.0
11 1 1 9 1.23000 77.549 20.0
12 2 1 7 1.18000 80.678 10.0
13 1 3 | 1.14000 85.017 5.0
14 ! 2 8 1.12000 86.907 5.0
15 0 2 10 1.10000 88.898 5.0
16 0 0 12 1.08000 90.998 5.0
17 2 2 6 1.04000 95.578 8.0
18 0 4 2 1.02000 98.085 5.0
19 2 1 10 1.060000 100.762 5.0
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Name and formula

Reference code: 00-001-0926
PDF index name: Tin
Empirical formula: Sn
Chemical formula: Sn

Crystallographic parameters

Crystal system: Tetragonal

Space group: 141/amd

Space group number: 141

a(?): 5.8190

b (?): 5.8190

c(?7): 3.1753

Alpha (7): 90.0000

Beta (7): 90.0000

Gamma (7): 90.0000

Measured density {g/cm”3): 7.31

Volume of cell (1076 pm#3): 107.52

Z: 4.00

RIR: -

Status, subfiles and quality

Status: Marked as deleted by ICDD
Subfiles: Inorganic

Quality: Blank (B)
Comiiecits

Deleted by: Deleted by NBS card.
Color: Tin-white

Melting point; 231.8

Refercnces

Primary reference: Hanawalt et al., Anal. Chem., 10, 475, (1938)

Unit cell: Dana’s System of Mineralogy, 7th Ed.
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Pealk list
No. h K I d[A] 2Theta[deg]  1[%]
1 2 0 0 2.91000 30.699 100.0
2 1 0 1 2.79000 32.054 80.0
3 2 2 0 2.05000 44,142 32.0
4 2 | I 2.01000 45.068 80.0
5 3 0 1 1.65000 55.660 24.0
6 1 | 2 1.48000 62.728 240
7 4 0 0 1.45000 64,179 20,0
8 4 2 0 1.30000 72.675 16.0
9 3 1 2 1.20000 79.870 20.0
10 4 3 1 1.09000 89.934 11.0
11 1 0 3 1.04000 95.578 8.0
12 5 2 1 1.02000 98.085 6.0
13 2 1 3 0.98000 103.630 3.0
14 3 0 3 0.93000 111.845 6.0
15 3 2 3 0,89000 119.881 2.0
16 4 1 3 0.85000 129.980 3.0
17 0 4 0 0.81000 143.974 2.0
Stick Pattern
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APPENDIX C

Table 16 The thermal efficiency of ETC with the Sn-ALO3-5 as solar selective

absorber
Tn(CC)  Taw Q) Taw(°C) G (W) (TuTan)/Gy 0
30.37 32.33 27.80 808,54 0.00318 0.3739
30.41 32,33 28.03 821.32 0.00289 0.3619
30.44 32.39 27.88 815.28 0.00314 0.3712
30.48 32.45 28.02 815.47 0.00302 0.3729
30.52 32.46 28.06 800,28 0.00307 0.3759
30.54 32,52 28.09 800.42 0.00306 0.3828
30.56 32.50 28.14 802.02 0.00302 0.3739
30.57 32.57 28.20 805.99 0.00294 0.3828
30.60 32.60 28.20 822.07 0.00292 0.3778
30.63 32.59 28.23 818,86 0.00292 0.3723
30.65 32.63 28.19 811.09 0.00304 0.3770
30.67 32.68 28.22 811.04 0.00302 0.3835
30.69 32.72 28.28 811.81 0.00297 0.3867
30.70 32,74 28.32 807.88 0.00295 0.3904
30.72 32.76 28.34 814.18 0.00292 0.3879
30.73 32.79 28.38 820.88 0.00287 0.3868
30,75 32,77 28.41 824.37 0.00285 0.3788
30.77 32.79 28.46 821.45 0.00282 0.3805
30.79 32.82 28.45 818.35 0.00286 0,3838
30.81 32.85 28.58 818.80 0.00272 0.3867
30.83 32.90 28.54 818.44 0.00279 0.3906
30.85 32.92 28.55 823.40 0.00280 0.3883
30.88 32.93 28.50 825.32 0.00288 0.3840
30.90 32.91 28.55 825.95 0.00285 0.3754

30.92 32.93 28.52 830.87 0.00290 0.3747
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Table 16 (cont.)

Tw(°C)  Tow(°C)  Taw(°C)  G/(Wim')  (Ti-Tan)/Gy n
30.94 32.96 28.52 836.02 0.00289 0.3755
30.95 33.03 28.54 836.35 (.00289 0.3854
30,97 33.04 28.63 836.83 0.00280 0.3828
30.98 33.07 28.57 836.05 0.00288 0.3865
30.99 33.02 28.50 834.94 0.00298 0.3775
41.10 42.73 29.73 860.57 0.01321 0.2941
41.04 42.70 29.65 860.25 0.01324 0.2986
41.21 42.80 29.29 859.84 0.01386 0.2861
41.09 42.76 29.42 860.31 0.01356 0.2998
41.02 42,83 D 855.29 0.01345 0.3276
41.03 42.87 29,64 854.90 0.01332 0.3345
41.00 42.66 29.48 847.56 0.01360 0.3028
41.05 42.83 29.34 844.45 0.01386 0.3254
41.04 42.86 29.38 845.70 0.01379 0.3335
41.08 42.64 29.74 843.78 0.01343 0.2877
41.00 42,61 29.82 840.81 0.01328 0.2970
41.04 42.61 29.79 840.62 0.01339 0.2886
41.06 42.94 29.52 842.10 0.01370 0.3445
41.00 42.74 29.61 842.98 0.01351 0.3186
41.24 42.83 29.87 837.02 0.01358 0.2948
41.03 42.83 29.93 834.40 0.01330 0.3349
41.04 42.82 30.04 837.37 0.01314 (.3289
41.14 42.68 29.89 839.67 0.01340 0.2830
41.03 42.89 30.01 840.61 0.01311 0.3431
41.03 42.85 30.07 839.58 0.01306 0.3350
41.03 42.77 30.00 836.71 (0.01318 0.3221
41.11 42,76 30.16 830.84 0.01318 0.3069
41.19 42.71 29.89 830.76 0.01360 0.2836
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Table 16 (cont.)

T (°C) Tou (°C) Tam (°C) G, (W/m®) (Tin-Tan)/Gy 1
41.07 42.83 29.95 835.12 0.01331 0.3250
41.10 42.74 29.89 832.26 0.01347 0.3049
41.23 42.85 29.81 834.34 0.01369 0.3000
41.11 42.68 - 29.97 837.24 0.01330 0.2912
41.02 42.88 29.86 841.64 0.01326 0.3425
41.07 42.63 29.78 838.96 0.01345 0.2879
41.08 42.75 29.89 837.08 0.01337 0.3087
50.29 51.34 30.83 819.17 0.02375 (.1982
50.37 51.35 30.98 817.85 0.02370 0.1863
50.35 51.32 30.85 819.30 0.02380 0.1820
50.36 51.35 30.91 820.41 0.02370 0.1866
50.34 51.34 30.94 820.06 0.02366 (.1884
50.45 51.42 31.08 816.68 0.02372 0.1833
50.54 51.44 31.10 818.75 0.02375 0.1689
50.55 51.47 30.99 820.22 0.02384 0.1746
50.63 51.56 30.97 822.58 0.02390 0.1760
50.65 51.62 31.01 825.94 0.02377 0.1828
50.67 51.61 31.08 829,86 0.02360 0.1748
50.63 51.64 31.03 834.60 0.02349 0.1861 -
50.67 51.73 30.89 835.24 0.02368 0.1963
50.58 51.68 30.93 836.07 0.02350 0.2028
50.59 51.69 31.04 836.02 0.02338 (.2039
50.69 51.68 31.00 837.19 0.02351 0.1838
50.79 51.69 31.14 835.26 0.02352 0.1672
50,73 51.73 31.22 829.40 0.02352 0.1861
50.79 51.81 31.09 813.55 0.02422 0.1935
50.79 51.79 3L.15 810.03 0.02425 0.1907
50.82 51.82 31.03 810.22 0.02443 0.1897
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Table 16 (cont.)

Tw(C)  Tau(°C)  Tan(°C) G (Wim®)  (Ty-Ton)/G, 7
50.79 51.88 31.19 805.74 0.02433 0.2090
50.80 51.84 31.13 812.16 0.02422 0.1992
50.81 51.91 31.06 817.04 0.02417 0.2082
50,76 51.85 30.91 816.13 0.02432 0.2066
50.78 51.84 30.84 815.98 0.02444 0.2015
50.74 51.87 30.83 818.53 0.02433 0.2145
50.78 51.80 30.93 819.48 0.02422 0.1927
50.76 51,86 31.03 820.34 0.02404 0.2078
50.81 51.83 31.03 821.45 0.02408 0.1919
60.29 60.51 28.75 823.61 0.03829 0.0419
60.23 60.53 28.77 825,58 0.03810 0.05066
60.19 60.43 28.79 822.59 0.03817 0.0452
60.23 60.42 28.82 820.06 0.03831 0.0353
60.16 60.41 28.73 820.22 0.03832 0.0479
60.08 60.33 28.84 810.84 0.03810 0.0474
60.14 60.33 28.90 821,73 0.03802 0.0358
60.12 60.31 28.89 §26.84 0.03777 0.0345
60.21 60.36 28.74 826.48 0.03808 0.0272
60.18 60.38 28.75 824.74 0.03812 0.0362
60.23 60.44 28.80 822.38 0.03822 0.0390
60.25 60.47 28.96 313.91 (.03845 0.0424
60.23 60.49 28.87 813.35 0.03855 0.0504
60.25 60.48 28.89 811.07 0.03867 0.0437
60.20 60.44 28,90 812.46 (0.03853 0.0469
60,15 60,40 28.92 812.80 0.03842 0.0478
60.19 60.41 28.94 813.88 0.03840 0.0409
60.19 60.38 28.96 815,73 0.03828 0.0376
60.09 60.35 28.81 815.71 0.03835 0.0492
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Table 16 (cont.)

Tw(°C) T (°C)  Tew(°C)  G/(Whn)  (In-Tun)/G, Y
60.02 60.33 28.76 814.95 0.03837 0.0589
60.08 60.31 28.74 815.49 0.03843 0.0435
60.31 60.66 28.86 800,64 0.03928 0.0669
60.40 60.63 28.85 802.03 0.03934 0.0436
60.34 60.57 28.88 801.65 0.03925 0.0433
60.28 60.49 28.75 803.34 0.03925 0.0409
60.24 60.45 28.72 803.13 0.03925 0.0393
60.24 60.49 28.76 804.94 0.03910 0.0483
60.41 60.70 28.92 802.90 0.03922 0.0555
60.41 60,72 28.97 804,21 0.03910 0.0597
60.45 60,64 29.00 801,14 0.03926 0.0377

Table 17 The thermal efficiency of ETC with the Sn-Al,03-7 as solar selective

absorber

Tn(°C) T (°C) T (°C) G (W)  (Ti-Tan)/G, 1
28.10 30.83 25.106 847.63 0.00348 0.4979
28.13 30.84 25.06 848.78 0.00362 0.4930
28.17 30.87 25.01 848.40 0.00372 0.4927
2821 30.93 25.06 848.36 0.00371 0.4969
28.24 30.94 25.04 847.71 0.00377 0.4936
28.28 30.99 25.11 348.71 0.00373 0.4945
28.31 31.00 25.09 849.66 0.00378 0.4909
28.34 31.05 25.15 849.37 0.00376 0.4943
28.38 31.04 25.18 847.43 0.00377 0.4870
28.41 31.10 25.17 847.06 0.00382 0.4918
28.43 31.10 25.20 840.22 0.00380 0.4866
28.47 3112 25.25 847.89 0.00380 0.4846
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Table 17 (cont.)

Tw(°C)  Taw(°C) T (°C) G (W}  (Tur-Tow)/Gi i
28.50 31.15 25.24 848.10 (0.00384 0.4848
28.53 31.21 25.26 848.38 0.00386 0.4891
28.57 31.23 2532 847.79 0.00383 0.4874
28.60 31.30 25.39 848.00 0.00379 - 0.4938
28.64 31.31 25.42 849.24 0.00379 0.4875
28.83 31.31 25.44 848.38 0.00400 (0.4509
28.85 31.33 25.45 848.37 0.00400 0.4540
28.88 31.37 25.37 847.44 0.00413 0.4553
29.05 31.57 25,30 84792 (0.00443 0.4596
29.05 31.74 25.34 849.01 0.00438 0.4894
29.07 31.76 25.36 848.71 0.00437 0.4911
29.09 31.76 25.42 840.92 0.00432 0.4893
29.20 31.81 2529 849,65 0.00460 0.4754
2924 31.79 2525 851.72 0.00468 0.46406
29.30 31.81 25.22 852,76 0.00479 0.4550
29.34 31.86 25.23 852.99 0.00481 0.4577
29.40 31.92 25.24 853.24 0.00488 0.4574
29.44 31.97 25.31 851.47 0.00485 0.4589
40.33 42.34 27.63 876.32 0.01450 0.3540
40.33 42.39 27.61 869.62 0.01463 0.3667
40.50 42,36 27,58 870.73 0.01484 0.3303
40.15 42.38 27.65 872.84 0.01431 0.3955
40.40 42.41 27.71 874.28 0.01451 0.3559
4(.34 42.46 27.49 §74.53 0.01468 0.3767
40.45 42.42 2742 876.26 0.01487 0.3475
40,34 42.49 27.28 871.15 0.01499 0.3833
40.45 42.50 27.32 871.85 0.01506 0.3631
40.56 42 .49 27.46 870.00 0.01506 0.3442




Table 17 (cont.)
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Tw(°C) T (°C)  Tan(°C)  G(WHY)  (Ti-Tan)/G, 3
40.40 42,53 27.58 863.23 0.01485 0.3825
40.66 42.58 27.67 863.98 0.01503 0.3451
40.69 42.64 27.74 862.88 0.01500 0.3509
400,63 42.72 27.78 8790.14 0.01461 0.3680
40.57 42.71 27.72 883.19 0.01455 0.3758
40.79 42.74 27.76 881.53 0.01478 0.3423
40.70 42.82 27.74 884.11 0.01467 0.3711
40.61 42.82 2775 884.25 0.01454 0.3878
40.80 42.83 27.66 884.74 0.01485 0.3557
40.57 42,84 Tl 887.58 0.01444 0.3956
40.46 42.81 27.68 888.40 0.01439 0.4093
40.76 42.88 27.53 888.35 0.01489 0.3700
40.066 42.84 27.48 886.81 0.01486 0.3814
40,54 42,78 27.55 885.80 0.01466 0.3915
40.25 42,59 27.55 885.98 0.01433 0.4096
40.53 42.79 27.61 883.96 0.01462 0.3956
40.72 42.73 27.47 884.85 0.01498 0.3522
40,57 42.59 27.44 884.51 0.01484 0.3530
40.63 42.60 27.46 885.24 0.01488 0.3447
40.44 42.66 27.48 886.76 0.01462 0.3864
50.88 52.64 29.95 898.00 0.02331 0.3026
50.78 52.54 29.93 8395.38 0.02328 0.3050
50.84 52.58 29,95 895,52 0.02334 0.2998
50.76 52.39 29.77 891.26 0.02355 (0.2828
50.87 52.36 29,78 890.68 0.02368 0.2592
50.77 52,40 29.79 889.88 0.02357 0.2848
50.73 52,28 29.77 887.12 0.02362 0.2717
50.74 52.21 29.81 882.34 0.02372 0.2572




Table 17 (cont.)
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Tu(C)  Taw(C) T (°0)  G(Wi')  (Ti-Tu)/Gi H
50.77 52,23 29.90 875.31 0.02384 0.2582
50.78 52.25 29.95 878.78 0.02370 0.2595
50.63 52.22 30.02 881.68 0.02338 0.2794
50.59 52.22 30.10 884.26 0.02318 0.2850
50.46 52.18 30.18 881.40 0.02301 0.3020
50.59 52.20 30.39 385.21 0.02282 0.2821
50.51 52.21 30.46 890.02 0.02253 0.2941
50.73 52.25 30.53 889.43 0.02271 0.2639
50.63 52.07 30.36 8390.13 0.02277 0.2515
50.30 52.03 30 880.33 0.02270 0.3039
5027 52.03 30.37 882.36 0.02255 0.3083
50.43 51.99 30.33 881.45 0.02281 0.2731
50.34 51.89 30.34 877.26 0.02230 0.2748
50.27 51.84 30.27 876.07 0.02283 0.2774
50.21 51.83 30.35 881.64 0.02253 0.2850
50.17 51.83 30.59 884.99 0.02212 0.2911
50.25 51.84 30.45 884.30 0.02239 0.2777
50.46 51.81 30.29 883.08 0.02284 0.2360
50.25 51.83 Tl 882.67 0.02274 0.2773
50.24 51.80 30.21 883.10 0.02268 0.2733
50.11 51.76 30.22 882.07 0.02254 0.2889
50.13 51.82 30.21 885.68 0.02249 0.2956
59.08 59.74 30.72 826.73 0.03428 0.1234
59.00 59.76 30.79 832.21 0.03392 0.1416
59.06 59.84 30.87 822.48 0.03412 0.1459
59.23 59.83 3092 834.83 0.03374 0.1107
59.26 59.81 30.92 830.63 0.03328 0.1023
59.19 59.88 30.90 838.61 0.03339 0.1266
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Table 17 (cont.)

Tw (O Tou(°C) T (°C)  G(Wm')  (Ty-Tan)/G 7
59.14 59.92 30,77 852.38 0.03328 0.1404
50.18 59.93 30.72 852,52 0.03339 0.1364
50.11 59.98 30.73 855.74 0.03316 0.1579
59.14 59.92 30.70 850.96 0.03342- 0.1426
59.20 59,89 30.72 853.34 0.03338 0.1255
59,25 59.89 30.97 850.55 0.03324 - 0.1163
590.23 59.93 30.99 854.57 0.03305 0.1255
59.32 59.94 30.94 857.86 0.03309 0.1123
59,29 59.96 30.96 855.83 0.03310 0.1212
59.35 60.02 30.90 856.95 0.03321 0.1205
59.34 60.02 30.80 852.96 0.03346 0.1236
59.34 60.04 30.80 849.51 0.03359 0.1287
59,29 60.04 30.73 840.98 0.03373 0.1356
59.36 60.08 30.83 848.49 0.03363 0.1319
59.44 60.07 30.84 841,04 0.03401 0.1162
59.46 60.05 30.91 808.08 0.03533 0.1138
59,32 60.04 30.88 827.53 0.03436 0.1347
59,22 60.10 30.82 828.44 0.03428 0.1652
59.38 60.15 30.74 826.04 0.03467 0.1439
50.34 60.09 30.81 832.52 0.03427 0.1397
59.39 60.04 30.77 816.76 0.03504 0.1243
59,39 60.06 30.76 815.66 0.03509 0.1287
5041 60.05 30.78 809.46 0.03536 0.1228
59.27 60.10 30,90 812.74 (0.03491 0.1575
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absorber

Tn(C)  Tow(®C)  Tan(°C)  G(Wm®)  (Ti-Tan)/Gy 0
35.05 38.24 3383 805.15 0.00151 0.6124
35.05 38.23 33.85 804.68 0.00149 0.6116
35.04 38.21 33.81 805.17 0.00152 0.6087
35.04 38.23 33,80 804.44 0.00154 0.6132
35.05 38.26 33.82 806.71 0.00152 0.6160
35.05 38.26 33.80 810.23 0.00154 0.6124
35.05 38.21 33.81 808.15 0.00153 0.6054
35.05 38.24 33.83 807.00 0.00151 0.6125
35.06 38.22 33.88 808.99 0.00146 0.6045
35.09 38.23 33.89 810.73 0.00148 0.6009
35.10 38.21 33.89 812.25 0.00149 0.5922
35.13 38.24 33.82 809.48 0.00162 0.5950
35.16 38.22 33.81 808.82 0.00167 0.5853
35.20 38.23 33.79 807.08 0.00175 0.5805
35.23 38.29 33.81 806.70 0.00175 0.5867
35.27 38,32 33.94 808.97 0.00163 0.5850
35.00 38.00 34.04 808.74 0.00118 0.5749
35.05 38.07 33.98 809.69 0.00131 0.5782
35.09 38.07 33.71 310.16 0.00170 0.5695
35,14 38,10 33,77 811.59 0.00168 0.5646
35.19 38.16 3375 808.94 0.00178 0.5678
35.25 38.20 33.79 812.99 0.00180 0.5614
35.31 38.23 33.71 815.14 0.00197 0.5550
35,37 38.33 33,60 814,08 0.00210 0.5627
35.44 38.42 33.67 814.59 0.00217 0.5662
35.51 38.48 33.79 815.46 0.00210 0.5637
35,58 38.49 33.82 812,64 0.00217 0.5536
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Table 18 (cont.)

Tw(C)  Tow(®C)  Tw(°C)  G(WM)  (Tu-Tan)/Gy n
35.65 38.59 33.85 815.81 0.00221 0.5581
35.72 38.66 33.78 813.46 0.00238 0.5582
35.79 38.70 33.89 813.83 0.00234 0.5534
45.46 47.97 33.23 802.14 0.01524 0.4842
4525 47.80 33.20 801.13 0.01504 0.4934
45.32 47.75 33.23 800.69 0.01510 0.4687
45.20 47.63 33.28 801.08 0.01487 0.4694
45.18 47.54 33.34 803.55 0.01473 0.4551
45.02 47.53 33.35 801.88 0.01455 0.4846
44,91 47.41 33.45 805.46 0.01423 0.4809
44,99 47.41 33.47 808.83 0.01424 0.4621
44,94 47.38 33.41 806.15 0.01430 0.4670
44.86 47.33 33.43 807.10 0.01416 0.4746
44.89 47.31 33.45 807.76 0.01417 0.4632
44.87 47.27 33.48 806.21 0.01414 0.4609
44,67 47.22 33.50 804.53 0.01387 0.4913
44.80 47.19 33.42 8§04.98 0.01414 0.4596
44.63 47.18 33.45 807.55 0.01384 0.4883
44.67 47.11 33.49 806.13 0.01387 0.4682
44.49 47.03 33.37 800.16 0.01389 0.4916
44.53 47.03 33.38 802.05 .01390 (.4831
44.46 46.93 33.35 802.84 0.01383 0.4771
44.57 46,86 33.19 801.59 0.01420 0.4421
44.44 46.92 33.04 802.55 0.01421 0.4788
44.43 46.86 32.98 804.19 0.01424 0.4688
44.41 46.83 33.02 803.89 0.01417 0.4647
44.44 46.83 33.07 800.11 0.01420 0.4615
44.38 46.79 33.12 801.92 0.01405 0.4656
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Table 18 (cont.)

Tu(C)  Tau(°C) T (°0) G (W)  (Tin-Tum)/G i
44,27 46.72 33.08 801.89 0.01396 0.4742
44,30 46.72 33.12 804.58 0.01390 0.4653
44.40 46.70 33.08 806.32 0.01404 0.4406
44,29 46.65 33.07 805.86 0.01392 0.4534
44,31 46,62 33,06 805.14 0.01397 0.4451
5541 57.10 35.19 802.85 0.02518 0.3259
55.20 56.92 35.16 802.03 0.02499 0.3316
55.22 56,89 35,18 802.09 0.02498 0.3223
55.14 56.97 35.23 802.02 0.02483 0.3525
55.04 56.91 35.18 303.70 0.02470 0.3614
55.07 56.84 35.20 802.08 0.02477 0.3413
55.08 56,79 3525 801.01 0.02476 0.3319
54,71 56.44 35.27 802.94 0.02421 0.3328
54,75 56.52 35.29 800.82 0.02430 0.3408
54.67 56.55 35.33 800.58 0.02416 0.3628
55.12 56.74 35.33 800.56 0,02472 0.3129
55.14 56.79 35.32 804.85 0.02463 0.3185
55.29 56.84 3529 802.10 0.02494 0.2997
55.40 56.89 35.37 804.18 0.02491 0.2884
55.18 56.83 35.24 800.38 0.02491 0.3188
5541 56.97 35.23 802.57 0.02514 0.3011
55,31 56.88 35.25 802.96 0.02499 0.3017
54.99 56.83 3527 802.52 0.02457 0.3559
55.29 56.84 35.09 801.02 0.02522 0.3009
55.24 56.84 35,00 801.99 0.02524 0.3079
55.14 56.87 35.06 801.67 0.02504 0.3354
55.23 56.88 35.15 805.24 0.02494 0.3174
55.42 56,98 35.27 804.46 0.02504 0.3010
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Tn(°C)  Tou(°C)  Tan(°C) Gy (Wim®)  (Tn-Tew)/Gi rz
55.25 56.86 35.33 800.41 0.02489 03112
55.15 56.90 35.35 805.06 0.02459 0.3373
55.16 56.95 35.36 804.77 0.02460 0.3443
55.15 56,93 3541 804.90 0.02452 0.3410
55.19 56.86 35,52 804,32 0.02445 0.3220
55.02 56.82 35.49 804.54 0.02427 0.3456
55.16 56.80 35.39 803.89 0.02459 0.3164
65.40 66.30 35.47 800.25 0.03740 0.1743
65.49 66.37 35.64 801.02 0.03727 0.1701
65.68 06.55 35.70 802.20 0.03736 0.1689
65.62 06.58 35.74 801.69 0.03728 0.1850
65.66 66.53 35,74 8(1.38 0.03733 0.1685
65.56 66,54 35,73 801.53 0.03722 0.1889
65.59 66.50 35.74 801.05 0.03727 0.1749
65.50 66.49 35,74 800.28 0.03719 0.1905
65.53 66.40 35.60 800.39 0.03739 0.1683
65.43 66.39 35.38 300.79 0.03752 0.1842
65.49 66.39 35.28 800.30 0.03775 0.1737
65.48 66.37 35.28 800.98 0.03771 0.1724
65.47 66.31 35.28 801.94 0.03764 0.1622
65.41 60.36 35,37 801.36 0.03749 0.1835
65.49 66,33 35.27 300.68 0.03774 0.1626
65.38 66.43 35.32 802.38 0.03746 0.2024
65.42 66.39 3522 802.59 0.03763 0.1869
65.45 66,30 35.25 802.18 0.03765 0.1639
65.31 66.27 35.12 802.40 0.03762 0.1850
65.40 66.25 34,98 800.54 0.03800 0.1650
65.29 606,27 35.01 800.86 0.03781 0.1896




Table 18 (cont.)
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Tw(®C)  Tow(®C)  Taw(°C)  G(W)  (Ti-Tan)/G, 7
65.32 66,21 35.14 800.81 0.03768 0.1721
65.22 60.23 35,09 801.73 0.03758 0.1960
65.30 66.20 35.14 801.19 0.03764 0.1753
65.19 66.18 35.11 802,29 0.03749 0.1912
65.19 66.11 35.13 800.79 0.03754 0.1773
65.21 66.14 35.06 800.90 0.03764 0.1796
65.10 66.15 35,12 801.42 0.03741 0.2028
65.13 66.06 35.18 800.01 0.03744 0.1798
65.12 66.06 35.10 800.19 0.03752 0.1823
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APPENDIX E

Table 20 The LCC and LCOE of the new prototype of ETC using the Sn-ALO;3-5

as a solar selective absorber

Salvage Salvage Energy
Year Initial O&M value O&M cost value Production
cost (0.5%) (10%) (NPV) (NPV) (kWh)

0 21491.71
1 107.46 98.99 707.52
2 107.46 91.20 707.52
3 107.46 84.01 707.52
4 107.46 77.40 707.52
5 107.46 71.30 707.52
6 107.46 65.68 707.52
7 107.46 60.51 707.52
8 107.46 55.74 707.52
9 107.46 51.35 707.52
10 107.46 47.31 707.52
11 107.46 43,58 707.52
12 107.46 40.15 707.52
13 107.46 36.99 707.52
14 107.46 34.07 707.52
15 107.46  2,149.17 31.39 627.80 707.52
Total 21,491.71 1,611.88 889.69 10,612:87
LCC 21,753.60 THB

LCOFE 2.05 THB/kWh
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Table 21 The LCC and LCOE of the new prototype of ETC using the Sn-ALO;-7

as a solar selective absorber

Salvage Salvage Energy
Year Initial O&M value O&M cost value Production
cost 0.5%) (10%) (NPY) (NPY) (kWh)

0 22091.71
1 110.46 101.76 899.5374
2 110.46 93.74 899.5374
3 110.46 86.36 899.5374
4 110.46 79.56 899.5374
5 110.46 73.29 899.5374
o 110.46 67.52 399.5374
7 110.46 62.20 399.5374
8 110.46 57.30 399.5374
9 110.46 52.79 899.5374
10 110.46 48.63 399.5374
11 110.46 44,80 899.5374
12 110.46 41.27 399.5374
13 110.46 38.02 399.5374
14 110.46 35.03 399.5374
15 11046 2,209.17 “r” 645.33 899.5374
Total  22,091.71 1,656.88 914.53 13493.061
LCC 22,360.91 THB

LCOE 1.66 THB/kWh
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Table 22 The LCC and LCOE of the new prototype of ETC using the Sn-AL O3~

10 as a solar selective absorber

Salvage Salvage Energy
Year Initial o&M value O&M cost value Production
cost {0.5%) (10%) (NPY) (NPV) (kWh)

0 22091.71
1 110.46 101.76 1054.77
2 110.46 93.74 1054.77
3 110.46 86.36 1054.77
4 110.46 79.56 1054.77
5 110.46 £3-29 1054.77
6 110.46 67.52 1054.77
7 110.46 62.20 1054.77
8 110.46 57.30 1054.77
9 110.46 52.7% 1054.77
10 110.46 48.63 1054.77
11 110.46 44.80 1054.77
12 110.46 41.27 1054.77
13 110.46 38.02 1054.77
14 110.46 35.03 105477
15 110.46  2,209.17 32,27 645.33 1054.77
Total 22,091.71 1,656.88 914.53 15821.49
LCC 22,360.91 THB

LCOE 1.41 THB/kWh
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Abstract

The tin-pigmented atuminium oxide flm {(Sn-AlLyO;) based solar selective absorber was successfully prepured with three
different contents of tin by an anodization process. The phase and morphology of the Sn-AlO; were measured by X-ray dif-
fractometer and a scanning electron microscope equipped with an energy dispersive X-ray analyser. The reflectance (R) of the
coating was determined by Ultraviolet—visible-near infrared spectrophotometer in the wavelength interval of 3002500 nm
and the Fourier transfornt infrared spectrophotometer in the wavelength of infrared region (2500-23,000 nm). As a result,
aluminium and tin phases were detected at the coating surface. The AlO; films were formed and compacted as a barrler
on the Al substrate. The compositions of the oxide lilm composed of tin (Sn), aluminium (A1) and oxygen (O} clements,
With increasing Sn content, the solar absorptance {«r, ) graduatly increased, but it has little effect on the thermal emittance
(€peem) The thermal conductivity ef Sn—ALO; samples decreased with increasing Sn content as a result of the increasing
thickness of the Sn layer at the interface leading to obstruct the free clectrons and phonon contributions, The present result
suggests that the increasing Sn content in the Sn—Al Oy coating can enhance the solar selectivity properties and a good solar
absorber material.

Keywords Sn-Al,0, - Solw selective absorber - Anodization - Reflectance « Absorptance - Emittance

Introduction

Solar selective coatings oa the solar receiver are selected
according to the specilic characteristics that achieve high
solar absorptance (a,) inthe visible region and low thermal
emittance (£, ) in the infrared region {1 . There are many
techniques for selective coaling preparaiion such as evapo-
ration, sputtering, electro-chemical deposition (anodiza-
tion}, chemical vapour deposition, spray pyrolysis, sol-gel/
dip-couting, electro plating, painting and other methods
121, Anodization is a common lechnique used to protect
the aluminium (Al} from corrosion by creating a thin oxide
film on the Al surfuce. The solar selectivity of the sofar
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University, Phiisanulok 65000, Thailand

Department of Materizls and Production Technology
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absorber materialy can be optimized by varying the metal
and ceramic constituent elements, thickness, concentration,
shipe, size, and orientation { 1]. Several metal pigments cin
be used to deposit into the pores of the film as a solar selec-
tive absorber. The thickness of Al,O, based cermet coatings
was considered in previous reports | 33|, which correlated
with spectral selective properties. In addition, variation of
the cantenl of pigment or composite coating on the surface
has an influence on the spectral selectivity {a,, and ey, ,.) of
the solar selective absorbers {2, 3]. To improve the spectral
selectivity of the solar selective absorber and high corro-
sion resistance, several pigments deposited in the ALO, film
have been studied with difterent techniques, e.g. coatings
of black Cu-Ni, black Ni-Co by clectro-deposition {6, 7],
Co-AlL(, by anodization [5}, Cu-CuAl 0, hybrids depos-
ited in anodic aluminium oxide {AAQ] by electrochemical
processes (Y], carbon nano-particles embedded in $i0;, ZnO
and NiOQ mutrices by a sol—gel technique [14], W-AEO,
cermel, Mo-ALQ,, Pt-Al;0;, Ag-ALO; nunocermet, and
CrN,0,/S10; coaled with a sputiering technique |1 1-14].
TFin (Sn) has been considered o good candidwe pigment
embedded into the pores of Al;O4 film on Al substrte which

‘
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fas been swecesstully prepared by the anodization process as
Sn-AlO; [ 15, 16]. The corrosion resistance of Sn-Al, 0, is
higher than that of the Ni-Al,Q, [ 18], Presently, there are a
fow prior rescarches on the influence of Sn content on phase,
maorphology, thermal conductivity, and solar selectivity of
Al;Oy-based cermet coatings.

Therefore, the purposes of the present study are prepa-
rition of the Sn-Al,0, based solar selective absorber by
anodic anodization with three different contents of Sn pig-
ment, Phase, morphotogy and chemical distributions of the
Sn-Al O, coatings were characterized. The influence of Sn
contents on the .y, Egem a0d thermal conduetivity of the
coatings weee also investigated, including the discussion
of solar radiation and heat transfer mechanism theowgh the
Sn-AlLO; coatings.

Experimental section
Preparatlon of anodized aluminium

Aluminium (AD sheet of 9 cm wide x 160 em long with
a thickness of (.02 ¢m was used as a substrate. It was fol-
towed by Ihe ancdizalion process, under suitable conditions
calculated by the surface area of (he sumples. First, the atu-
minium sheet was degreased with a commercial cleaning
sofution, and then etched by NuOH solution, and immersed
in 165 g/L. sulphuric acid solution. The Al substrate was
connected with an anode (+) and a lead plate was used as the
cathode (—), and then u direct current of electrical density
with 1000 A at the constant potential of 15-17 V at 20 °C
was applied for 45 min to achieve the AL,O, film thickness
of 9.1-9.5 pm. Subsequently, the formed ALO; film was
directiy transferred to te colouring bath containing tin {IT)
stiphate (SrSO,). The Sn pigmemt was deposited into the
pores of ALO; lilm for §, 7 and 10 min, which coded as
Sn-AL0:-3, Sn-Al0:-7 and Sn—AlLG;-10, respeclively.
Then, the porous Al,O; was sealed in a hot water tank at
5060 °C for 30 min,

Instrumentation

The phase and morphology of the samples were charucter-
jzed by X-ray difiraction technique (XRD, PHILIPS X'Pert-
MPD) with Cu-K,, radiation in the 20 range of 20-90°, a
fow vacuum scanning electron microscope equipped with
an energy dispersive X-ray analyser (LV-SEM-EDX, JSM-
3910 JEOL). The reflectance (R) was meusured using the
ultraviolel visible near infrared (UV-Vis-NIR) spectro-
photometer (Shimadzu UV-3101PC} in the wavelength of
300-2500 niw, andd the Fourier transform infrared spectro-
photometer (FTIR, Bruker Tensor 27) in the wavelengih of
infrared region (2500-25,000 nm). The «,,; and the &

tielaes ool Eyan
RAGTE L e Lt

@ Springer

were calendated from the measured £ spectrum by the fol-
lowing cquations {2|:

2.5pm
[ L0 = RO
(LI
Gy = 2opm (1
[ r(Ada
DRI
25pm
[ B0 = R(AMA
235im
Etmim = 25pm 3]
[ hhdi
2.5m

where [ (A} is the solar spectral irradiance at AM L5, and
R{2) is the meusured reflectance spectrum of the coating.
Furthermore, the thermal diftusivity {x,} was measured by
laser flash anatyser (LFA 447 NanoFlash-A) over the tem-
perature of 25-275 °C according to ASTM 1461-13 stand-
ard. The thermal conductivity (&) was then calculated with
density {p) and specitic heat (C,) as follows:

k=k0C, ©)

Results and discussion

Figure | shows the XRD patterns of Sn-Al,05 with vari-
ous Si contents, compared with the JCPDS database No.
01-1176,01-1243 and 01-0526 for Al, AL,O; and Sn phases,
respectively. The phase of Al and Sn were indexed for all
samples, and the phase intensity of Sn was increased by
increasing the Sn contents. The crystallite size wos also
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Fig. 1 The XRD patteens of the Sn-AlL,0, with ditferent Sn contents
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caleufated by Scherrer's equation [17] vsing the Sn (200)
peak in the XRD speetrum.

KA
b= feosf S

K is the crystallite shape factor which usually takes a
walue of 1.9, 4 is the X-ruy wavelength of Cu-K,, radiation
{0.15406 nimy}, fis the full width at half maximum (FWHM)
in rudinns and € is the Bragg's angle of the (2000 peak of Sn.
The calculated results for the Sn-AlLO;-5, Sn-AlLO;-7 and
Sn-Al;O3-10 were 23.24, 23.24 and 46.48 nm, respectively.
{t is observed that the crystailite size of the Sn-Al0,-10
sumple iy double the size of the others, indicating thul the
crystal growth of Sn inside the A1, O, pores continuously
occurred in the colouring bath beyond 7 min. According
fo the double intensity for (200) plane of Sn, the crystal-
tinity of the highest content of Sn is also improved due lo
the sufficien! time in the colouring process. However, the
Al 0, phase was not found in the XRD patterns because
its structure is the amorphous phase, which is consistent
with previous studies of W-A1,0, [{ ], Pl-Aly05 [ 18} and
Mo-AlLO; {13]

Figure 2 presents the SEM images for surface morphol-
ogy of the Sn-AlO, coatings prepared by the anodization
process. In Fig. Za—c, the surfuce of the samples was quite
homogencous similar to the ordinary anodized Al substrate
prepared to be a solur absorber black coutings [3, 19, 20,
The shallow marks of the surfaces occurred during the phe-
nomenon of sealing the ALO; pores. Figure 2d-I indiciites

that the ABO; films were formed with a thickness of
.1--9.5 pm, with & perpendicular pore structurs and compact
ALyO; barrier on Al substrate, corresponding with Ni-A$LO,
selective absorber [21]. Fundamentally, the elements with
higher atomic numbers exhibil the lighter region in that area
compitred to fower atomic numbers, [Lis observed that there
are different contrast regions on the Sn-Al,04 Blms, due 1o
the different atomic numbers of the elements. The ALO,
phase exhibit dark grey regions in all the samples. While,
Sn has its highest atomic number in the ALOy phase, the
Sn rich reveal a spike shape and light region close to the
inferface of Al substrate, according to n previous study [ 16].
The increasing and sharpness of the lighter rogions of each
sample depend on an lncrease i the Sn content of the Al O,
pores,

To ascertain the increase of Sn conlent in the porous
ALO; fibms, SEM-EDX with line scan analysis techniques
were used {as shown in Fig. 3. All the samples consist of
detected Al, O and Sn etements, corresponding to the XRE
pattern. The Sn content exhibited a high count rate close 1o
the interface of the Al substrate, and the accumulation of Sn
according to the incremental deposition time.

Ta addition, the chemicat distribulion over a cross section,
the surface of the Sn-Ai,O; coatings indicated the differ-
ent chemical distributions in cach layer, as presented by the
EDX mapping images in Fig, 4, The fundamental elements
of these samples were dispersed in different densilies in each
region. Al displayed the highest density in the Al substrate,
while the O revealed the highest density in the Al;O4 layer,

Sire :

Fig. 2 LV-SEM imuges of (a-¢) surface and (d-£) sectional imigs vf S1-ALO,-5, Sn-ALOy-7 and Sn-ALO;-10

\/
ab. [ETET FNTEEY .
et &) Springer



115

2] Paged0f8 Materlals for Renewable and Sustainable Energy (2018} 7:2

= s ¥ : ;i
Etcton e 1 AlE3 Gkat SaLat

o s Aral vEal §atal

Fig.4 SEM image and EDX mapping analysis of the a Sn-Alj0,-5, b Sn-ALC,-7 and ¢ So-ALO,- 10 coatings

and the Sn also appeared in the Al O; layer but the highest  tod yum and 7 pm in the Sn-A1L0;-7 and the 8n-A1;0,-10,

density is at the interface of the Al substrate, consistent with  respectively.

the EDX line scanning images (Fig. }). Furthermore, the Figure 3u presents the measured spectral reflectance (R)

highest concentration of Snin all the samples was found at  of $n—ALO; with different Sn contents in the whole wave-

I um distance from the interface. The dispersion distance of  leagth range of UV-Vis-NIR regions. AH the-Sn-AlL,0,

Sn, from (he interface, in Sn-Al,0,-5, is | pm, increasing  samples exhibit the low R in the wavelength range of
;«j
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Flg.5 Speciral reliectance (R) of Sp—ALO; selar absorber with ditferent $a contents in e wavelength range of a the UY-Vis-NIR regions

cemparcd with the solar spectrum at AM L5 and b the IR regien

60-2000 nm. However, the R of all samples gradually
increased with the increasing wavelength due to the maxi-
mum of the seattering and reflectance efficiencies at the high
wavelength | ], With increasing Sn content in the pores of
Al O, the spectral R of the samples relatively decreased in
the wavelength range of UY=Vis-NIR regions due to the
thickness of Al,O; layer behaved as anti-reflection (AR}
fayer reducing the reflection between the air and the Sn
pigment layer {18, 22]. The e, of the samples are caleu-
lated and summarized in Table I, together with the previ-
ous repoits, The e« of the Sn-ALG -3, Sn-ALO,-T und
Sn—ALO3-10 were .89, 0.93 and 0,94, respectively. All are
close to commercial solar absorbers (0.85-0.95) [ 1}, and
consistent with solar absorbers with related metal-AlLG,
film such as Co-ALGO,, W-ALD;, Ag-Al,Q,, Mo-AlO,,
Pi-ALO; and Ni-ALO; [8, 11-13, 18, 21]. In addition, e,y
of the Sn—AL O, samples increased according to the increase

of Sn content as a result of the solar radiation trapped inside
the Al,Q, pores by the light resonant scaftering with Sn
pactictes [1, 211 It corresponds to & previous study which
found that the ALO; layer plays the role of antirellection
and the amount of Sn pigment filling in the A1, O, pores
affect the « [ 16} Furthermore, the measured spectral R
in the wavelength range of the IR region is presented in
Fig. 2b. The spectral R was above 0,95 for al{ the samples
in the wavelengths of 2.5-8.0 pm, and there was no display
of the speetral R beyond 17.5 pm due to extreme noise. [t
is observed that the speetral R has little effect on Sn con-
tent in the wavelengih range of the IR region. The &y,
was calculated by Eq. 2, on the Planck blackbody distribu-
tion at WX °C, as shown in Table 1. The ey, was 0.23,
0.24 and .21 for Sn-ALO;-5, Sn-ALOL-T and Sa-AlLQ,-
10, respectively. It seems that the £, is insignificantly
changed with the increasing Sn content, When considering

Table 1 The solar absorptance

! Solar selective absorber Preparation Solar shsorplance  Thermal emittance (g, )
fer b and thermal emiltance (e, )
(€ pere) OF 1he Sn-ALO, samples -
with diftecemt Sn conteals In: he present study
:&‘gg‘f‘d with the previous S-ALOyS Anodization 059 0.23 (100 °C)
o Su-ALOT Anodication 0.93 0.24 (100 °C)
Sin-AO-10 Arodization 0.94 0.21 (100 °C)
Previous studies
Co-Al0; 4] Anodizationfelectie- > 0.98 .03 (100°C)
deposition
W-ALO, [1H1] Sputiering 0,94 Q.10 (400 °C)
Ag-ALO, 2] Sputtering 0.93 004005 (82°C)
Ni-ALO 2] Anodization 092,97 01402370 °C)
PI-ALG, [23] Eivaporation 098 .36 (200 °Cj
Mo-ALO, [H] Spultering 0.91-0.93 0.19-0.27 (80 °C)
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previous studies, the e, of this stidy was lower than
the PL-ALO, conling (g4, = 0.36) [23] and ¢close to the
Ni-ALO, coulings (£, = 0.14-023) 2 {] and Mo-ALO,
couting (£g,.,, = .19-0.27) [24]. As the results shown in
Fig. 3, all the Sn-Al,0, samples exhibil low R in the wave-
fength range of HMW-20(0 nm, and high R in the wavelength
range of 2.5-17.% pm, according to the theoretical property
of solar absorber materials for achieving a high solar selec-
tivity. Theretore, inercasing Sa content in the pore of ALO;
leads to a siprificant increase in the « ;, but has little effect
onthe .y

Figure & presents the temperature dependences of ther-
mal conductivily for non-anodized Al and Sn-Al, Q4 solar
absorber with various Sn contents to propose the quantity
of heat transmitted through o unit thickness of the samples
at interval temperatores from 25 to 275 °C. The thermal
conductivity of non-ancxlized Al was the highest related to
the thermal conductivity of pure Al which was reported by
National Standurd Reterence Data Series-National Bureau
of Standards [25]. While, the thermal conductivity of the
Sn-Al,Oy samples was lower than that of the non-anodized
Al because AL, film on the surface presents the same us
an insulator and impecfections in the atomic structire as
cerumic behavior It is observed that the thermal conduc-
tivity of all the samples slightly decreased with increasing
temperature, indicating that the Sn—Al,0, coatings are uble
to be used in special thermal applications by maintaining
the therimal conductivity of materials over the operational
temperature range (30-275 °C). Furthermore, the thermal
conduetivity in each sample decreased with increasing Sn
content as a result of the increasing thickness of Sn tayer at
the interface leading to obstruct free clectrons and phonon
contributions.

Figure 7 represents a diagram of the heat low in the
sample for thermal conductivity measurement indicating
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the thermmal direction from Al substrate to the Al,Q; layer.
In the Sn-AL,0, samples, thermal conduction in the Al
substrate occurs from free electrons, where heat is trans-
terred through Kinetic energy in the clements bui is easily
seattered [26], The heat transferred through the A0, layer
by lattice vibration (phonens), which is directly iransmit-
ted from high to low temperature regions. It is well known
that free electrons are predominant in the thermal conduc-
tivity of metals and non-anedized Al, causing high ther-
mal conductivity. However, the thermal conduciivity of all
Sn-AlLO; samples was higher than commercial hard anodic
coatings ((.7 Wi K) and also greater than previous studies
with Al anodie coatings using several electrolytes (no nore
than 1.33 W/m K) [27]. The solar spectrum is converted to
therma!l energy at the Sn-Ai, 0y solar absorber, then, use-
ful heat is casily transferred through the Al substrate to the
exchanger. It implies thal the heat loss from the Sn—ALO,
solar absorber to its surroundings is blocked and reduced
by the AlyO; layer, us illustrated in Fig. £. Therefore, the
tow thermal conductivity of the Sn-Al,0, solar absorber
(AL, layer) has advantages in solar thermal applications.
However, the melting point of Sn is not too high (232 °C),
compared to the melting point of other pigments (Ni, W, Mo,
Ag, Co, Pt and Ti}, Based on the operational temperature
ranges, solar absorber materials for solar thermal applica-
tions can be classiticd as: (1) low temperature (T < 100 °C),
(2) mid-temperatare (100 °C < T < 400 °C) und (3) high
temperature (T> 400 °C) {1]. In the previous studies, metal-
Al,0; solar absorbers are stable in a mid-temperalure range
between 250 and 350 °C of solur thermal applications [ 1, 25,
297, Theretore, the Sn—~AlO; solar absorber is considered o
be thermally stable for solar collectors operated at low and
mid-temperatures sucls as flat plate collectors and evacuated
tube solar collectors, which are generally applicd for water
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Fig.8 Solar rediation and heat
transfer threugh the Se-ALO,
spoeckmen
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heating systems (7' < 150 °C). Inthe present study, the thes-
mal stability of the Sn—-AlO; solar absorber is still unknown
and further experiments need to be conducted, including
a fong-term (g.g. year) thermal stability test in a practical
solar collector.

Conclusions

The Sa-pigment on aluminium oxide (Sn-AL,Q;) with selec-
tive absorber successtully prepared by anodization using
dilute sulphuric acid followed by electrolysis in SnSO,
solution {coloration) for various three contents of Snin ihe
ALO; film. The Sn-AlyO; sumples were composed of Al
and Sn phases while the Al,O; phase was not detected due to
the simorphous phase. The Sn rich was a spike shape expand-
ing into the oxide fikm layer and had a high concentration at
the interface of the Al substrate. The R of the Sn-Al;0;5 solar
absorbers decreased as the Sn comlents increased over the
whole solar spectrum region (3J00-2500 nm) and the Al;O
luyer pluys the role of anti-rellection. The «,; increased
according (o the inercase of Sp contents (0.89-0.94), While
the ¢, changes were insignificant when compared to the
fncrease of Sn content. The thermal conductivity of anodized
Al samples was rslatively lower than nen-anodized Al, espe-
cially with Sn iling in the pores leading to the decrease in
heat loss from the Al substrate in the surcoundings. It can
be concluded that the increased Sn contents in Sn—ALO;
is uble to enhunce the solur selective properties and hence
considered to be a candidaie for good solar absorber materi-
als for solar collectors operated at low and mid-temperature.
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Abstract

Three tin pigmented aluminium oxide (Sn-ALO3) films were prepared with different tin content using an
anodization process, which is applied as a selective solar absorber in a new prototype of evecuated tube coltector
(ETC). The morphology and distribution of elements on the coatings were characterized using a Scanning electron
microscope (SEM) equipped with an Energy dispersive X-ray (EDX) analyzer. The spectrally selective properties,
defined as the ratio of solar absorptance (a0 to thermal emittance (gas) were examined. In order to investigate the
thermal performance of ETC using Sn-Al;O3 on an Al fin as a solar receiver, thermal efficiency (i) of the ETC was
collected under steady-state conditions, as prescribed by ISO 9806~1 standard. The results, of the Sn-AlLO; coatings
reached a darker black colour with an increase in the colouring time. The samples were composed of different
contents of Sn in the ALO; layer. The solar selectivity {a,c/guen) significantly increased with the increases in Sn
content. The maximum thennal efficiency (5jmz) of the ETC under the nearly constant heat loss coefficient {T1), was
obviously increased with the increasing Sn content. Therefore, the Sn-ALOQ; with different Sn contents is a good

candidate for selective solar absarbers in a new prototype of ETC.

Keywords: Evacuated tube collector, Selective solar absorber, Anodization, Absorpiance, Thermal emittance

Introduction

The nonmal selective solar absorber coating, is coaled on the surface of the inner glass tube as in Figure 1 (a,
b}, which is applied using high technology and a complicated process, which causes high production costs. During
the applications, it was found that it is inclined to crack or splits which means that it needs to be replaced, thus
causing exfra dissipation costs. A changing of solar absoerber coating on an aluminivm (Al) fin and inserting it into a
transparent evacuated tube were developed as a new prototype of ETC (see Figure 1 (¢, d}). The thermal efficiency

and potential for energy production are similar to commerciatly available ETCs [1].



122

Ad

¢ AT g
Tha First Matarieds Research Sociely
of Thailond International Conference

Octeber 3 - November 3, 2017 at Convention Center, The Empress Hotel, Chiang Mai, THAILAND
hitpi/iwww.nes-thailand 201 7 setence .cnnuac.th

i it
6 October 2017

Dear Miss Warlsa Wamane

On behalf of the MRS Thailand 2017 organizing comnmittee, we are pleased to cordially confiom your
registration as Conference Partieipant at The First Materials Research Society of Thailand International
Conference (MRS-Thailoud 2017), which will be held dwing October 31 - November 3. 2017 at Convention
Center, The Empress Hotel, Chiang Mai, THAILAND. We are expecting that there will be about 800
participates including about 300 paticipates from overseas. The details of MRS-Thailand 2017 c¢an be found
from the conference website: http/wwwanes-thailand 2017 science cowac.th,

If you have further inquiries, please contact us at email: Inusthailand20t7 @ gmail. com

We are looking forward to meeting you in Chiang Mai, Thailand.

Best regards,

-

Prof. Dr. Santi Maensiri
President, Materials Research Society of Timiland
& Chairman for MRS-Thailand 2017 Organizing Conunittee

e i G

At i T ¥ay hsantlio el 7388 any $ns. eI 6 wa s G ET A 10400
Meriads Reseaceh Seviety (MRS Hhailoeh, 7370 NSTDA Building. Ranw XI Road. Phavathan Ratchathewi, Bangkol: 10100

B



	title
	abstract
	content
	chapter1
	chapter2
	chapter3
	chapter4
	chapter5
	references
	appendix



